
CENTRAL LIBRARY

Birla Institute of Technology & Science

PILANi (Rajasthan)

€2/ 3^4̂
2.25 3^

Accession No. *7*7^







RADIO
DESIGNER’S
HANDBOOK



Published in Australia by the Wireless Press for

Amalgamated Wireless Valve Company Pty. Ltd.

Enquiries from the listed countries regarding supplies of the English
language edition should be addressed as under:

AMALGAMATED WIRELESS VALVE COMPANY PTY. LTD.

47, YORK STREET, SYDNEY, NEW SOUTH WALES
Australia, Australian Territories, New Zealand and New
Zealand Territories.

ILIFFE BOOKS LTD., DORSET HOUSE, STAMFORD STREET,
LONDON, S.E.l.

Europe, including United Kingdom, Northern Ireland, Eire,

U.S.S.R. and British Colonies, Mandates, Protectorates and
Trust Territories (except those situated in the Pacific Ocean).

THE FOLLOWING TO EITHER OF THE ABOVE ADDRESSES

British Islands in the Pacific Ocean other than Australian and
New Zealand Territories.

RADIO CORPORATION OF AMERICA, COMMERCIAL
ENGINEERING DEPARTMENT. HARRISON. NEW JERSEY, U.S.A.

North, Central and South Americas, West Indies and Atlantic

Islands (other than British Colonial Territories) but including

Canada, U.S.A. and all American Territories.

THE FOLLOWING TO ANY OF THE ABOVE ADDRESSES

Africa, Asia, East Indies and Paciik Islands (other than Briti^).



RADIO
DESIGNER’S
HANDBOOK

Edited by

F. LANGFORD-SMITH,
B.Sc., B.E. {1st class honours )

Senior Member LR.E. (VS.A,)
A.M.l.E. (Aust.)

LONDON lUFFE BOOKS LTD



First published {Australia) 1934

Second edition 1935

Third edition 1940

Fourth edition 1953

Revised impression {with addenda) 1954

Third impression {with addenda) 1955

Fourth impression {with addenda) 1957
Fifth impression {with addetida) i960
Sixth impression {with addenda) 1963

ALL RIGHTS RESERVED
This book or any part thereof must not be reproduced in

any form without the written permission of Amalgamated

Wireless Valve Company Ply. Ltd.y to whom enquiries

regarding translation rights should alsa be a4dre^f€(^^

Dittribuud in Great Britain for "Wireless World" by IHffe

Books Ltd., Dorut House, Stamford Street, London, S.E.l.

Typet/et in Australia. Reproduced by offset lithography by
Billing and Sons Ltd., London Printing Works, Guildford,
England, and bound by The Chapel River Press Ltd.,

Andover, Hants.



FOREWORD
By the Editor of Wireless World

The previous edition of this book, published in Australia under the

title “Radiotron Designer’s Handbook”, was first distributed in Great

Britain in 1940 from the offices of Wireless World. During the second

world war it became a widely accepted textbook, and was reprinted

many times. The present edition, greatly enlarged, and published by

the Amalgamated Wireless Valve Company of Australia under the

original Australian title, is printed, bound and distributed in Great

Britain by the publishers of Wireless World.

London, 1953.



PREFACE
This book has been written as a Gomprebensive> self-explanatory reference hand*

book for the benefit of all who have an interest in the design and application of radio

receivers or audio amplifiers. Everything outside this field—telcvisioQ^ radio trans*

mission^ radar> industrial eiectronics> test equipment and so on—has bttn excluded

to limit the b^k to a reasonable size.

An effort ius been made to produce a handbook which^ in its own sphere, is as self-

contained as possible. Extensive references to other sources of i^ormation have

been included for the reader who might require additional detail.

The success of the previous edition, of which over 280,000 copies have been sold

throughout the world, encouraged Anudgamated Wireless Valve Company Pty. Ltd.,

to undertake the compilation of the present up-to-date edition which is more com-
plete, great pains having been taken to fill in many of the gaps in the data published

hithmo. This has involved a considerable amount of both experimental and an-

al3^cal work by the editor and by engineers assisting in the project. Some original

work, previously unpublished, baa been included.

Although the various chapters have been written by individual authors, all are truly

the result of team work, each having been carefully and critically examined by several

ocher engineers specializing in that particular field. In this way the accuracy of

mathematical calculations and of individual statements was check^ and re-checked

to ensure that the reader would not be misinformed.

1 wish to express my grateful thanks to Mr. R. Lambie, Manager, Mr. D. M.
Sutherland, Works Manager, and to the following collaborating engineers

—

J. E. Bailey, Dr. W. G. Baker, D. Barnett, J. D. G. Barrett, Dr. G. Builder,

N. V. C. Cansick, W. N. Christiansen, Dr. E. R. Dalziel, K. G. Dean, H. L.

Downing, J. Giic^st, 1. C Hansen, R. Herbert, F. Holloway, 1. Hood, D. G.
Lindsay, W. S. McGuire, E. J. Packer, J. Pritchtfd, R. J. Rawlings, B. Sandel,

J. Stacey, R. D. Stewart, J. E. Telfer, R. Vine, E. Watkinson.

I also wish to express my thanks to Mr. R. Ainsworth for his invaluable work in

sub-editing and assistance in indexing and to Mr. R. H. Aston for compiling data.

F. Langpord-Smith

Amalgamated Wireless Valve Company Pty. Ltd.

NOTES
lOfartncss to valva types are to the prototype (e.g. 6J7) and include all equhaUnt

types (a.g. 6J7-G, 6J7-GT etc.) unless otherwise indicated.

If any errors are noted, please unite to the Editor, Radiotron Designer's Handbooh,
Amalgamaud Wireless Vahe Co. Pty. Lid., 47 York Street, Sydney, AtutraHa.
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CHAPTER 1

INTRODUCTION TO THE RADIO VALVE

by F. Langford-Smith, B.Sc., B.E.
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SECTION 1 : ELECTRICITY AND EMISSION

The proper understanding of the radio valve in its various applications requires

some knowledge of the characteristics of the electron and iu companion bodies which
make up the complete structure of atoms and molecules.

All matter is composed of molecules which are the smallest particles preserving

the individual charaaeriscics of the substance. For example* water is made up of

molecules that are bound together by the forces operating between them. Mole<^es
are composed of atoms that are themselves made up of sdll smaller particles. Ac-
cording to the usual simplihed theory, which is sufficient for this purpose, atoms
may be pictured as having a central nucleus around which rotate one or more electrons

in much the same maimer as the planets move around the sun. In the case of the

atom, however, there are frequendy several electrons in each orbit. The inne^ost
orbit may have up to 2, the second orbit up to 8, the third orbit up to 18, the fourth

orbit up to 32, with decreasing numbers in the outermost orbits (which on y occur

with elements of high ** atomic numbers **). We do not know the precise $hiq>e

and positions of the orbits and modem theory speaks of them as ** energy levels
*’

or ** sheUs.*' The electrons forming the innermost shell are closely bound to the

nucleus but the forces become progressively less in the outer sheUa. Moreover,
the number of electrons in the outermost shell may be less than the maximum number
that this shell is capable of accommodating. In this case, the substance would be
chemically active ; examples of such are sodium and potassium.

In a metsd the various atoms are situated in close proximity to one another, so

that the electrons in the outermost shells have forces acting upon them both from
their parent ** nucleus and their near neighbour. Some electrons are free to move
about throughout the substance and are, therefore, called ** free electrons.** If an
electric potential is applied between two points in the metal, the number of electrons

moving from the negative to the positive point will be greater than those moving in

the opposite direction. This constitutes an electric current, since each electron

carries an electric charge. The charge on the electron is defined as unit negative

diarge and the accepted direction of current flow is opposite to the net elmron
movement.

1
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It is interesting to note that the total current flow» equivalent to the total move-
ments of all the free electrons^ irrespective of their directions, is very much greater

than that which occurs under any normal conditions of electric current flow. The
directions of movement are such that the external effects of one are generally cancelled

by those of another. Thus, in a metal, the oft-quoted picture of a flow of electrons

from the negative to the positive terminal is only a partial truth and apt to be mis-

leading. The velocity of the free electrons is very much less than that of the electric

current being of the order of only a few centimetres per second. The electron

current may be pictured as the successive impacts between one electron and another

in the direction of the evurent. In an insulator the number of free electrons is

practically zero, so that electric conduction does not take place. In a partial insulator

the number of free electrons is quite small.

The nucleus is a very complex body, including one or more protons which may
be combined with a number of neutrons*. The proton has a positive charge equal

and opposite to the charge on an electron but its mass is very much greater than that

ofan electron. The simplest possible atom consists of one proton forming the nucleus

with one electron in an orbit around it —this is the hydrogen atom. Helium consists

of two protons and two neutrons in the nucleus, with two electrons rotating in orbits.

The neutron has a mass slightly greater than that of a proton, but the neutron has

no electric charge. An example of a more complicated atom is that of potassium

which has 19 protons and 20 neutrons in the nucleus, thus having a positive charge

of 19 units. The number of electrons in the orbits is 19, thus giving zero charge

for the atom as a whole, this being the noimal condition of any atom. The common
form of uranium has 92 protons and 146 neutrons in the nucleus, with 92 electrons

rotating in orbits.

Under normal circumstances no electrons leave the surface of a substance since

the forces of attraction towards the centre of the body are too great. As the tem-
perature of the substance is raised, the velocity of the free electrons increases and
evenmally, at a temperature which varies from one substance to another, some of the

free electrons leave the surface and may be atiraacd to a positive electrode in a vacuum.
This phenomenon is known as thermionic emission since its emission takes place

under the influence of heating. There are other types of emission such as photo
emission that occur when the surface of the substance is influenced by light, or

secondary emission when the surface is bombarded by electrons.

The radio valve makes use of thermionic emission in conjunaion with associated

circuits for the purpose of producing amplification or oscillation. The most common
types of radio vilvcs have hot cathodes, either in the form of a filament or an indiiectly-

httted cathode. Many transmitting valves have filaments such as timgsten or

thoriated-tungsten, but nearly all receiving valves have what is known as an oxide
coated filament or cathode. The filament, or cathode sleeve, is usually made of

nickel or an alloy containing a large percentage of nickel and this is coated with a

mixture of barium and strontium carbonates that, during the manufacture of the

valve, are turned into oxides. A valve having an oxide-coated cathode has a very

high degree of emission as compared with other forms of emitters but requires very

great care during manufacture since it is readily poisoned by certain impurities which
may be present in the cathode itself or which may be driven out in the form of gas

from the bulb or the other electrodes.

Oxidc-coated cathodes are generally operated at an average temperature of about
1050*' Kelvin (777^ C) which looks a dull red. Temperatures much above llOO^K
generally cause a short life, while those below 960 ’’K are very susceptible to poisoning

of the emission, and require careful attention to maintain a very high vacuum.
The thermionic valve is normally operated with its anodet current considerably

less than the maximum emission produced by its cathode. In the case of one having

a pure tungsten filament no damage is done to the filament if all the elecuons emitted

^This is In scoordsnee with the theory generally held at the time of writing i it is, however, subfect
to later modlfkaUon.

tTbe uode (also called the plate) is the positive electrode ; the cathode Is the negative electrode.
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are drawn away immediately to the anode. This is not so, however, with oxide coated

cathodes and these, for a long life and satisfactory service, require a total emission
very much greater than that drawn under operating conditions. In such a case a
cloud of electrons accumulates a short distance from the surface of the cathode and
supplies the electrons that go to the anode. This space charge as it is called, is

like a reservoir of water that supplies varying requirements but is itself replenished

at an average rate. The space charge forms a protection to the cathode coating against

bombardment and high electrostatic fields, while it also limits the current which would
otherwise be drawn by a positive voltage on the anode. If the electron emission

from the cathode is insufficient to build up this “ space charge,** the cathode coating

is called upon to supply high peak currents that may do permanent injury to the coat-

ing and in extreme cases may even cause sputtering or arcing.

In multi-grid valves, if one grid has a positive potential and the next succeeding

grid (proceeding from cathode to plate) has a negative potential, there tends to be
formed an additional space charge. This outer space charge behaves as a source of
electrons for the outer electrodes, and is known as a virtual cathode.
An oxide-coated cathode, operated under proper conditions, is self-rejuvenating

and may have an extremely long working life. The life is, therefore, largely governed
by the excess emission over the peak current required in normal operation.

A valve having a large cathode area and small cathode current may have, under
ideal conditions, a life of the order of 50000 hours, whereas one having extremely

limited surface area, such as a tiny battery valve, may have a working life of less than
1000 hours.

Under normal conditions a valve should be operated with its filament or heater
at the recommended voltage

i
in the^cas^^f an oxide coated valve it is possible to

have fluctuations of the order of lO^o up or down without seriously affeedng the

life or characteristics of the valve [see Chapter 3 Sect. l(iv)D] . The average voltage

should, however, be maintained at the correct value. If the filament or cathode is

operated continuously with a higher voltage than that recommended, some of the

coating material is evaporated and permanently lost, thus reducing the life of the valve.

Moreover, some of this vapour tends to deposit on the grid and give rise to what is

known as grid emission when the grid itself emits electrons and draws current

commonly known as negative grid current [for measurement see Chapter 3 Sect. 3

Civ)A].

If the filament or heater is operated for long periods at reduced voltages, the effect

is a reduction in emission, but no damage is generally done to the valve unless the

cathode currents are sufficient to exhaust the “ space charge.’* Lo^v cathode tem-

perature is, therefore, permissible provided that the anode current is reduced in the

proper proportion.

During the working life of the valve, its emission usually increases over the early

period, reaches a maximum at an age which varies from valve to valve and from one

manufacturer to another, and then begins to fall. The user docs not generally suffer

any detriment until the emission is insufficient to provide peak currents without

distortion.

Tests for the measurement of the emission of an oxide-coated cathode arc described

in Chapter 3 Sea. 3(ii)f.

If a slight amount of gas is present some of the electrons will collide with atoms

of the gas and may knock off one or more electrons, which will serve to increase the

anode current, leaving atoms deficient in electrons. These arc known as positive

ions since they carry a positive charge (brought about by the loss of electrons), and

the process is known as ionization. The positive ions arc attracted by the negative

cathode, and being comparatively massive, they tend to bombard the cathode coating

in spite of the protection formed by the space charge.

Some types of rectifiers (c.g. OZ4) have no heaters, and the oxide-coated cathode

it initially heated by ion bombardment ; this flow of current is sufficient to raise the

cathode temperature so as to enable it to emit electrons in the usual manner. The
gas is an inert variety at reduced pressure. Although some types of gaseous thermionic
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recdfien will operate (once they have been thoroughly heated) without any filament

or heater voltage, this is likely to cause early failure through loss of emission.

Most thermionic valves are vacuum types and operate under a very high degree

of vacuum. This is produced during manufacture by a combination of vacuum
pumps and is made permanent by the dashing of a small amount of getter which
remains in the bulb ready to combine with any impurities which may be driven off

during life. Valves coming through on the production line are all tested for gas by
measuring the negative grid current under operating conditions ; methods of testing

arc described in Chapter 3 Sect. 3(iv)A, where some values of maximum negative

grid current are also given. If a valve has been on the shelf for a long time, it fre-

quently shows a higher gas current, but this may usually be reduced to normal by
operating the valve under normal conditions, with a low resistance connection between
grid and cathode, for a short period. When a valve is slightly gassy, it usually shows
a blue glow (ionization) between cathode and anode. In extreme cases xim may
extend outside the ends of the electrodes but a valve in such condition should be
regarded with suspicion and tested before being used in any equipment, as it might
do serious damage. A slight crack may permit a very small amount of air to enter

the bulb, giving rise to a pink/violet glow which may readily be identified by any one
fiuniliar with it ; this is a sign of immediate end of life.

The anode current of a thermionic valve is not perfectly steady, since it is brought

about by a flow of electrons from the cathode. When a valve is followed by very

high gain amplifiers, the rushing noise heard in the loudspeaker is partly cau^ by
the electrons in the valve, and partly by a somewhat similar effect (referred to as the
** thermal agitation ** or ** Johnson noise ’*) principally in the resistance in the grid

circuit of the first valve—see Chapter 4 Sect. 9(i)l, and Chapter 18 Sect. 2(ii). This
question of valve noise is dealt with in Chapter 18 Sect. 2(u)c and Chapter 23 Sea. 6.

Some valves show a fluorescence the inside of the bulb, which may fluctuate

when the valve is operating. This is perfectly harmless and may be distinguished

from blue glow by its position in the valve. In occasional cases fluorescence may also

be observed on the stufaces of the mica supports inside the valve.

SECTION 2 : THE COMPONENT PARTS OF RADIO VALVES

(i) Filaments, cathodes and heaters (if) Grids (iH) Pious (iv) Bulbs (v) Volt^

ages with valve operation.

(i) Filaments, Cathodes and Heaters
Cathodes are of two main types—directly heated and indirectly heated. Directly-

heated cathodes are in the form of filaments which consists of a core of wire through
which the filament current is passed, the wire being coated with the usual emissive

costing. Filamenu are the most economical form of cathodes so far as concerns
the power necemry to heat the cathode They are, therefore, used in most applica-

tioos for operation from baneries, particularly dry batteries, and for special applica-

tioos in which very quick heating is reqtiired. Filaments are also used in many
types of power rectifiers and power modes, where the special properties of the filament

make it more suitable.

Valves having filaments should preferably be mounted with the filament vertical,

bm if it is necessary to mount them horizontally, they should be arranged so that the

plane of the filament of V or W shaped filamenu is vertical ; this reduces the chance
of the filament touching the grid.

All filament-type valves having close spacing between filament and grid have a

filament tension spring, usually mounted at the top of the valve. Some typical

filament arrangemenu are indicated in Fig. 1.1 where A shows a single
** V ** shape

filament suspended by means of a top-hook at the apex, B shows a ** W ** shape with
two top hooks and C a single strand filament with teni^ spring as used in 1 *4 volt

valves.
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Indirectly-heated cathodes consist of a cathode sleeve surrounding a heater. The
cathode sleeve may have a variety of shapes^ including round (D), elliptical (E) and
rectangvdar (F) cross section. They are usually fitted with a li^t ribbon tag for

connection to the lead going to the base pin.

FILAMENTS I-H CATHODES HEATERS

A BCOEF GH
FIG. I.l

Pig, 1.1 . C types offilaments ; DyEyP types of cathodes ; G,H types of
heaters.

In an indirectly-heated valve, the function of the heater is solely to heat the cathode.

No emission should take place from the heater and the insulation between heater

and cathode should be good. The heater is generally made of tungsten or a nmgsten
alloy wire coated wit i a substance capable of providing the necessary insulation at

high temperature, such as alundum. In all applications where hum is likely to be
troublesome, the heater is preferably of the double helical type, as G in Fig. 1.1.

Power valves and other types having elliptical or rectangular cathode sleeves, often

employ a folded heater as in H. These are not generally suitable for use in very low
level amplifiers whether for radio or audio frequencies.

(ii) Grids
Grids arc constructed of very hnc wire wound around one, two or four side rods

—

two being by far the most common. Some valves have two, three, four or five grids

inside one another, but all of these are rimilar in general form although different in

dimensions.

In the case of some grids it is necessary to take precautions to limit the grid tem-
perature either to avoid grid emission, in the case of control grids, or to limit the grid

temperature to prevent the formation of gas, in the case of screen grids. These may,
for better heat radiation, be fitted with copper side rods and blackened radiators either

above or below the other electrodes. Grids are numbered in order from the cathode

outwards, sd that No. 1 grid will be the one closest to the cathode, No. 2 grid the one

adiaoent to it, and No. 3 the one further out again.

(iii) Plates
The plate of a receiving valve is the anode or positive electrode. It may be in one

of a great number of shapes, dependent on the particular application of the valve.

The plates of power valves and rectifiers are frequently blackened to increase their

heat radiation and thereby reduce their temperature.

(iv) Bulbs
The inside surfaces of glass bulbs are frequently blackened. This has the effects

of making them more or less conductive, thereby reducing the tendency to develop

static charges, and reducing the tendency towards secondary emission from the bulb.

(v) Voltages with valve operation
All voltages in radio valves are uken with respea to the cathode, in the case of

indirectly-heated valves, and the negative end of the filament with directly-heated
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valves. The cathode is usually earthed or is approximately at earth potential) so

that this convention is easy to follow under normal conditions. In some caseS) as

for example phase splitters or cathode followers, the cathode is at a potential con-

siderably above earth and care should be taken to avoid errors.

Some directly-heated valves may be operated with their filaments on a.c. supply,

usually with the centre tap of the filament circuit treated as a cathode. In all su^
cases the valve data emphasize the fact that the filament is intended for operation

on a.c. The plate characteristics are usually drawn with d.c. on the filament and
these curves may be applied to a.c. operation by increasing the bias voltage by half

the filament voltage.

In cases where resistors or other impedances are connected between the positive

electrodes and the supply voltages, the electrode voluges (e.g. E^t) the voltam
existing between those electrodes and cathode under operating conditions. Tne
supply voltages are distinguished by the symbols E, b, E ^ c i etc. See the list of symbols
in Copter 38 Sea. 6.

For further information on valve operation see Chapter 3 Sea. 1

.

SECTION 3 : TYPES OF RADIO VALVES

(i) Diodes (ti) Triodes (tit) Tetrodes (iv) Pentodes (v) Pentode power amplifiers

(w) Cornbined valves (vii) Pentagrid converters.

(i) Diodte
A diode is the simplest type of radio valve consisting of two electrodes only, the

cathode and anode (or plate). The cathode may be either direaly or indirectly

heated and the valve may be either v^ small, as for a signal deteaor, large as for a

power rectifier, or any intermediate size. One or two diodes are frequently used in

combination with a triode or pentode a-f amplifier as the second deteaor in receivers ;

in most of these cases, a common cathode is used. For some purposes it is necessary

to have two diode units with separate cathodes, as in type 6H6. Amplifier types with
three diodes, some with a common cathode and others with separate cathodes, have

Fig 1.2. Fundamental circuit

including diode, A and B bat-

teries and load resistor.

also been manufactured for special purposes. Fig- 1.2 shows the circuit of a diode

valve in which battery A is used to heat the filament or heater, and battery B to apply

a positive potential to the anode through the load resistor. The plate current is

measured by a milliammaer conneaed as shown, and the direction of current flow

is from the positive end of battery B towards the anode, this being the opposite of the

electron current flow. It should be noted that the negative end of battery B is re-

turned to the negative end of battery A in accordance with the usual convention. It

would be quite permissible to connea the negative end of the battery B to the positive

end of battery A so as to ga the benefit of the voltage A applied to the anode, but

in this case, the total voltage applied to the anode would be A 4- B. If voltage of

battery B is reversed, it will be noted that the plate current is zero, thus indicating

the rectification that takes place in a diode. If an alternating voltage is applied,

current will only flow during the half-cycles when the anode is positive, lliis is

called a half-wave rectifier since it is only capable of rectifying one half of the cycle.
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Full wave*** rectifiers are manufactured with two anodes and a common cathode and
these are arranged in the circuit so that one diode conducts during one half>cycle

and the other during the other half-cycle.

(U) Triodes
A triode is a three electrode valve, the electrodes being the cathode, grid and anode

(or plate). The grid serves to control the plate current how, and if the grid is made
sufiicienUy negative the plate current is reduced to zero. The voltage on the grid is

controlled by battery C in Fig. 1 .3, the other part of the circuit being as for the diode
in Fig. 1.2. When the grid is negative with respect to the cathode, it does not draw
appreciable current ; this is the normal condition as a class A^ amplifier. Although
an indirectly heated cathode has been shown in this instance, a directly heated valve

could equally well have been used. The heater in Fig. 1.3 may be supplied either

from an a.c. or d.c. source, which should preferably be connected to the cathode or

as close as possible to cathode potential.

As the grid is made more negative, so the plate current is decreased and when the

grid is made more positive the plate current is increased. A triode is, therefore,

capable of converting a voltage change at the grid into a change of power in the load

resistor. It may also be used as a voltage amplifier or oscillator.

Fig. 1.3. Fundamental circuit

including indirectly-heated triode^

B and C batteries, and load

resistor in plate circuit.

(iii) Tetrodes
The capacitance between the grid and plate can be reduced by mounting an addi-

tional electrode, generally called the screen or screen grid, between the grid and plate.

The valve thus has four electrodes, hence the name tetrode. The function of the

screen is to act as an electrostatic shield between grid and plate, thus reducing the

grid-to-plate capacitance. The screen is connected to a positive potential (although

less than that of the plate) in order to counteract the blocking effto which it would
otherwise have on the plate current— sec Fig 1.4. Owing to the comparatively

large spaces between the wires in the screen, most of the electrons from the cathode

pass through the screen to the plate. So long as the plate voltage is higher than the

screen voltage, the plate current depends primarily on the screen voltage and only

to a slight extent on the plate voltage. This construction makes possible a much
higher amplification than with a triode, and the lower grid-to-plate capacitance makes

the high gain practicable at radio frequencies without instability.

Fig. 1.4. Fundamental circuit

including indirectly-heated tet-

rode, B and C batteries, and
load resistor in plate circuit.

(iv) Pentodes
Hectrons striking the plate with sufficient velocities may dislodge other electrons

and so cause what is known as ** secondary emission." In the case of tetrodes, when

These ere sometime* culled biphase half->%'*ve rectifiers.
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the plate voltage awinga down to a low value under working conditiooa> the screen

may be instantaneously at a higher positive potential than the plate, and hence the

secondary electrons are attracted to the screen. This has the efifea of lowering the

plate current over the region of low plate voltage and thus limits the permissible

plate voltage swing. This effect is avoided when a suppressor is inserted between

screen and plate. The suppressor is normally connected to the cathode as in Fig. 1 .5.

Owing to its negative potential with respect to the plate, the suppressor retards the

movements of secondary electrons and Averts them back to the plate.

A valve with three grids is known as a pentode because it has five electrodes. Pen-

todes are commonly used as radio frequency amplifiers and as power amplifiers.

Pentode r^f amplifiers are of two main varieties, those having a sharp cm-off* charac-

teristic and those having a remote cut-off^. Valves having sharp cut-off charao-

terisdes are generally used as audio firequency voltage amplifiers and anode bend
detectors, while remote cut-off amplifiers are used as r-f and i-f amplifiers. The

Pig, 1.5. Pundanunted dretdt

including indirectly-heated pen-

tode, B and C batteries^ and
load resistor in plate circuity

remote cut-off characterisdc permits the applicadon of automadc volume control

with a minimum of distortion ; this subject is treated in detail in Chapter 27 Sect. 3.

(v) Pentode power amplifiers
Pentode power amplifiers are commonly used in receiving sets to produce a-f power

outputs from about 1 watt up to abput 5 watts. They differ from r-f amplifiers in

that no pardcular precaudons are made to provide screening, and they are designed

for handling higher plate currents and screen voltages. In principle, however, both
types are identical any r-f pentode may be used as a low-power a-f amplifier.

Beam power valves with ** aligned ** grids do not require a third grid to give

charaaerisdes resembling those of a power pentode ; a typical structure is shown in

Fig. 1 .6. Some ** kinkless ** tetrodes are ahK> used as r-f and i-f amplifiers. All of
thc$e may be treated as being, in most respects, equivalent to pentodes.

(vi) Combined valves
Many oombinadons of valves have been made. Two triodes are freqtiently mounted

in one envelope to form a ** twin triode.*’ One or more diodes are frequendy com-
bined with triodes and pentodes to form second detectors. A combination of triode

and pentode in one envelope b also fsirly common, one applicadon being u a fre-

quency changer. Other combinations are triode-bexodes and triode-heptodes, all

of wtdeh are primarily intended for use as frequency changers or ** converters.*' In
these, the triode grid b generally connected internally to No. 3 grid in the hexode or

beptode to provide die necessary mixing of the oscillator and signal voltages. A
hexode has four grids while the heptode has five, the outermost of which b a sup-
pressor fmedoning in the same manner as in a pentode.

In addition to this wide range of oombinadons, entirety different valves may be
combined in one envelope to save space in very small receivers. Thb b a practice

which iqypcan to be d^^ out, particularly as the envelope size becomes smaller.

(vii) Pentngrid convertcra
Peniagrids are valves having 5 grids, so that they are really heptodes, but the name

pentagrid appears to make a convenkot dbtinedon between valves in thb group

^Shsrp cut-cer ifnMrsmt thst the plau-oimm cfasfBctsffittic it m ttfsigbt tt It cen be msdt. A tv-
mott oK-otf rhsiwfwittic indktet that tht plate airrait dost doc bcoom saro until the grid votaagt
it inade eery fBOch otgaiivs (utually over 30 votit).
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aCCTION BEAM SHEHS FORMED BY GRID WIRES

Pig, 1 .6. Inumal ttruaw rf type 6L6 or 807 aligned grid beam potoer vahe {diagram

by courtesy of R.C.A»),

(which do not normtUy require external oscillators) and those of the hezode or heptode
** mixer ’* type which are used with separate oscillators. Pentagrid converters are

of two main groups, the first of these being the 6A8 type of construction which in-

corporates an oscillator grid and oscillator anode (** anode grid **) as pan of the main
cathode stream. The other group comprises the 6SA7, 6BE6 and 1R5 type of con-

struction which has no separate oscillator anode, the screen grid serving a dual pur-

pose. The various types of pentagrid conveners are described in detail in Chapter 25.

SECTION 4 : MAXIMUM RATINGS AND TOLERANCES

(0 Maximum rtuingt and their interpretation (n) Tolerances.

(1) Maximam nidiigB and thdr interpretation
Maximum ratings are of two types—the Absolute Maximum system and the Design

Goitre system. These are described in detail in Chapter 3 Sect. l(tv).

(ii) Tolerances
All valves are tested in the ftoory for a number of characteristics, these usually

including plate current, screen current, negative grid current, mutual cnoductance*

noise and microphony, as well u having to pats visual in^>ectioD tests for appearance.

For methods of testing see Chapter 3. As with any other components such as re-

sistors or capacitors, the characteristics can only be maintained within certain toler-

ancet. For example, a resistor may be bought with a tolerance of plus or minus
10% or 20% ; closer tolerances may be purchased at a higher price.

The subject of tolerances in valve diazacteristics it covered in detail in Chapter 3
Sea. 2(iii).

Special cut should be taken in the screen circuits of beam power amplifiers sinoe

in these the screen currents may rary fi:om sero to twice the average figure. Any
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screen voltage dropping resistor is undesirable with such valves and if the screen is

required to be operated at a lower voltage than the plate, it should be supplied from

a voltage divider having a bleed current of preferably 5 times the nominal screen

current. Alternatively, the screen voltage should be determined for the extreme cases

of zero and twice nominal screen current.

1 .7 . Filament current versus

filament voltage for a valve

having a \ A volt 50 milliampere

filament.

The heater voltage should be maintained at an average voltage equal to the recom-

mended voltage, thus leaving a margin of plus or minus 10% for line fluctuations

under normal conditions -see Chapter 3 Sect. l(iv)D. If any wider variation is

required, this will involve decreased maximum grid circuit resistance for a higher

heater voltage and decreased plate current for lower heater volugc.

SECTION 5 : FILAMENT AND HEATER VOLTAGE/CURRENT
CHARACTERISTICS

A valve filament or heater operates at such a temperature that its resistance when

hot is much greater than its resistance when cold. The current/voltage characteristic

is curved and does not follow Ohm’s Law. Two typical examples are Fig. 1.7 for

a battery valve and Fig. 35.14 for an indirectly-heated valve. Approximate curves

for general use, on a percentage basis, are given in Fig. 1.8 including also dissipation

in watts and temperature (Ref. 7). Filament and heater ratings arc covered in Chapter

3 Sect. 1.

SECTION 6 : VALVE NUMBERING SYSTEMS

Receiving valves having the American numbering follow two main systems The
first of these is the numerical system, which is the older, and the second the R.M.A.

system. Originally various manufacturers produced the same valve under different

type numbers such as 135, 235, 335, 435 etc. This was improved upon by dropping

the first figure and using only the two latter figures, c.g. 35.

All the more recent American releases follow the R.M.A. system (Ref. 8) of which

a typical example is 6A8-GT. In this system the first figure indicates the approxi-

mate filament or heater voluge—6 indicates a voltage between 5-6 and 6*6 volts,

while 5 indicates a voltage between 4*6 and 5*6 volts ; 1 indicates a voluge in excess

of 0 and including 1 *6 volts, while 0 indicates a cold cathode. Lock-in types in the

6*3 volt range are given the first figure 7 (this being the “ nominal ” voltage), but
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the normal operating voluges remain at 6 3 volts. In the ease of tapped filaments
or heaters the first figure indicates the total voltage with both sections in series.

The second symbol is a letter which is allotted in sequence conunencing with A,
except that I and O are not used ; rectifiers follow the sequence backwards com-
mencing at Z. When all the single letters of a group are exhausted^ the system then
proceeds with two lettters commencing with AB ; combinations of identical letters

are not normally used. The single-ended a.c. range has a first letter S while the second
letter may be that of the nearest equivalent in the double-ended range—e.g. type
6SK7 is the nearest single-ended equivalent to type 6K7. Another special case is the
first letter L which is used for lock-in types in the battery range.

PCR CENT or MIC VOLTAGC
riG. i.a

Fig. 1.8. Filament or heater current, Jissipation and temperature plotted against

filament or heater voltage, per cent {Ref. 7).
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The final figure denotes the number of ** useful elements ** brought out to an
external cx>nnection.

The envelope of a metal valve, the metal base of a lock-in valve, and internal shield-

ing having its separate and exclusive terminal(s) are counted as useful elements.

A filament or heater counts as one useful element, except that a tapped filament or

heater of two or more sections of imequal rated section voltages or currents counts

as two useful elements. An octal-based glass valve having n useful elements exclusive

of those connected to Pin No. 1 is counted as having n + 1 useful elements. Elements
connected to terminals identified as ** internal connection, do not use ” do not count

as useful elements. Combinations of one or more elements connected to the same
terminal or terminals are counted as one useful element. For example a directly

heated triode with a non-octal base is denoted by 3 ; an indirectly-heated triode,

with a non-octal base is designated by 4 ; a directly-heated tetrode with a non-octal

base is designated by 4. A pentode with the suppressor internally connected to

filament or cathode is number^ as a tetrode. A metal envelope or oml-based glass

triode with an indirectly-heated cathode is designated by 5, a tetrode (or pentode with
the suppressor internally connected) by 6, and a triode-hexode converter usually by 8.

The suffix after the hyphen denotes the type of construction used. In general,

metal valves, lock-in types and miniature t3n;>es have no suffixes, but octal-based glass

valves types are given the stiffix G for the larger glass bulb or GT for the smaller

parallel-sided T9 bulb. The lener M indicates a metal-coated glass envelope and
octal base. X indicates a ** low loss ’* base composed of material having a loss faaor
of 0 035 maximum (determination of loss faaor to be in accordance with ASTM
Designation D-150-4IT). The letter Y indicates an intermediate-loss base com-
posed of material having a loss faaor of 0*1 maximum. The letter W indicates

a military type. The letters, A,B,C,DJB and F assigned in that order indicate a

later and nu^fied version which can be substituted for any previoiu version but not
vice versa.

SECTION 7 : REFERENCES*
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2. Spreadbury, F. G. (book) ** Electronics '* (Sir Isaac Pitman & Sons Ltd., London, 1947) Chapters
1^, a- 10.

3. Reich, H. J. (book) ** Theory and Applications of Electron Tubes’* (McGraw>HiU Book Co.,
New York A London, 2nd ed., 1944).

4. ChalTee, E L. (book) Tlaeory of Thermionic Vacuum Tubes ’* (McGraw-Hill Book Co., New
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other chan cathode ray cubes,'* British Standards Institution, London.
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8. ** EM.A.-NBMA Sundards for designation system for receiring tubes ** (Radio Manufacturers*
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9. Couch, W. ** Oxide-coated cathodes** Elect. 22.10 (Oct. 1949) 164.

10. Couch. W. ** Oxide cathode theory '* Elect. 22.10 (Oct. 1949) 190.

11. KoUer, L. R. (book) ** Physics of Electron Tubes ** (McGraw-Hill Book Co. 1934) pp. 41-51.

Additional references will be found In the Supplement commencing on page 1475.

(B) ATOMIC STRUCTURE
IZ Siranathan, J. D. ** Elementary particlct of pbysict ** Elect. 16.8 (Aug. 1943) 122.

13. Darrow, K. K. ** Beginnings of nuclear physics ** EE (Sept. 1945) 315.

14. D. (book) ** The Particles of Modem Phyaica '* (The Blakiston Co., Philadelphia,

15. Cork, J. M. (book) ** Radioacdeicy and Nuclear Physics ** (D. van Nostxand Co. Inc., New York,
194^ pp.

16. Smith, j. ** The atom and iu nucleua ’* E.E 66.12 (Dec. 1947) 1 165.

17. Shoupp, W. E, and H. Odishaw '* The noclcus—its structure and reactioiit ** EE 67.2 (Peh. 1948)
125.

18. Lapp, R E, and H. L. Andrews ** Atomic structure ** Ptoc. I.R.E 36.9 (Sept. 1948) 1068, 1070.
Extraa from book ** Nuclear Radiacioo Physics ** (Prcnticc-Hall Inc.).
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SECTION 1 : VALVE COEFHCIENTS
(Otherwise known as Constants, Parameters or Factors)

The triode or multigrid radio valve is a device which allows, under certain operating

conditions, an amplified replica of a voltage applied between grid and cathode to

appear across an impedance placed between plate and cathode.

A valve, in itself, does not provide amplification of the applied grid-to-cathode

voltage. The amplified voltage across the load impedance is due to the action of

the valve in controlling the power available from the power supply. The amount
of power which can be so controlled is determined by the operating conditions and
the characteristics of the valve and of its associated circuits.

The maximum voltage amplification which a valve is capable of giving under ideal

conditions is called the amplification factor, generally designated by the Greek symbol

fi (mu). This is not truly constant under all conditions (except for an imaginary

ideal valve ”) and varies slightly with grid bias and plate voltage in the case of a

triode, and is very fax from being constant with most multi-electrode valves.

The amplification factor (/i) is the ratio of the incremental* change in plate

voltage to the incremental change in control grid voltage in the opposite direction,

under the conditions that the plate current remains unchanged, and all other electrode

voltages are maintained constant.

There are two other principal Valve Coefficients, known as the mutual conductance

and the plate resistance (or anode resistance), the values of these also being somewhat
dependent upon the applied voltages.

•Au Incremenul chtnge of voltage applied to an electrode ma> be uken at indicating a change to
•mall that the curvature of the characteriatict mey be neglected. For the mathematical treatment of
rate of changt. tee Chapter 6 Sect. 7(i) and (U). For treatment of valve codfident* as partial differentisb
aea Chapter 2 .Sect. 9(1 a).

13
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The mutual conductance (or grid-plate transconductance) is the incremental

change in plate current divided by the incremental change in the control-grid voltage

produdng it, under the condition that all other voltages remain unchanged.

The plate resistance f is the incremental change in plate voltage divided by the

incremental change in plate current vjhich it produces, the other voltages remaining

constant.

There is a relationship between these three principal valve coefficients, which is

exact provided that all have been measured at the same operating point,

or r.
S m

The calculation of these “ valve coefficients ** from the characteristic curves is

given in Section 2 of this Chapter, while their direct measurement is described in

Chapter 3 Sea. 3. The mathematical derivation of these coefficients and their

relationship to one another are given in Section 9 of this Chapter, as is also the repre-

sentation of valve coefficients in the form of partial differentials.

The reciprocals of two of these coefficients are occasionally used—

>

- D where D is called the Durchgriff (or Penetration Factor) and which

may be expressed as a percentage.

— - gp where gp is called the Plate Conduaance (see also below).

Other valve coefficients are desaibed below :

—

The Mu-Factor, of which the amplification factor is a special case, is the ratio

of the incremental change in any one electrode voltage to the incremental change in

any other electrode voltage, under the conditions that a specified current remains
unchanged and that all other electrode voltages are maintained constant. Examples

The Conductance (g) is the incremental change in current to any electrode divided

by the inaemental change in voltage to the same electrode, all other voltages remain-
ing unchanged.
Examples are grid conductance (gj), plate conduaance (gp).

Transconductance is the incremental change in current to any electrode divided

by the inaemental change in voltage to another electrode, under the condition that

all other voltages remain unchanged. A special case is the grid-plate transcenductance
which is known as the mutual conductance. Another example is the plate-grid

transconductance (gn)-

Conversion transconductance (6'^) is associated with mixer (frequency changing

)

valves, and is the incremental change in intermediate-frequency plate current divided

by the inaemental change in radio-frequency signal-grid voltage producing it.

TTie Resistance (r) of any elcarode is the reciprocal of the conductance ; for

example plate resistance is the reciprocal of plate conductance,
Tp 1

Perveance (G) is the relation between the spacc-chargc-limited cathode current

and the three-halves power of the anode voltage. It is independent of the electrode

voltages and currents, so long as the three-halves law holds :

G --
tk

The measurement of perveance is covered in Chapter 3 Sect. 3^vi)E.

tThj» is strictly the
resistsoce.

' variational plate resistance ** and mutt be distinitutshcd from the d.c. plate
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SECTION 2 : CHARACTERISTIC CURVES
(i) Plate characteristics (ii) Mutual characteristics (iVi) Grid cttrrent characteristics

(iv) Suppressor characteristics (v) Constant current curves (vz) “ G ** curves (vii)

Drift of characteristics during life {viii) Effect of heater-voltage variation.

It is convenient to set down the measured characteristics of a valve in the form of

curves. These are thus a record of the actual currents which flow in a given valve

when the specified voltages arc applicc^.

The curves published by the valve manufacturers are those of an “ average ” valve,

and any one valve may differ from them within the limits of the manufacturing toler-

ances.

Fig. 2.1. Method of measuring the

plate and grid currents of a triode

valve.

'Fhc method of measuring the plate and grid currents of a triode valve is shown in

Fig. 2.1 in which a tapping on the grid bias battery is returned to the cathode so as

to permit either positive or negative voltages to be connected to the grid. The grid

microammeter and vcltmcter should be of the centre-zero type, or provision made
for reversal of polarity. For more elaborate testing sec Chapter 3 Sect. 3.

(i) Plate characteristics
The Plate Characteristic may be drawm by maintaining the grid at some constant

voltage, varying the plate voltage step-by-step from zero up to the maximum available,

and noting the plate current for each step of plate voltage. These readings may then
be plotted on graph paper with the plate voltage horizontal and plate current vertical.

This procedure may be repeated for other values of grid voltage to complete the Plate

Characteristic Family.

The Plate Characteristic Family for a typical triode is shown in Fig. 2.2. It

is assumed that the plate voltage has been selected as 180 volts, and the grid bias

4 volts. By drawing a vertical line from 180 volts on the axis (point K), the

quiescent operating point Q will be determined by its intersection with the
“ Et A** curve. By referring Q to the vertical scale (Itf) the plate current is

found to be 6mA. The plate resistance at the point Q is found by drawing a tangent

EF) to the curve for E^ - -4 so that it touches the curve at Q.
The plate resistance (rp) at the point Q is then EK in volts (65") divided by QK

in amperes (6 mA 0.006 A) or 10 800 ohms.

The amplification factor ( is the change of plate voltage divided by the change

of grid voltage for constant plate current. Line CD is drawn horizontally through Q,
and represents a line of constant plate current. Points C and D represent grid volt-

ages of “2 and —6, and correspond to plate voltages of 142 and 218 respectively.

The value of /x* is therefore (218 - 142) plate volts divided by a change of 4 grid

volts, this being 76/4 or 19.

The mutual conductance {g^'^ is the change of plate current divided by the change

of grid voltage for constant plate voltage. Line AB, which is drawn vertically through

Q, represents constant plate voltage. Point A corresponds to 9.6 mA, while point B
corresponds to 2.6 mA, giving a difference of 7 mA. Since points A and B also

differ by 4 volts grid bias, the mutual conductance^ is 7 mA divided by 4 volts, which
is 1.75 mA/volt or 1750 micromhos.

”*Thc VftlucVo dciermincd i» ni)i exactly the vulue which would be obtained with a very small swing,
but it tuffidcntly accurate for most practical purposes.
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In these calculations it is important to wofk with points equidistant on each side

of Q to reduce to a minimum errors due to curvature.

Fig, 2.2. Plate charact-

eristic family of curves

for a typical triode.

Fig, 2.3. Plate charact-

eristics of a pentode^ for

one fixed screen voltage-

The plate characteristics of a pentode for one fixed screen voltage are shown
in Fig. 2.3. Owing to the high plate resistance of a pentode the slope of the portion

of the curves above the “ knee **
is frequently so flat that it is necessary to draw ex-

tended tangents to the curves as at A, B and Q. A horizontal line may be drawn

through Q to intersea the tangents at A and B at points C and D. As with a triode,

points A and B are vertically above and below Q. The mutual conductance is AB
(4.1 mA) divided by 4 volts change of grid bias, that is 1.025 mA/V or 1025 micromhos.

The amplification faaor is the change of plate voluge (CD 447 volts) divided by

the change of grid voluge (4 volts) or 111.7. The plate resistance is EK/QK, i.e.

180/0.001 65 or 109 000 ohms.

The plate chsuracteriatica of a beam tetrode are somewhat similar to those

of a pentode except that the “ knee tends to be more pronounced at high values

of plate current.

The plate characteriatlca of a acreen-grid or tetrode are in the upper portion

similar to a pentode, but the “ knee ” occurs at a plate voltage slightly greater than

the screen voluge and operation below the ** knee ’* is normally inadvisable due to

insubility.

The plate and screen characterUtfea of a pentode are shown in Fig. 2.4,

from which it will be seen that the toul cathode (plate 4- screen) current for any

fixed grid bias is nearly constant, except at low pUte voluges, and that the plate

current increases at the expense of the screen, and vice versa, A pentode is frequently

described as a ** constant-current device," but the plate current is not so nearly con-
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stmt as the combination of plate and screen currents, with fixed grid bias and screen

voltage.

(ii) Mutual characteristicst
The Mutual Characteristics may be drawn by mainmining the plate voltage con-

stant, and varying the grid from the extreme negative to the extreme positive voltage

desired. For any particular plate voltage, there is a negative grid voltage at which*
the plate current becomes zero ; this is called the point of plate current cut-off, and
any increase of grid voltage in the negative direction has no effect on the plate current,

which remains zero. If the mutual characteristic were perfectly strai^t, the point

of plate current cut-off would be at a grid voltage of E^/ /x ; in reality, it occurs at

a point slightly more negative, owing to the curved foot of the characteristic.

Fig. 2.4. P/ate and screen char-

acteristics for a pentode^ with

fixed screen and grid voltages,

showing also the cathode current

curve which is the sum of the

plate and screen currents at ail

plate voltages.

Fig, 2,5. Mutual characteristics

of a triode, with one curve for

each of five fixed plate voltages.

The Mutual Charactciiatica of a triode are shown in Fig. 2.5. Each curve

corresponds to a constant plate voltage. Let P be a point on the = 250 curve,

and let us endeavour to find out what information is available from the curves. The
bias corresponding to P is given by R (—6 volts) and the plate current is given by
S (6 mA). Let now a triangle ABC be constructed so that AP » PC, AB is vertical,

CB is horizontal and point B comes on the 200 curve.

The mutual conductance is given by AB/BC or 2-32 mA/4 volts, which is 0*580

xnA/volt or 580 micromhos. Thiu the slope of the characteristic is the mutual

conductance.**

tAtm) known m Trsntfer Clitrsctcri^dct.
conucnicdon Mtumet that A P C ia a atraighr line. In

the oonscnicdon rivn • cloae appmtimadnn to the atope at point P
pracdo
becaua<

ice it it aliplittv curved hut
le the slope of the tangent
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The amplification factor is given by the change of plate voluge divided by the

change of grid voltage for constant plate current, that is

li

Em - -E’m - Em 250 - 200

CB AE, 4
12 5.

The plate resistance is given by the change of plate voltage divided by the change

of plate current for constant grid voltage ; that is

Em - E,,

AB~
???. = 21 600chms.

Ah, 2 32 X 10-*

These curves hold only if there is no series resistance in the plate circuit. They
could therefore be used for a transformer-coupled amplifier provided that the primary

of the transformer had negligible resistance. In the present form they could not be

used to predict the operation under dynamic conditions. The static operation point

P may, however, be located by their use.

The mutuml characteristics of a pentode, for a fixed screen voltage, are very

similar to those of a triode except that each curve applies to a different value of screen

(instead of plate) voltage. The plate voltage of pentodes having high plate resistance

has only a very minor effect on the plate current, provided that it does not come
below the screen voltage.

Fig. 2.7. Mutual characteristics of a pentodey with constant plate voltage y and five

fixed screen voltages.

Fig. 2.8. Screen current mutual characteristics of a pentode {same as for Fig. 2.7).

The Mutual Characteristic Family for a typical pentode is shown in Fig.

2.7, and the corresponding screen current charaaeristics in Fig. 2.8.

'Fhc resemblance between the shapes of the plate and screen characteristics is

very close, and there is an almost constant ratio between the plate and screen currents

along each curve.

(iii) Grid current characteristics
Positive grid ctirrent in a perfectly hard indirectly-heated valve usually commences

to flow when the grid is sli^tly negative (point Y in Fig. 2.9) and increases rapidly

as the grid is made more positive (Curve A). The position of point Y is affected

both by the contact potential between grid and cathode and also by the initial electron

velocity of emission ; the latter is a function of the plate and grid voltages and the
amplification faaor of the valve, and will therefore vary slightly as the electrode
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voltages are changed. The grid current commencement point in perfectly hard
battery valves is usually slightly positive, so that they may be operated at zero bias

with negligible positive grid current (Curve B).

A typical valve at its normal negative bias will have negative (or reverse) grid current

which is the stun of gas (ionization) current, leakage current and grid primary emission

current. If the two latter are negligibly small, negative grid current (i.e. gas current)

will be roughly proportional to the plate current, and will increase with the pressure

of gas in the valve. If the plate current is maintained constant, the gas current varies

approximately as the square of the plate voltage ; reduced cathode temperature has

little effect on this relationship (Ref. A 12). See Chapter 1 Sect. 1 for general in-

formation regarding gas current and Chapter 3 Sect. 3(iv)A for the measurement of

reverse grid current.

References to grid current charaaeristics—A 12, HI, H2.

Fig, 2.9. Grid current characteristics of a triode or pentode.

Curve C shows the gas (ionization) current alone, and the solid line D is the com-

bination of curves A and C, this being the grid current characteristic of a typical

indirectly heated valve with a slight amount of gas. The maximum negative grid

current occurs at a value of grid bias approximately equal to that of the grid current

commencement point of the same valve if it could be made perfectly hard (point Y).

The point of zero grid current (X) differs fix)m the point of grid current commence-
ment in a perfectly hard valve (Y).

The grid current croaa-over point (X) in a new indirectly heated valve is usually

between zero and — 1 *0 volt, and some slight variations in the value are to be expeaed
during life. Change of contact potential between grid and cathode results in a corres-

ponding shift of the mutual charaaeristics ; a change of contaa potential in the

direaion which makes the grid current cross-over point move in the positive direction

during the life of the valve will result in deacased plate current, which may be quite

serious in a high-mu triode operating on a low plate supply voluge. This is one

reason why grid leak bias (with a grid resistor of about 5 or 10 megohms) is often used

with such valves, so that the operating point is maintained in the same relation to

the mutual characteristic.

In battery type valves the grid current cross-over point nwy be either positive or

negative and designers should allow for some valves with negative values, particularly

in cases of low screen voluge operation.
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Contact potential is only one of several effects acting on the grid to change the

cross-over point (X)—the ethers include gas ctirrent> grid (primary) emission, leakage,

and the internal electron velocity of emission.

The grid variadonal conductance is equal to the slope of the grid charaaeristic

at the operating point. The conductance increases rapidly as the grid voltage is made
less than that corresponding to point Y, irrespective of the value of ionization current,

so that input circuit damping due to the flow of electrons from cathode to grid (i.e.

the positive component of the grid current) occurs in a typical valve even when the

grid current is zero or negative (grid voltages between X and Y in Fig. 2.9). It It

pottiblc for the damping on the positive peaks of applied input voltage to be
quite serious even when the microammeter reads zero. This point is applied

in connection with r.c. triodes in Chapter 12 Sect. 2(iv).

If the valve has a leakage path between grid and cathode, the leakage current

is given by the line OF, which must be added to the gas current to give the grid current

characteristic G. If it has leakage between grid and plate (or screen) the leakage

current is given by the line HJ, which intersects the hcrizonul axis at a positive voltage

equal to the plate (or screen) voltage ; this also must be added to the othei components

to provide the grid current charaaeristic. The combined leakage currents may be

measured by biasing tbe grid beyond the point of plate current cut-off provided that

the grid emission is negligibly small—otherwise see below.

Grid eminion with a negative grid is the primary emission

of electrons due to grid heating from both cathode and plate

(or screen) ; it gradually increases as the valve becomes
warmer during operation. It inaeases the total negative grid

current and is induded with leakage currents in the

total negative grid current indicated by a valve tester.

For methods of tiering to discriminate between the

various components of negative grid current, see

Chapter 3 Sea. 3(iv)A.

Negmtive-frid load lines

When a valve is operated with a fixed

negative grid bias, but has a total grid

circuit resistance the

actual voltage on the grid

may differ from the applied

bias due to grid ciurent. If

negative grid current is pre-

sent the condition vrill be as

shown in Fig. 2.10 in which

OA represents the applied

bias. The plate current

operating point with no grid

current will obviously be Q
but if the grid current

diaracterlstic is as shown,

the grid operating point

will be B and the plate

operating point Q'. Point

B is determined by the intersection of the grid current characteristic and a load line
having a slope of —l/Rf, The shift in grid bias due to voltage drop across R, will

be AEti or R,./ The operating point can obviously never be swung beyend the
grid-current cross-over point C, so that the sutic plate current can never go beyond D
(Fig. 2.10) due to negative grid current.

ric 210

Pig. 2.10. Grid current characteristics with

grid loadiines.
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If valve is operated with its grid completely open-circuited, the operating point
will be at D, since this is the only point corresponding to zero grid current, unless

the grid characteristic has a second point of zero grid current at a positive grid voltage

(see under grid blocking).

If the valve is operated with zero bias, that is with the grid resistor returned to

cathode, the grid static operating point will be at E, the intersection of the grid current

characteristic and the grid loadline through O. If the valve is one with positive

cross-over point, operating at zero bias, the grid static operating point will occur at F.
In all cases considered above, the operating points are for static conditions, and

any large signal voltages applied ro the grid may have an effect in shifting the operating

point. If the signal voltage swings the grid sufhciently to draw positive grid current,

the operating point will shift as the result of rectified current flowing through R^.
The effect of negative grid current on the maximum grid circuit resistance and the

operation of a-f amplifiers is described in Chapter 12 Sect. 2(iii) and (iv) ; Sect. 3(iv)C

and (v) ; also Chapter 13 Sect. 10(i).

Positive grid voltages and grid blocking

When the grid is made positive, it is bombarded by electrons which cause it to

increase in temperature, and it may have both primaxy and secondary electron

emission. This current is in a direction opposite to that of positive grid current

flow, and may result in a sUght kink in the grid charaaeristic, or may be severe enough

to cause the grid current in this region to become negative. A typical case of the

severe type is shown in Fig. 2.11, in which the greatest negative grid current occurs

St a positive grid voltage of 70 or 80 volts. Such a valve is capable of ** grid blocking
’*

if the grid is swung sufficiently positive, and if the grid circuit resistance is high

enough. Grid blocking can oedy occur if the grid loadline cuu the negative loop of

grid current. In Fig. 2.11 the 0*1 megohm loadline cuts it at points A and B, but

point A is unstable and the grid will iump on to point B and remain there until the

valve is switched off, or the grid circuit resistance decreased until the grid loadhne

no longer cuts the curve (e.g. 0.04 megohm in Fi^. 2.11).

(iv) Suppressor characteristics

In some pentodes, the suppressor is brought out to a separate pin, and may be used

for some special purposes. Fig. 2.12 shows the mutual diaracierisdcs of a pentode

suitable for suppressor modulation, although typical of any pentode. The curves
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are in the shape of a fan pivoted at the

cut-off point, with the slope controlled

by the suppressor voltage. The curves

of electrode currents versus suppressor

voltage are given in Fig. 2.13, and in-

dicate that the plate current curve rises

fairly steadily from the point of cut-off

at a high negative voltage but flattens

out while still at a negative suppressor

voltage. The. screen current falls as

the plate current rises, as would be
expected, and the suppressor current

commences at a slight positive voltage,

although in this case it becomes negative

at high voltages due to secondary

emission.

The suppressor is occasionally used
as a detector in receivers, instead of a

diode, but its rectification efficiency is

low, since the internal resistance is of

the order of 20 000 ohms.

In remote cut-off r-f pentodes the

suppressor is sometimes used to provide

a more rapid cut-off characteristic. A
family of mutual conductance and
plate resistance curves for a typical

remote cut-off pentode are given in

Fig. 2.14.

It will be seen the mutual conduct-
ance for any fixed control grid voltage

(say Eel = *-3) may be reduced by
making the suppressor voltage nega-

tive. This has the additional effect,

however of decreasing the plate resist-

ance from 0.8 megohm (at = 0)

to 35 000 ohms at = -37, for

Eel = —3 volts. The initial rate

of reduction is very steep, and occxirs

with all values of control grid voltage.

FIG. 2.12

Fig, 2.12. Mutual characteristics of
a pentode (6SJ7) for various suppressor

voltages.

Fig, 2.13. Suppressor characteristics of
a pentode (6SJ7) for fixed control grid,

scrun and plate voltages.

If the suppressor grid has the same
bias control voltage as the control grid,

the control characteristic will be as

shewn by the curve marked “ Eti -~-

Ees,” but in this case the plate resist

ance, although initially slightly lowe

for Eea = — 3 than for Eei = 0, rise

rapidly as E^i = Eet is made mon.
negative.

(v) Constant current curves

The third principal type of val\.

characteristic is known as the Con-
stant Current Characteristic.
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typical family of Constant Current Curves is shown in Fig. 2.15, these being

for a tjrpical triode (type 801). The slope of the curves indicates the ampli-

fication f^actor, and the slope of the loadUine indicates the stage voltage gain.

The operating point is fixed ^finitely by a knowledge of plate and grid supply volt-

ages, but the loadline is only straight when both plate and grid voltages follow the

same law (e.g., both sine wave). Distortion results in curved characteristics, so that

this form of representation is not very useful except for tuned-grid tuned-plate or
“ tank-circuit ” coupled r-f amplifiers. Constant Current Curves may be drawn
by transferring points from the other published characteristics. For a full treatment

t^ reader is referred to fic. 2.i4

(1) Mouromtseff, I. E., and H. N.
Kozanowski “ Analysis of the

operation of vacuum tubes as Class

C Amplifiers’* Proc. I.R.E. 23.7

(July, 1935) 752 : also 24.4 (April,

1936> 654,

(2) Everest, F. A., “ Making life more
simple ” Radio 221 (July, 1937) 26.

(3) “ Reference Data for Radio En-
gineers ” (2nd edition, Federal

Telephone and Radio Corporation,

New York, 1946).

(vi) ‘‘ G ” curves

Curves of constant and are

plotted for a typical triode in Fig.

1 3.9B. These are helpful in calculating

the voltage gain of resistance-coupled

triodes and, to a less extent, pentc^es,

and in other applications. (Refs. B14,

Jttil, B32).

(vii) Drift of characteristics

during life

During the life of a valve there is

always a slow drift which is particularly

apparent in the plate and screen

currents, mutual conductance, negative grid current and the contact potential point.

The direction of drift sometimes reverses one or more times during life. It is as-

sumed here that the valve is operated at constant applied voltages throughout its life.

In general, the grid current crossover point (Fig. 2.9) tends to drift in the positive

direction during life. The movement of the contart potential point results in a

shift of the mutual characteristics which in turn has the effect of reducing the plate

current which flows at a fixed grid bias.

Life tests have been carried out (Ref. A12) for a period of 3200 hours on type 6SL7
high-mu twin triodes. The recorded characteristic was the grid voltage to give a

plate current of 01 mA with a plate voltage of 75 volts. The maximum drift was
0-6 volt (from — 1 -65 to — 1 05 volts), but the majority of the valves did not go out-

side the limits —1*5 to - 11 volt (0-4 volt drift). In most cases the drift was gener-

: ’ ally in a positive direction, but there were mo exceptions (cut of a total of twelve

u units) which showed a general tendency to drift in the negative direction for the first

hundred hours or so and then to drift in the positive direction, ending up at approxi-
^ rnately the same values where they began. However, even those having a positive

Fig, 2.14. Suppressor characteristics cf a

remote cut-off pentode (tUl^G) for fixed

screen and plate voltages.
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general direcdon showed rapid changes in the rate of change^ and usually at least

one temporary reversal of direction.

It was found that minimum drift occurred for plate currents between 0* 1 and 1 *0mA
fbr indirectly-heated types> or between 10 and 100 ^iA for small filament t3rpes.

This drift occurs in diodes and all types of amplifying valves^ being particularly

noticeable in its effects on high-mu triodes (on account of the short grid base) and on
power amplifiers (on account of the decrease in maximum power output). In direct-

ooupled amplifiers this drift becomes serious, the first stage l^ing the one most affeaed.

Most of the drift usually occurs during the first hundred hours of operation. If

stability is required it is advisable to age the valves for at least 2 days, but in some
cases this does not cure the rapid drift. Reference A12, pp. 730-733.

GHIOVOUS

Fig. 2.15. Constant current characteristics for a typical small transmitting triode (801).

Pig. 2.16. Triode plate charaaeristics with loadlines for five values of load resistance.

(viii) Effect of heater-voltage variation
When a valve is being operated so that the plate current is small compared with

the total cathode emission, an increase in heater voltage normally causes an increase

in plate current, which may be brought back to its original value by an increased

negative bias. With indirectly-heated cathodes the increase in negative bias is approzi-

nuftely 0*2 volt for a 20% increase in heater voltage, whether the valve is a diode,

triode or multi-grid valve (Ref. A12, p. 421).

This effect is serious in d-c amplifiers ; there are methods for cancelling the effect

(Ref. A12, p. 458).

SECTION 3 : RESISTANCE-LOADED AMPLIFIERS

(i) Triodes (if) Pentodes.

(i) Triodes
When there is a resistance load in the plate circuit, the voltage actually on the plate

is less than that of the supply voltage by the drop in the load resistor,

Ek E^^ —
This equation may be represented by what is known as a Loed Line on the plat'

diaracteristics. Since the load is a pure resistance it will obey Ohm’s Law, and tiu

lelationsbip between current and voltage will be a straight line ; the loadline wil
therefore be a straight line.



2L3 RESISTANCE-LOADED AMPLIFIERS 25

The static operadng point is the intersection of the loadline and the appropriate

characteristic curve. Fig. 2.16 shows several loadlineS) corresponding to different

load resistors^ drawn on a plate characteristic family. Zero load resistance is indicated

by a vertical loadline^ while a horizontal line indicates infinite resistance.

A loadline may be drawn quite independently of the plate characteristics^ as in Fig.

2.17. The point B is the plate supply voltage (in this case 300 V); the slope* of

the loadline AB — — 1/R^^ and therefore AO = (in this case 300/50 000 ==

0*006 A ^ 6 mA). The voltage actually on the plate can only be equal to E»b when
the current is zero (point B). At point A the voltage across the valve is zero and the

whole supply voltage is across R ^ ; this is what happens when the valve is short-

circuited from plate to cathode. The plate current (E* »/R which flows under these

conditions is u^ as a reference basis for the correct operation of a resistance coupled
amplifier (Chapter 12). As the plate voltage^ under high level dynamic conditions>

must swing about the operating point» the latter must be somewhere in the region of

the nuddle of AB ; the plate current would then be in the region of 0-5 E»»/R ^ and
the plate voltage 0*5 E»»—^in other words> the supply voltage is roughly divided equally

between the valve and the load resistance. Acnially, the operating point may be
anywhere within the limits 0-4 and 0-85 times E»»/R^—see Chapter 12 Sect. 2(vi)

and Sea. 3(vi).

In most resistance-loaded amplifiers, the plate is coupled by a capacitor to the grid

of the following valve, which has a grid resistor Rp to earth. This resistor acts as a

load on the previous valve, but only under dynamic conditions. In Fig. 2.18 the

loadline AB is drawn, as in Fig. 2.17, and the operating point Q is fixed by selecting

the grid bias (here —6 volts). Through Q is then drawn another Line CD having a

slope of —(1 /R
! -f 1/R,) ; this is the dynamic loadline, and is used for determining

the voltage gain, maximum output voltage and distortion (Chapter 12).

Fig, 2.17. Loadline is independent of valve curves.

Fig. 2.18. Loadlines of resistance haded triode ; AQB is withota any follovfing grid

resistor, CQD ailotps for the grid resistor.

The dsmamic characteristic is the effective mutual characteristic when the valve

has a resistive load in the plate circuitt. While the slope of the mutual charaaeristic

is gm or the slope of the dynamic characteristic is /i/(r, -I- R;). Owing to

(r, 4- R;) being more nearly constant than the dynamic charaaeristic is more
nearly straight than the mutual characteristic.

‘The slope of AB is nefitive ^tnee the ffljic olr^ae ;s the difference between the supply voltage and
*he voltage drop in H t* ^he invened form (1 /R / ) Is due to the way in which the valve characteriidcs
ure drawn with current vertically uiul voltage hnrirontally. The slope of AB la oBcn loosely spoken
of as being the resistance of B ^ .the nentivr sign and inverted form Ming understx>od.

^It docs not make allowaiM« for the lullowing grid mnator. and does not iherefore correspoetd to
the dynamic loadline. It is, of course, possible to derive Bom the dynamic loadline a roodifieo dynamic
characteristic which does make allowance for the grid resistor.
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A typical dynamic characteristic is shown in Fig. 2.19 applying to a supply voltage

of 250 volts and load resistance 0* 1 megohm ; the mutud characteristics are shown
with dashed lines.

The dynamic characteristic may be drawn by transferring points from along the

loadline in the plate characteristic to the mutual characteristic. An alternative

method making use of the mutual characteristic is as follows—
When the plate current is zero, the voltage drop in the load resistance is zero, and

the plate voltage is equal to the supply voltage (250). For the plate voltage to be
200 volts, there must be a drop of 50 volts in the load resistor (100 000 ohms) and the

plate current must therefore be 50/100 000 or 0 5 mA, and so on. A table may be

prepared for ease of calculation :

Plate Voltage Drop in Plate Current
Voltage Load Resistor ( volts drop fR

250 0 0

200 50 0 5 mA.
150 100 10 mA.
100 150 15 mA.
50 200 2 0 mA.

It will b>e seen that this table is not affected by the shape of the valve characteristics.

The dynamic characteristic may then be plotted by taking the intersections of the

various plate voltage curves with the plate current values given in the table.

The dynamic characteristic of a triode is very nearly straight along the central

portion, with curves at both ends, the “ upper bend ** being always in the positive

grid current region.

Fig. 2.19. Triode dynamic characteristic {solid line) for resistance loadtm:

Fig. 2.20. Illustrating power dissipation in a resistance-loaded triode.

Refer to Chapter 12 for funher information on resistance coupled ampliticr'*.

When a resistance-loaded triode is operated under steady conditions, the power
dissipation is indicated by Fig. 2.20. The area of the rectangle OCDB represents

the total power (E^t,Ibo) drawn from the plate supply. The area of the rectangle

OCQK represents the plate dissipation of the valve (EhJho) and the area of the rcct

angle KQDB represents the dissipation in the load resistor {Et, ^ - E I ho I
j

.

Under dynamic conditions the plate dissipation decreases by the amount of power

output, and the load resistor dissipation increases by the same amount, provided that

there is no a.c. shunt load and that there is no distortion. The case of transformer-

coupled loads is treated in Chapter 13.

(ii) Pentodes
Pentodes with resistive loads arc treated in the same manner as triodes, the onl.

complication being the screen voltage which must be selected at some suitable valui
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and maintained constant (Fig. 2.21). The operating point as an amplifier will norm-
ally, as with a triode, be in the region of the middle of the loadline so that the voltage

across the valve and that across will be approximately the same. The only

special case is with very low values of R ^ (e.g. 20 000 ohms) where grid current

occurs at approximately ^0, thereby limiting the useful part of the loadline.

Fig. 2.21. Loadlincs of resistance-loaded pentode.

Fig. 2.22. Triode plate characteristics and loadline with transformer-coupled load.

With any value of screen voltage, and any value of load resistance, it is possible

to select a grid bias voltage which will give normal operation as an amplifier. With
load resistance of 01 megohm and above, pentodes give dynamic characteristics

which closely resemble the shape of triode dynamic characteristics w^ith slightly

greater curv'aturc at the lower end ; at the upper end, provided that the screen voltage

is not too low, the pentode has a curved portion where the triode runs into grid current.

The top bend of the pentode dynamic characteristic is often used in preference to

the bottom bend for plate detection see Chapter 27 Sect. l(ii)C.

For further information on resistance coupled pentode amplifiers, reference should

be made to Chapter 12 Sect. 3.

SECTION 4 : TRANSFORMER-COUPLED AMPLIFIERS

'i) With resistive load, (fi) Effect of primary resistance (Hi) With i-f voltage amplifiers

iiv) R-F amplifiers with sliding screen (r) Cathode loadlines (vi) With rcacriz'e Ica.F.

(i) With resistive load
When the load resistance is coupled to the valve by an ideal transformer, there is

no direct voltage drop between the supply voltage and the plate. The slope cf the

loadline, as before, is 1 /R ;
but the loadline must be lifted so that it passes through

the operating point. Fig. 2.22 shows a typical triode with Ei,
' 250 volts, and

E, -- —10 volts, thus determining the static operating p>oint Q. The loadline AQB
is then drawn through Q with a slope corresponding to a resistance of 30 0(X) ohms.
It is not taken beyond point A (Ec = 0) because in this case it is intended to be a

Class A amplifier, operating without grid current. It is not taken beyond B because

^his is the limit of swing in the downward direction corresponding to A in the upward
'lircction and having twice the bias of point Q (i.c. —20 volts). Of course, AB could

oe projected upwards and downwards if it were desired to increase the grid swing
without regard to grid current or distortion.
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(ii) Effect of primary resistance
If the primary circuit includes resistance, the point Q must be determined by draw-

ing through Ek a straight line with a slope of —\/R\ where Rf includes all resistances

in the primary circuit other than the plate resistance of the valve. R* will include

the d.c. resistance of the transformer primary winding and any equivalent internal

resistance of the plate supply source. Fig. 2.23 is a tirpical example, with R' » 1500
ohms, from whi(^ point Q can be determined as previously, llie total a.c. load on
the v^vc is then H- R'\ in this case 31 500 ohms, which will give the slope of
AQB. In these examples it is assiimed that fixed bias is used, and that the negative

side of the supply voltage is applied directly to the cathode of the valve.

(iii) With i-f voltage amplifiers
I-F amplifiers^ when correctly tuned, operate with the valve working into practically

a resistive load, I-F and r-f amplifier valves arc in two principal groups—sharp

cut-off and remote cut-off.

Sharp cut-off r-f pentodes operate in much the same manner as a-f pentodes, and
the tuned transformer in the plate circuit reduces any distortion which might occur

through non-linearity of the characteristics. The d.c. resistance of the transformer

is usually so small that it may be neglected and the loadJine drawn through Q with a

slope corresponding to the d3mamic load resistance of the transformer (including

its secondary load, if any, referred to the primary).

Eig, 2.23. Triode plate characteristics and leadlines with transformer^coupled load,

allowing for the resistance of the primary winding.

Fig, 2.24. Plate characteristics of typical remote cut-off pentode uith fixed screen and
suppressor voltages.

Remote cut-off r-f pentodes are similar, except that the mutual characteristics arc

curved, and the distortion is greater. Fig. 2.24 shows the plate chaiaaeristics of a

typical remote cut-off pentode, with = 250 volts. Two loadlines (AQB, A' Q' B')

have been drawn for grid bias voltages of —3 and — 12 volts respectively, with a slope

corresponding to a load resistance of 200 000 ohms, as for an i-f amplifier. This
application of the loadline is not entirely valid, although it gives some useful informa-

tion, since the tuned plate circuit acts as a flywheel ” to improve the linearity and
reduce the distonion. This is a case in which constant current curves could be

used with advantage. However, the ordinary plate characteristics at least indicate

the importance of a high Q (high dynamic resistance) second i-f transformer if it

is desired to obtain high output voltages at even moderately high negative bias volt-

ages ; a steeper loadline would reach plate current cut-off at the high voltage peak.

(iv) R-F Amplifiers with sliding screen
Remote cut-off pentodes may have their cut-off points made even more remote

by supplying the screen from a higher voltage (gene^ly the plate supply) through a
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Pig, 2.25. Plate current characteristic of remote cut’-off pentode with “ sliding screen**

The straight lines indicate the mutual conductances at several points,

resistor designed to provide the correct screen voltage for the normal (minimum bias)

operating condition. The screen requires to be by>passed to the cathode.

The same method may be used with a sharp cut-oflf pentode to provide a longer

grid base. This does not make it possible to obtain the same results as with a pro-

perly designed remote cut-off penre^, although it does increase the maximum input

voltage which can be handled with a limited distonion. It is important to remember
that the extended plate current characteristic curve obtained by this method cannot

be used to determine the dynamic slope, since the latter is higher than would be cal-

culated from the characteristic. This is demonstrated in Fig. 2.25 which shows the

sliding screen plate current characteristic, with straight lines drawn to indicate

the mutual conductance at several points.

The procedure for deriving the ^ sliding screen ** plate current characteris-

tic from the fixed voltage data is as follows

—

Let plate and screen current curves be available for screen voltages of 50, 75, 100

and 125 volts (Fig. 2.26) and take the case with a scries screen resistor (R,) of 250 000

ohms from a supply voltage of 300.
/ ee
t et Point Point ht

50V 250 V lOmA A -01 E 3-7 mA
75 225 09 B -1-7 F 315
100 200 0-8 C -3*3 G 26
125 175 07 D -5*2 H 21

^be Toltaae drop in the screen retisunce 300 -£ct.
- Berev/Rn,

tDerived from the screen charecterisHcs and transferred to the plate characterisdet.

tDerived from the piatc characteristics.

(v) Cathode loadlinea
The static openting point with cathode self bias may be determined graphically

by the use of the mutual characteristic. The mutual characteristic of a triode shown



30 (v) CATHODE LOADLINES 2.4

in Fig. 2.27 applies to the voltage between plate and cathode—the total supply voltage

will be greater by the drop in the cathode resistor Rk.
Through O should be drawn a straight line OD, having a slope of —l/Rk ohms.

The point P where OD intersects the curve corresponding to the plate-to-cathode

voltage (here 250 V) will be the static operating point, with a bias —En and plate

current /»,.

In the case of pentodes, with equal plate and screen voltages, the “ triode *’ mutual

characteristic should be used, if available. With the plate voltage higher than the

screen voltage, the triode mutual characteristic may be used as a fairly close approxi-

mation, provided that the triode curve selected is for a voltage the same as the screen

voltage.

Alternatively, pentodes may be treated as for triodes, except that the slope of OD
should be

1
.

h
R, l\ I c.

where and /... may be taken to a sufficient degree of accuracy as being the values

under published conditions. The plate current (/ ^') may then be read from the curve,

and the screen current calculated from the ratio of screen to plate currents.

For the use of cathode loadlines with resistance coupled triodes and pentodes,

refer to Chapter 12.

2.26. Plate and screen current characteristics of pentode illustrating procedure

for deriving “ sliding screen ** characteristics.

Fig. 2.27. Triode mutual characteristics vnth cathode bias loadlinc OD.

vi) With reactive loads
When the load on the secondary of the transformer is not purely resistive, the load-

line is normally in the form of an ellipse instead of a straight line. Fig. 2.28 shows

three different examples of elliptical loadlines for purely reactive loads. A purely

capacitive load has exactly the same shape of loadline as a purely induaive one, but

the dircaion of rotation of the point is opposite, as indicated by the arrows. Curve A
IS for a high reactance, curve B for an intermediate value of reactance, and curve C
for a low reactance. In each case the maximum current is E^fXo where E^ is the

peak voltage across the reactance and = a>L for the inductive case, and Xa 1/ cuC

for the capacitive case. The voluge is shown as negative to the right of O, so

as to be suitable for applying directly to the plate characteristics of the valve.
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For ^nvenience in application^ the horizontal and vertical scales should be the

same as in the valve characteristics to which the loadline is to be applied. For example

,

if on the plate characteristics one square represents 1 mA in the vertical direction and

25 V in the horizontal direction, the same proportion should be maintained for the

elliptical loadline. Having drawn the ellipse for any convenient value of £<>> it may
be expanded or contracted in s?ze, without changing its shape (that is the ratio of the

major to the minor axis when both are measured in inches).

(a) Resistance and inductance in series

The load is more commonly a combina-

tion of resistance and reactance. When
the load is a resistance R i in series with

an inductive reactance tuLy the maximum
current through both will be /« and the

procedure is to draw both the straight re-

sistive loadline for R
,
(AB in Fig. 2.29)

and the elliptical loadline for toL, and then

to combine them in series. It will be seen

that in Fig. 2.29 the peak current of the

ellipse and of the resistive loadline are

identical (/„).

To combine these in series, it is neces-

sary to consider the phase relations. When
the current is a maximum (OE), the voltage

drop across /?; is a maximum (AE) and
that across L is zero, because there is 90 no 220

phase difference between the voltage and
2.28. Three examples of elliptical

current : the total voltage drop across hadltnes for purely reactive load<,
and L in series is therefore .\E and point A
IS on the desired loadline. When the current is zero, the voltage drop across R

;

IS zero, and that across L is OC ; the total voltage drop is therefore OC, and p)oint C'.

IS on the desired loadline. At any intermediate point (OF) with current increasing

the voltage drop across R

,

is FG, and that across L is FH, so that the total drop is

2.29. Resistive loadline (Rf)> inductive loadline (oiL); cuid elliptical resultaid

for Rj in scries zvith toL {dashed curve),

FJ — FG
;
Ffl. With similar procedure in the other three quadrants, the com-

bined loadline is shown to be an ellipse CJADB which is tilted, or rotated in the

clockwise direction as compared with the original ellipse. The maximum voltage

drop is greater than that across cither R
j
or L alone, as would be expected.
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If an elliptical loadline is known> as for example the dashed ellipse of Fig. 2.29>

its series components may readily be determined. Mark points A and B where the

ellipse reaches its maximum and minimum current values, then draw the line AB

;

the slope of AB gives R £. Mark O as the centre of the line AB ; draw COD hori-

zontally to cut the ellipse at points C and D.
Then a»L = E#//* ohms,
where E, » voltage corresponding to length OD
and I0 = current (in amperes) corresponding to max. vertical height of

ellipse above line COD.
Alternatively

^ Length of horizontal chord of ellipse through O, in volts

Maximum vertical extent of ellipse, in amperes

(b) Reaiatance and inductance in parallel

When the load is a resistance E 4 in parallel with an inductive reactance a>L, the

maximum voltage acTOss both will be E«, and the resistive loadline and reactive ellipse

may be drawn as for the scries connection. In this case,, however, the currents have

to be added. In F^r 2.30 the maximum current through R, is CK (corresponding

to -fE,), while the maximum current through L is OE. When the voltage is zero

and increasing, the current through is zero, and that through L is the

minimum value OP ; point P is therefore on the desired loadline. When
the voltage is its positive maximum (OC), the current through E, is CK and

that through L is zero ; point K is therefore on the desired loadline. Simil-

arly with points E and M. At an intermediate value, when the voltage is negative

and approaching zero (OR), the current through Ejr is RS, and that through L it

RT ; the total current is therefore RT -f RS = RW, andW is on the desired loadline.

The loadline is therefore the eUipse PKEMW.

Fig. 2.30. Resistivt loadliru

(E f); inductive loadUni {solid

ellipse) ; and elliptical re-

sultant for E^ in parallel

with to
j
{dashed curve).

If an elliptical loadline is known, as for example the dashed ellipse of Fig. 2.30,

its parallel components may readily be determined. Mark points K and M where
the ellipse reaches its maximum and minimum voltage values, then draw the line KM ;

the slope ofKM gives E £. Mark O as the centre of the line KM ; draw EOP vertic-

ally to cut the ellipse at points E and P.

Then <oL — ohms,
where E, — voltage difference between points O and K,
and /« ctirrent corresponding to length OE, in amperes.

Alternatively

ctfL ««
Maximum horizontal length of ellipse, in volts

Length of vertical chord of ellipse through O, in amperes

(c) ReaUtnnee and capadtanca
A similar shape of loadline is obtained when the inductance is replaced by a capacit-

ance of equal reactance, except that the direction of rotation is opposite.
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(d) Appls^g elliptical loadlines to characteristics
The elliptical loadlines derived by the methods described above may be applied

to the plate characteristics of a valve, but it is first necessary to enlarge or reduce their
size until they just fit between grid voltage curves corresponding to extreme swing

Fig. 2.31 . Triode plate characteristics with elliptical loadlines corresponding to resistance

25 000 ohms in series with reactance o/ 18 000 ohms.

in each direaion. The examples taken have all been based on an arbitrary current

(/«,) or voltage (£o)> which may be made larger or smaller as desired. In Fig. 2.31

there is shown the elliptical loadline corresponding to a resistance of 25 000 ohms in

series with a reactance of 18 000 ohms, on triode plate charaaeristics with = 250

volts, E. 10 volts and peak grid amplitude = 8 volts.

Fig. 2.32. Beam power amplifier plate characteristics with elliptical loadline corres-

ponding to a resistance of 4750 ohms in parallel with a reactance of 23 000 ohms.

Fig. 2.32 shows a typical beam power amplifier with an elliptical loadline with a

resistive load of 4750 ohms shunted by a reactance of 23 000 ohms. The plate volt-

age is 250 volts, grid bias - 12*5 volts, and grid swing from 0 to —25 volts.
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In all applications of elliptical loadlines to characteristics, the shape of the ellipse

(i.e, the ratio of its major to its minor axis) and the slope of the major axis are deter-

mined solely by the nature of the load. The ellipse can be imagined as being slowly

blown up, like a balloon, until it just touches without cutting the two curves of extreme
voltage swing. If there is no distortion, the centre of the ellipse will auncide with

the quiescent working point, but in the general case the centre of the ellipse will be

slightly displaced.

SECTION 5 : TRIODE OPERATION OF PENTODES
(i) Triode operation of pentodes (ii) Examples of transconductance calculation (iii;

Triode amplification factor (iv) Plate resistance (v) Connection of suppressor grid.

(i) Triode operation of pentodes
Any pentode may be operated as a triode, provided that none of the maximum

ratings is exceeded, and the characteristics may readily be calculated if not otherwise

available.

When the cathode current of a valve is shared by two collecting electrodes (e.g

plate and screen) the mutual conductance of the whole cathode stream (i.e. the “ triode

gtn ”) is shared in the same proportion as is the current.

Let

and

Ik

Ic2

h
^ m

gi

g.

cathode current

screen current

plate current

pentode transconductance (to the plate)

triode iransconductance (with screen and plate tied together)

screen transconductance (with pentode operation).

^ <i T / b

gm -i- g, (by definition)

h/Ik
If it is desired to find the screen transconductance, this can be derived from

expression

g 9/ g m “ e2/ •f b

and

Then /*

gt

g m/ g t

L
(2^

(3)

the

(4;

(5«

(ii) Examples of transconductance calculation
Example 1 : Type 6J7-G as a pentode with 100 volts on both screen and plate,

and with a grid bias of. 3 volts, has the following characteristics :
—

Transconductance 1185 micromhos
Plate Current 2 0 mA
Screen Current 0-5 mA

It IS readily seen that the cathode current (see equation 1 above) is given by
I, 0 5 20 2 5 mA.

The triode tran-^conductance is calculated by inverting equation (3) above,

gt.'gm I * //». .

Therefore 1 185 2 5/2 0

and g^ 1482 micromhos.

The example selected was purposely chosen so as to have equal plate and screen

voltages. Under these conditions the method is exact, and the calculated triode

mutual conductance applies to the same conditions of plate and grid voltages as for

the pentode operation (in this example 100 volts and 3 volts respectively).

Example 2 : Type 6J7-G as a pentode with 250 volts on the plate, 100 volts on
the screen, and -3 volts grid bias.

In this case a similar method may be used, but it is necessary to make an assumption
which is only approscimately correct. Its accuracy is generally good enough for mosr
purposes, the error being within about 5'’;. for most conditions.
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The assumption (or approximation) which must be made is —That the plate current

of a pentode valve does not change as the plate voltage is increasedfrom the same voltage

as that of the screen up to the voltage for pentode operation.

This assumption means, in essence, that the plate resistance is considered to be
infinite—a reasonable approximation for most r-f pentodes, and not seriously in

error for power pentodes and beam power valves.

In this typical example we can take the published characteristics, and assume that

the plate current and transconductance are the same for 100 as for 250 volts on the

plate. From then on the procedure is exactly as in the previous example. It is

important to note that the calculated triode characteristics only apply for a triode

plate voltage of 100 volts and a grid bias of --3 volts.

Example 3 : To find the screen transconductance under the conditions of Example 1

.

From eqn. (2) wc may derive the expression—
- gt - gm = 1482 - 1185
— 297 micromhos.

This could equally well have been derived from eqn. (4) or (5).

l iii) Triode amplification factor
The triode amplification factor (if not available from any other source) may be

calculated by the following approximate method.

Let

lir..

and H
Then /i.

triode amplification factor

negative grid voltage at which the plate current just cuts off

— screen voltage.

- Ero approx. '6;

For example, with type 6J7-G having a screen voltage of 100 volts, the grid bias

lor cut-off is indicated on the data sheet as being -7 volts approx. This is the normal
grid bias for complete plate current cut-off, but it is not very suitable for our purpose

since equation (6) is based on the assumption that the characteristic is straight, whereas

It is severely curved as it approaches cut-off. The preferable procedure is to refer

to the plate current-grid voltage characteristic, and to draw a straight line making a

tangent to the curve at the working point in this case with a screen voltage of 100

volts and grid bias —3 volts. When this is done, it will be seen that the tangent

cuts the zero plate current line at about —5 volts grid bias. If tliis figure is used,

as being much more accurate than the previous value of —7 volts, the triode amplifica-

tion factor will be
/X, 100/5 - 20.

Alternatively, if only the plate characteristics are available, much the same result

may be obtained by observing the grid bias for the lowest curve, which is generally

very close to plate current cut-off.

In the case of remote cut-off characteristics it is essential to adopt the tangent

method, and the result will only apply to the particular point of operation, since the

triode amplification factor varies along the curve.

The amplification factor of the screen grid in a pentode valve with respect to the

control grid is almost exactly the same as the triode amplification factor.

The amplification factor of the plate of a pentode valve with respect to its screen

grid may be calculated from the expression

where /ip,.,-, pentode amplification factor

and screen grid-plaie mu factor.

This expression can only be used When the pentode amplification factor is known.

If this is not published, it may be determined from a knowledge of the plate resistance

and mutual conductance. If the former is not published, it may be derived graphic-

ally ; this derivation is only very approximate in the case of sharp cut-off r-f pentodes,

since the characteristics are nearly horizontal straight lines.
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For example type 6AU6 has the following published values

—

==1-5 megohms \
and = 4450 ^unhos j
from which /x = 6675.

- 250,i?,i = 125,

But = 36 approx.

Therefore p = 6675/36 ^ 185 approx.

-1 V

(iv) Plate resistance
Tlic “ plate resistance ’* of each electrode (plate or screen) in the case of pentode

operation, and the “ triodc plate resistance ** when plate and screen are tied together,

may be calculated from the corresponding values of /x and g^.

(v) Connection of suppressor grid
The suppressor may be conneaed either to cathode or to the screen and plate,

with negligible effect on the usual static characteristics. Some valves have the sup-

pressor internally connected to the cathode, so that there is no alternative. In other

cases, connection to cathode slightly increases the output capacitance. In low level

amplifiers, connection of the suppressor to cathode may give lower noise in certain

cases if there is a high resistance leakage path from suppressor to cathode ; similarly

its connection to screen and plate will give lower noise if there is leakage to the latter

electrodes.

SECTION 6 : CONVERSION FACTORS, AND THE CALCULATION
OF CHARACTERISTICS OTHER THAN THOSE PUBUSHED
(i) The basis of valve conversion factors (ii) The use of valve conversion factors (iiO

The calculation of valve characteristics other than those published (iv') The effect of

changes in operating conditions.

Conversion Faaors provide a simple approximate means of calculating the prin-

cipal valve characteristics when all the voltages are changed by the same factor. It is

possible to make certain additional calculations so as to allow for the voltage of one

electrode differing from this strict proportionality.

(i) The basis of valve conversion factors
Valve Conversion Factors are based on the well-known mathematical expression

of valve characteristics

h = A{E, - (n
where It ~ plate current

Et ^ plate voltage

Et ^ grid voluge
^ a constant depending upon the type of valve

ft amplification factor

and X =- an exponent, with a value of approximately 1*5 over the nearly straight

portion of the charaaeristics.

If we arc concerned merely with changes in the voltages and currents, then we can

reduce the expression to the form
ItOZi^Et - #xE.)*. (2)

Now if we agree to change the grid voltage in the same proportion as the plate

voltage, we obtain the very simple form
It oc £>-. (3)

Finally, if we take x as 1*5 or 3/2, we have the approximation

It X Et^t\ (4)

Put into words, this means that the plate current of a valve varies approximately

as the three-halves power of the plate voltage, provided that the grid voltage is varied

in the same proportion as the plate voltage.



2.6 (i) BASIS OF VALVE CONVERSION FACTORS 37

The same result may be obtained with pentodes, provided that both the grid and
screen voltages are varied in the same proportion as the plate voltage. This result

is the basis of Valve Conversion Factors, so that we must always remember that their

use is restricted to cases in which all the electrode voltages are changed in the same
proportion.

Let F, be the factor by which all the voltages arc changed (i.c. grid, screen, and
plate), and let It be the new plate current.

Then It oc (F,.F*)»/*. (5)

But It Pi-Ib

where F< is the factor by which the plate current is changed.

Therefore F../, oc (F.-F*)*'*. (6)

From the combination of (4) and (6^) it will be seen that

Ft = F,*/* (7)

Now the power output is proportional to the product of plate voltage and plate

current so that

Po oc Et.It (8)

and P/ociF,,Et)(FtJt) W
so that F/ oc F,.F, (F,./,) (10)

oc F„.F,(PX (11)

We may therefore say that the power conversion factor F;, is given by the expression

F, - F,.F,. (12)

Therefore F, - (13)

The mutual conductance is given by
change of plate current

change of grid voltage

Therefore F.,. - F. F. F,* * F. F (14)

The Plate Resistance is given by
change of plate voltage

^ change of plate current

Therefore F, - F./F, - F/F.^^^ - F^i. (15)

This also applies similarly to the load resistance and cathode bias resistance.

We may therefore summarize our results so far :

F. ^ F,^/* (7)

F, - F/^* (13)

Ftr. F^ (14)

Fr - Fr* (15)

These arc shown in graphical form on the Conversion Factor Chart (Fig. 2.32A).

(ii) The use of valve conversion factors

It is important to remember that the conversion factors may only be used when all

the voltages (grid, screen and plate) are changed simultaneously by the same factor.

If it is required to make any other adjustments, these may be carried out before or

after using conversion factors, by following the method given under (iii) below.

Conversion factors may be used on any type of valve whether triode, pentode or

beam tetrode, and in any class of operation whether class A, class ABl, class AB2 or

class C.

The use of conversion factors is necessarily an approximation, so that errors will

occur which become progressively greater as the voltage factor becomes greater.

In general it may be taken that voltage conversion factors down to about 0-7 and up
to about 1*5 times will be approximately correct. When the voltage factors arc

extended beyond these limits down to 0*5 and up to 2 0, the accuracy becomes con-
siderably less, and any further extension becomes only a rough indication.



38 ^ii) USE OF VALVE CONVERSION FACTORS 2.6

voltage conversion factor [Fg]

Fig. 2.32A. Conversion factor chart {by courtesy of R.C.A. l

The example given below is a straightforward case of a pentode valve whose charac-

teristics are given for certain voltages and which it is desired to operate at a lower

plate voltage.

Plate and screen voltage 250 volts

Control grid voltage

Plate current

15 volts

30 mA
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Screen current 6 mA
Mutual conductance 2,000 /zmhos
Power Output 2 5 watts.

It is required to determine the optimum operating conditions for a plate voltage
i>f 200 volts.

The Voltage Conversion Factor (F^) 200/250 0*8.

The new screen voltage will be 0*8 x 250 200 volts.

The new control grid voltage will be —(0 8 x 15) - -12 volts.

Reference to the chart then gives the following :

Current Conversion Factor (F<) 0*72

Mutual Conductance Conversion Factor 0 89
Power Output Conversion Factor ^Fp) 0 57
The new plate current will be 0 72 x 30 - 21 6 mA.
The new screen current will be 0*72 x 6 - 4 3 mA.
The new mutual conductance will be 0*89 x 2000 — 1780 /Ltmhos.

The new power output will be 0 57 x 2 5 1 42 watts.

There are two effects not taken into account by conversion factors. The first

IS contact potential, but its effects only become serious for small grid bias voltages.

The second is secondary emission, which occurs with the old type of tetrode at low
plate voltages ; in such a case the use of conversion factors should be limited to regions
of the plate characteristic in which the plate voltage is greater than the screen voltage.

With beam power amplifiers the region of both low plate currents and low plate

voltages should also be avoided for similar reasons.

The application of conversion factors to resistance-capacitance-coupled triodes
and pentodes is covered in Chapter 12 Sect. 2(x^ and Sect. 3(x) respectively.

FIG. 2 .33

/*/*’. 2.33. Zero bias plate characteristics for type 807 beam power a nphfier ^vith six

values of screeu voltage {Ref. i:2).

Greater accuracy in the use of conversion factors over a wide range of screen voltages
may be obtained, if curves arc available for zero bias at a number of different screen
voltages as in Fig. 2.33 TRcf. F.2)i

When the plate, screen, and grid voltages of a pentode or beam power amplifier
arc multiplied by the same voltage conversion factor, the ratio ol the plate current
at a given grid bias to that at zero bias docs not change. In order to convert a given
family of plate characteristics to a new screen voltage addition, it is therefore only
necessary to have a zero-bias plate characteristic for the screen voltage of interest.
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Example
Suppose that the family of plate characterisdes shown in Fig, 2.34^ which obtains

for a screen voltage of 250 volts, is to be converted for a screen voltage of 300 volts.

The zero-bias plate characteristic for = 300 volts, which is shown in Fig. 2.33,
is replotted as the upper curve in Fig. 2.35.

Since all bias values shown in Fig. 2.34 must be muldplied by 300/250 1-2,

corresponding plate characterisdes for the new family obtain for bias values that are
20 per cent, higher than those shown in Fig. 2.34. Consider the conversion of
- 10-volt characteristic of Fig. 2.34. At a plate voltage (E^ ' of 250 volts in Fig. 2.34,
AB/AC = 100/187 = 0*535. On the new characteristic in Fig. 2.35 which corres-
ponds to a bias of —12 volts, A'BVA'C must also equal 0 535 at Et, -- 300 volts.

Therefore, A'B' = 0*535 x A'C\ From the given zero-bias characteristic of Fig.
2.35, A'C' = 244atFk ^ 300 volts; hence A'B' = 131 milliamperes. AtF^ 200
volts in Fig. DE DF - 98/183 -- 0 535. Therefore, at Et - 200 x 1 2 -

240 volts in Fig. 2.35, D'E' = 0*535 x 238 = 127 milliamperes. This process
is repeated for a number of plate voltages and a smooth curve is drawn through the
points on the new characterisde.

FIG . 2 . 34

PUATf VOCT5

Fig, 2.34. Plate characteristics for type 807 loith fixed screen voltage and eight values

of grid voltage {Ref. E2),

The factor 0*535 can be used for the - 10-volt characteristic at plate voltages

greater than that at which the knee on the zero-bias characteristic of Fig. 2.34 occurs ;

for plate voltages in the immediate region of the knee, a new factor should be deter-

mined for each point. The plate characterisdes of Fig. 2.34 should not be converted

to the left of the dashed line of Fig. 2.34 because of space-charge effects. This

limitation is not a serious one, however, because the region over which the valve

usually operates can be converted with sufficient accuracy for most applications. The
converted plate characterisde of Fig. 2.35 for En - 30 volts was obtained in a

similar manner to that for Eri —12 volts.

The curves of Fig. 2.35 were checked under dynamic conditions by means of a

cathode-ray tube and the dotted portions show regions where measured results de-

parted from calculated results.

(iii) The calculation of valve characteriatics other than those pub-
lished

It is frequently desired to make minor modifications in the operating conditions

of a valve, such as by a slight increase or decrease of the plate voltage, change in grid
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bias or load resistance. It is proposed to describe the effects which these changes

will have on the other characteristics of the valve.

The procedure to be adopted is summarized below :

—

FIG. 2 .35

Fig. 2.35. Derived plate characteristics for type 807 xoith different screen voltagey

making use of Figs. 2.33 and 2.34 with conversion factors {Ref. E2).

(a) In the absence of valve curves
Triode - Use conversion factors to adjust the plate vpltage to its new value, and

apply the correct conversion factors to all other characteristics ; then adjust the grid

bias to its desired new value by the method given below, and finally adjust the load

resistance.

Pentode or beam power amplifier Use conversion faaors to adjust the screen

voltage to its new value, and apply the correct conversion factors to all other charac-

teristics ; then adjust the plate voltage to the desired new value by the method given

below ; then adjust the grid bias to its desired new value, and finally adjust the load

resistance.

(b) When valve curves are available

Triode with no d.c. load resistance in the plate circuit : Refer to the pub-
lished characteristics to find the maximum plate dissipation \ calculate the maximum
plate current which can be permitted at the desired new plate voltage ; select a suit-

able plate current for the particular application (which must not exceed the maxi-
mum) ; and refer to the curves to find the grid bias to give the desired plate current.

If the valve is a power amplifier, the load resistance may be determined by one of

the methods described in Chapter 13 [e.g. triodes Sect. 2(iii)
; pentodes Sect. 3(iii)A].

Triode with resistor in plate circuit : Use conversion factors, with adjustments

as required in accordance with the method given in (iv) below.

Pentode or beam power amplifier : If curves are available for the published

value of screen voltage, use the method in (iv) below to obtain the characteristics

for a plate voltage such that, when conversion factors are applied, the plate voltage

is the desired value. For example, if curves and characteristics are available for

plate and screen voltages of 250 volts, and it is desired to determine the characteristics

for a plate vintage of 360 volts and screen voltage of 300 volts : firstly determine the

characteristics for a plate voluge of 300 and screen voltage of 250 ; then apply voltage
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conversion factors of 1*2 to the plate> screen and grid voltages so as to provide the

desired conditions.

If curves are available for the new value of screen voltage, use conversion factors

to bring the screen voltage to the desired value, then apply the method below to adjust

the plate voltage, load resistance and grid bias.

(iv) The effect of changes in operating conditions

(A) Effect oj Change of Plate Voltages of Pentodes and Beam Power
Amplifiers

(a) On plate current
The plate current of a pentode or beam power valve is approximately constant over

a wdde range of plate voltages, provided that the plate voltage is maintained above the
“ knee ** of the curve. The increase of plate current caused by an increase in plate

voltage from Et\ to £'^2 is given by the expression

• ( 16)

In many cases the plate characteristic curves are available, and the change in plate

current may be read from the curves.

(b) On screen current
In the case of both pentodes and beam power valves the total cathode current

(i.e., plate plus screen currents) is approximately constant over a wide range of plate

voltages (see Fig. 2.4). The increase in plate current from /:\v is approxi-

mately equal to the decrease in screen current over the same range.

Fig. 2-36. Plate characteristics of power pentode illustrating effect of change of plate

voltage.

(c) On load resistance and power output
The plate characteristics of a typical power pentode are shown in Fig. 2.36 in which

/i,, is the “ published ” plate current at plate voltage and grid bias —Ec\. The
loadline MPJ swings up to 7^*, at Ee 0 and down to at 2£,,, the assumption

being made that the 2Eci curve is straight and horizontal over the range of plate

voltages in which we are interested.

If the plate voltage is increased to the new loadline will be MP'H, the point M
being common to both, since it is at the knee of the characteristic. I'he quiescent

operating point P' is at a higher plate current than P, the difference being I,..
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Since the power output is proportional to the area of the triangle under the loadline^

it is also proportional to the value of the load resistance, all triangles having ML as a

common side. It may readily be shown that

R E bl E rni n

1 max " 1 1\

and R / „ ^
E b2 E fft, fi

A
1 max fb'i

Therefore

Rl •^62 - F / 7.^ nit n * max '01
(17)

Kl ^M Efntn 1 max 1 bl

which is also the ratio of the output powers. If 1^,2 ^ I hi or the rise of plate current

is neglected as an approximation, then

R,: Eb2 - E„,in
(18)

bl E rnt n

As an example, apply this to type 6V6-GT under the following conditions

Published Desired

Condition Condition
Plate voltage 250 300 V
Screen voltage 250 250 V
Grid voltage 12 5 12 5 V
Load resistance 5000 'see below) ohms
Plate current (/{,,) 47 48* mA
Peak plate current {I,nar) 90 90’^ mA
Min. plate cunent 8* 8* mA
Min. plate volragc 35 35 V
Power output 4 5 (sec below) W

*From curve

Using equation 17)

R;' 300 35 90 47 265 43
1-26

’R
/

250~~35 * 90 48 215 * 42

whence R^' 1 26 ' 5000 6300 ohms.

The increase of power output js in proportion to the increase in load resistance,

i.e. P„ 4 5 - 1 26 5 66 watts.

This method is remarkably accurate when there is very small rectification in the

plate circuit, as is usu J!y the case with power pentodes. With beam power amplifiers

of the 6L6 and 807 class, in which the rectification is considerable (strong second

harmonic component ), the “ corrected ” loadline should be used as a basis, and the

values of f;>i and should be those corresponding to the corrected loadline.

If the rise in plate current is considerable, the point P' will be above the

centre point of the loadline MH, and there whll be an appreciable amount of second

harmonic distortion ; this may be reduced to zero ( if desired) by increasing the load

resistance slightly.

(B) Effect oj change of load resistance
In a r.c.c. triodc the effect of a change in R

,
on stage gain is very slight, provided

that Rf > 5/ p. In any case where the change cannot be neglected, eqn. (7) of

Chapter 12 Sect. 2 may be used to calculate stage gain.

In a r.c.c. pentode the effect of a change in R
j
on stage gain is given by eqn. (7)

of Chapter 12 Sect. 3, bearing in mind that the mutual conductance at the operating

plate current is increased when R
j

is decreased. As a rough approximation, the

voltage gain is proportional to the load resistance. If optimum operating amditions

are to be obtained, conversion factors should be applied to the whole amplifier -

sec Chapter 12 Sect. 3(x)C.
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(C) Effect of change of grid bias

In any valve which is being operated with fixed voltages on all electrodes and without

any resistance in any of the electrode circuitS3 a change of grid bias will result in a

change of plate current as given by the expression

A/» = AEe X g,„ (19)

where A /5 increase of plate current,

A^r change of grid bias in the positive direction,

and gn, - mutual conductance of valve at the operating plate current.

In most practical cases, however, the valve is being operated with an impedance
in the plate circuit and in some cases also in the screen circuit. The effect of a change
in grid bias is therefore treated separately for each practical case.

(a) On resistance-coupled triodes

In this case a plate load resistor is used, resulting in a considerable voltage drop
and a decrease in the effective slope of the valve.

The change in plate voltage brought about by a change in grid bias is given by the

expression

A/5 Ec ^ (rp f- R,) (20)

where ^ amplification factor of valve at the operating point,

Ty plate resistance of valve at the operating point,

and Rf resistance of plate load resistor.

(b) On resistance-coupled pentodes

The change of plate current with grid bias is given by the expression

A/s - AF. X g, (21)

where gj dynamic transconductance at the operating point,

slope of dynamic characteristic at the operating point.

The change of screen current (with fairly low screen voltages) is approximately
proportional to the plate current up to plate currents of 0 6 F^^. and the change
in screen current is given by the expression

A/t 2 /o) approx. (22)

where It- screen current

and E^,, plate supply voltage.

For further information on resistance coupled valves, see Chapter 12, Sects. 2 and 3.

(c) On i-f or r-f amplifier

In this case there is no d.c. load resistor and the full supply voltage reaches the

plate of the valve. The change of plate current is given by eqn. (19) while the change
in screen current may be calculated from the ratio of screen and plate currents, which
remains approximately constant. The voltage gain is proportional to the mutual
conductance* of the valve, and is therefore a maximum for the highest plate ciLn-ent

at the minimum bias. A decrease in bias will therefore normally result in increased

gain, while increased bias will result in decreased gain. The limit to increased gain
is set by the plate or screen dissipation of the valve, by positive grid current, and, in

some circuits, by instability. In most cases the mutual conductance curves are pub>
lished so as to enable the change of gain to be calculated.

(d) On power valvea

This subject is covered in detail in Chapter 13.

*The voltage gain is also afTected by the plate resistance, but this tj quite a secondary effect unless
the plate resistance is less than O.S megohm. In most remote cut-off pentodes the plate resistance falls
rapidly as the bias is decreased nnvardt the minimum bias, but this is more than counterbalanced by the
rise in mutuii tancc.
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SECTION 7 ; VALVE EQUIVALENT CIRCUITS AND VECTORS
(i) Constant voltage equivalent circuit (ii) Constant current equivalent circuit (»V)
Valve vectors.

Much useful information can be derived from an equivalent circuit of a valve, even
though this may only be valid under limited conditions. The equivalent circuit is

only a ^nvenient fiction, and it must be remembered that it is the plate supply which,
in reahty, supplies the power—the valve merely controls the current by its varying
d.c. plate resistance. The equivalent circuit is merely a device to produce in the
load the same a.c. currents and voltages which are produced by the valve when alter-
nating voltages are applied to its grid.

f iC. 2

Fig. 2.37. {A) Equivalent

circuit of valve using constant

voltage generator (B) Equiva-
lent circuit of valve and load.

(i) Constant voltage equivalent circuit

The simplest equivalent circuit treats the valve as an a.c. generator of constant

r.m.s. voltage which is applied through an internal generator resistance

(Fig. 2.37A). This is valid for small alternating voltages (under which conditions

the characteristics are practically uniform) but is of no assistance in determining

direct currents or voltages, phase angles or operating conditions. It is also limited

to frequencies at which the effects of capacitances arc negligible.

This may be elaborated, as in Fig. 2.37B, with the inclusion of the input circuit

GK and the load Z ^ . The input voltage Eg is shown by the ± signs to be such that

the grid is instantaneously positive, and the plate negative (with respect to the cathode)

at the same instant. It is assumed that the grid is biased sufficiently to prevent grid

current flow.

The current Ip flowing through the load Z produces across the load a voltage E
j

which is of opposite sign to E^. It will be noted that the “ fictitious ** voltage ftEa

is opposite in sign to Eg, although ^ is positive ; this apparent inversion is a conse-

quence of treating the valve as an a c. generator.

In the simplest case, Zj is a resistance /?£. We can then derive the following

relationships-

^,Eg {rp i Rj)Ip (1)

E, I.K, - ^ (2)

and voltage gain - - <^3)

Eg ^ P ^ 1^ L

If the load is made up of a resistor R
j
and an inductor X in series

Complex Values Scalar Values

Z, - R, -17A'; N + ^r* W
fsEg « (r, 1 k/t jXj) Ip V{r p 4- R j- (5)

^ ^ (g)

Eg fp i R t jX

I

^ ^ L*

and similarly for any other type of load.
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The interclectrode capacitances are shown in the equivalent circuit of Fig. 2.38>

and may be taken as including the stray circuit capacitances. This circui* may be
applied at frequencies up to nearly 10 Me s, beyond which the inductances of the

leads and electrodes become appreciable. It may also be applied to a screen grid

(tetrode) r pentode, provided that the screen is completely by-passed to the cathode j

in this case becomes the input capacitance 4- and Cp„ becomes
the output capacitance (Cp to all other electrodes).

(ii) Constant current equivalent circuit
An alternative form of representation is the constant current generator equivalent

circuit (Fig. 2.39), this being more generally convenient for pentodes, in which the

plate resistance is very high. Either circuit is equally valid for both triodes and
pentodes.

t'lg. 2.38. Hquivalcnt circuit oj

valve on loady with interclectrode

capacitances.

f G ^ S9

Fig, 2.39. Equivalent circuit oJ

valve on load, using constant

current generator.

—
1

—

^

r

" I'p :

<, 1 1-J ^

» G ^ 4 ^

Fig. 2.40. Equivalent circuit of

valve on load, using constant

current generator, with inter-

clectrode capacitances.

In the constant voltage generator equivalent circuit, the current varies with load

impedance and plate resistance ; in the constant current equivalent circuit, the voltage

across the load and plate resistance varies with load impedance and plate resistance.

A constant current generator equivalent circuit, in which account is taken of

capacitances, is shown in Fig. 2,40. This circuit may be applied at frequencies

up to nearly 10 Me, s, beyond which the inductances of the leads become appreciable.

It will be seen that Cp* (which may be taken to include all capacitances from plate

to cathode, and the output capacitance of a pentode) is shunted across both r, and Z j.

In the case of a resistance-capacitance coupled stage, Z
j
would be the resultant of

Rf and Rg (following grid resistor) in parallel.

Maximum power output is obtained when the valve works into a load resistance

equal to its plate resisunce provided that the valve is linear and completely distortion-

less over the whole range of its working, and also that it is unlimited by maximum
electtodc dissipations or grid current. In practice, of course, these conditions do
not hold and the load resistance is made greater than the plate resistance.

At frequencies of 10 Mc/s and above, the effects of the inductance of connecting
leads (both internal and external to the valve) become appreciable. Although it

is possible to draw an equivalent circuit for frequencies up to 100 Me ^s, in which
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each capacitance is split into an electrode part and a circuit part (Ref. B21 Fig. 38)
the circuit is too complicated for analysis, and the new circuit elements that have
been introduced cannot be me...sured directly from the external terminals alone.
At frequencies above about 50 Mc/s, transit time effects also become appreciable.

The circuit which is commonly used for frequencies above 50 Mc/s is Fig. 2.47 in
which the valve is treated as a four terminal network with two input and two output
terminals. This is described in Sect. 8(iii)e.

wOLTAOta.

h'}g. 2.41. Voltage and curretit

relationships in a resistance-

loaded valve.

;iii) Valve vectors
Vectors [sec Chapter 6 Sect. 5 jv)] may be used to illustrate the voltage and current

relationships in a valve, but great care must be taken on account of the special con-
ditions. Vectors arc normally restricted to the representation of the a.c. voltages and
currents when the grid is excited with a sine-wave voltage limited to such a value that

the operation is linear. The grid and output voltages (with respect to the cathode)

arc normally of opposite polarity when the load is resistive ; under the conditions

noted above this is almost the same as being 180^ out of phase except there is no half-

cycle time lag between them.

The voltage and current relationships for a resistance loaded valve are sho^vn in

Fig. 2.41 ; peak total plate current occurs with peak positive grid voltage and results

in maximum voltage across the load {e j) and minimum voltage from plate to cathode
It w'ill be seen that e^, ^ e

f
- Etb (the supply voltage) under all conditions,

and that Cj is naturally measured in the downward direction from If only

alternating components arc considered, a negative peak Cg corresponds to a positive

peak eg and a negative peak . If the supply voluge is omitted from the equival-

ent circuit, wc arc left with Cg c ,,

Each case must be considered individually and the vectors draw'n to accord with

the conditions. The only general rule is that Eg and fiEg are always either in phase

or of opposite phase.

Fig. 2.42 shows the vector diagram (drawn with respect to the cathode) of an
amplifying valve with a resistance load and a.c. grid cx*citaiion. Commencing with

the gnd-to-cathodc voltage the vector ^E^ is drawn in the same direction but is

^ limes as large. The output voltage E, is also in the same direction as nE^^ but

smaller by the value /pr^. All of these voltages are with respect to the cathode and
the centre-point of the vector diagram has accordingly been marked K. The a.c.

comp)oneni of the plate current (7^) is in phase with E,, since E^ is the voltage diop

which it produces in E,. The grid-to-platc voltage E, is the sum of E, and Eg
owing to the phase reversal between grid and plate.



48 (iii) VALVE VECTORS 2.7

FIC.2*44

Fig, 2.42. Equivalent circuit and vector diagram of resistance-loaded valve.

Fig. 2.43. Vector diagram of valve with resistance load and capacitance from grid to

plate.

Fig. 2.44. Veaor diagram of vahe with partially inductive load and capacitance from
grid to plate.

When the equivalent circuit includes more than one mesh, it is usual to proceed
around each mesh in turn, using some impedance, common to both, as the link

between each pair of meshes. For example Fig. 2.43 shows a valve with a capacitor

from grid to plate, and a resistive load. Firstly, set down Ej in any convenient

direction (here taken horizontally to the right) and J ^ in the same direaion ; then

draw I e leading by approximately 90"* (actually /, leads Et by 90^) and complete the

parellelogram to find the resuliant current Ip ; then draw in the same direction

as /, and complete the parallelogram to find the resultant nF,— this completes the

first mesh. Finally take E, along and complete the parallelogram to find the
resultant of Ep and F^, which will be Fr.
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If the load is panially inductive (Fig. 2.44) the plate current and lag behind
and the resultant tiE^ is determined by the parallelogram ; E, and combine

to give the resultant E, ; /« leads E^ by 90®, and is determined by completing

the parallelogram of v^hich is one side and /, the resultant.

Fig, 2.45. Vector diagram of valve with partially capacitive load and capacitance

from grid to plate.

With a partially capacitive load (Fig. 2.45) the plate current and I^r^ lead E^, and
the resultant fiE, is determined by the parallelogram ; E, and E^ combine to give

the resultant Ed I

e

leads E« by 90®, and is determined by completing the parallelo-

gram of which I e is one side and the resultant.

SECTION 8 : VALVE ADMITTANCES
(i) Grid input impedance and admittance (li) Admittance coefficients (iii) The com--

ponenis of grid admittance—Input resistance—Input capacitance—Grid input admittance

(a) with plate-grid capacitance coupling ; (6) with both plate-grid and grid-cathode

capacitance coupling ; (c) with grid-screen capacitance coupling ; (d) with electron transit

time ; (e) equivalent circuit based on admittances (iv) Typical values of short-circuit

input conductance (t;> Change of short-circuit-input capacitance with transconductance

(vi) Grid-cathode capacitance (vii) Input capacitances of pentodes (published values)

(viii) Grid-plate capacitance.

(i) Grid input impedance and admittance
When a valve is used at low audio frequencies, it is sometimes assumed that the

grid input impedance is infinite. In most cases, however, this assumption leads to

serious error, and careful anention is desirable to both its static and dynamic im-
pedances.

As with any other impedance (see Chapter 4 Sect. 6) it may be divided into its

vanous components:—
Component Normal
Resistive Grid input resisunce (r,)

Reactive Grid input reactance (X,)

Resultant Grid input impedance (Z,)

Normal values are measured in ohms, while

reciprocal ohms (mhos). It is interesting to note

a resistance of

a reactance of ^ is equivalent

an impedance of

1 megohm
01 megohm
10000 ohms

1000 ohms

}

Reciprocal

conductance (^,)

susceptance (E,)

admittance (V,)

reciprocal values are measured in

that

a conductance of

a susceptance of

an admittance of
1 micromho
10 micromhos
100 micromhos

{
1000 micromhos
= 1 roA/volt

to

{i
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The following relationships hold :

p g0
(1)

AT,
gZ 1- B/

B,D •“17~ VT g ^ a

AT.
g.^ T flv

(2)

li'.l - V#/ + jar - 1, \Z,\, V'. g, jB, 1 Z, (3)

Similar relationships hold for other electrodes.

It is usual to carry out calculations with admittances, even though the resultant

may then have to be changed to the form of an impedance. With a number of con-

ductances (or susceptances) in parallel, the total conductance (or susceptance) is found
by adding all together, with due regard to positive and negative quantities :

-

e.g. go gi r g2 : gj I- . . . gk (4)

Bg ~ E| f- + B^ r B ^ (‘i)

Inductive reactance is regarded as positive.

Capacitive reactance is regarded as negative.

Inductive susceptance is regarded as positive.

Capacitive susceptance is regarded as negative.

With Complex Notation (see Chapter 6 Sect. 6) we have
Zg Rg ^ j'Xoy Yg “ gg - jBg. (6 )

(The “
j

*’ merely indicates a vector at 90° which must be added vectorially.)

(ii) Admittance coefficients
The operation of a valve may be expressed by the two equations

ip - Acg ^ B e, (7)

ig - C eg D eg (8)

where A, B, C and D are complex values detei mined by the valve characteristics,

being in the form of admittances and known as the Admittance Coefficients. The
effect of these Admittance Coefficients may be understood more easily by considering

two special cases, one with a short-circuited output (i e. short-circuited from plate

to cathode) and the other with a short-circuited input (i.c. short-circuited from grid

to cathode).

Case 1 : Short-circuited output (ep - 0).

From equation (7), A Cg

From equation (8), ig - C e„

where A is defined as the short-circuit forward admittance,

and C is defined as the short-circuit input admittance.

Case 2 : Short-circuited input {cg ^ 0).

From equation (7), ip ~ Be^
From equation (8), ig — D cp

where B is defined as the short-circuit output admittance,

and D is defined as the short-circuit feedback admittance.

At frequencies up to about 10 Mc/s, the Admittance Coefficients are given approxi-

mately by :

Short-circuit forward admittance (A) -- (9)

Short-circuit output admittance (B) ~ X/tp f 7 t«(Cp* • Cg^) (10)

Short-circuit input admittance (C> — l/r, 4 Cpp) (11)

Short-circuit feedback admittance (D) — j^Cgp (12)

If the grid is negatively biased to prevent the flow of positive grid current, the grid

resistance r, becomes very high, and 1 ttg may be negligible in the expression for C.
At frequencies above 10 Mc/s the Admittance Coefficients are somewhat modified,

the capacitances and admittances containing a term* which is proportional to the square
of the frequency.

The short-circuit forward admittance (A) is affeaed by-the transit time of electrons

and the inductance of the cathode lead, thus causing a phase shift between anode
current and grid voltage. This is treated in detail in Chapter 23 Sect. 5.
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The shorl-circuit output admittance (B) is affected by the reduction in r, which
occurs with increasing frequency due to the capacitances and inductances of the

elecuodes. The capacitance term is practically constant.

The short-circuit input admittance (C) is affected by the tiansit time of electrons,

the inductances of the electrodes (particularly the cathode) and the capacitance be-

tween grid and cathode. The capacitance term is practically constant.

The j hort-circuit feedback admittance (D) remains purely reactive even at very high
frequencies, although it changes from capacitive at low frequencies, through zero,

to inductive at high frequencies. This can cause instability in certain circumstances.

(iii) The components of grid admittance
Input resistance may be due to several causes :

1. Leakage between the grid and other electrodes.

2. Negative grid current (caused by gas or grid emission).

3. Positive grid current (may be avoided by negative grid bias).

4. Coupling between the grid and any other electrode presenting an impedance
to the input frequency (e.g. C^p).

5. Transit time of the electrons between cathode and.grid (at very high frequencies

only).

Input capacitance (Ci^) is dependent on several factors :

1. The static (cold) capacitance (C<) from the grid to all other electrodes, except

the plate.

For a pentode, C, — Cgr.i i Cpi.p, (13)

For a triode, C, Cp*. (14)

2. The very slight increase in capacitance caused by thermal expansion of the

cathode (0*1 to 0-6 ^^F for the majority of r-f pentodes).

3. The increase in capacitance caused by the space charge and by conduction

(0 5 to 2-4 /x/iF for r-f pentodes).

4. Coupling between the grid and any other electrode presenting an impedance
to the input frequency ; this holds both with capacitive and induaive reaaance
(Miller Effect— see below).

5. Transit time of the electrons between cathode and grid (at very high frequencies

only).

References to change of input capacitance : B13, B15, B16, B17, Cl, C4, C5.

The measurement of interelectrode capaciunces is covered in Chapter 3 Sect. 3(ii)g,

together with some general comments and a list of references to their significance

and measurement.

Grid Input Admittance
(a) With plate-grid capacitance coupling

In the circuit of Fig. 2.46A, in which C.i.k and arc not considered, it may
be shown* that

^ 2 -
(^, : c;;)» i (B; !

g, \ \ G,
! ^„)]

and
Bv \ Gj r i Gj) i Bf (Bt^ t B.,)]

(^p
-i Oy \ (B^ -}- B,,)*

C.

(15'

(16

where ^ 1/r,, \/Z,,Bg, - 1/Xc,p - l/27rfC.,.

As an approximation, if g, << Gj, and B,„ ^ B,,

L- .rr !——— when the load is inductive

gf g G gp

Q
k— when the load is capacitive

P m G g p

(17

(18)

^Sturley, K. R. Radio Receiver Design, Part 1 (Chapman & Hall, London, 1941) p. 37 tt
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c, = c. [i + (19)

When B

I

is infinite, i.e. when == 0, is infinite and C, = C,,.

When the load is inductive, the input resistance is usually negative, thus tending

to become regenerative, although for values of B ^ between 0 and

-Bgtfigp -h Gj -hgm)/gm9
the input resistance is positive.

When the load is capacitive, the input resistance is always positive, thus causing

degeneration.

As an approximation, if B,„ << and B,p << 4 G j), the positive and negative

minimum values of r, are given by
4- G/)

^20)Tg (min) ‘

and these occur at B^ = db (gp 4 G^.
gmBg

fig. 2.46. Conditions for deriving input admittance (A) with plate^grid capacitance

coupling (B) general cast including cathode circuit impedance.

Similarly, the maximum value of the input capacitance is given by

C. (...) - C„
[. ]

- C.. (2„

which occurs at B ^
=* — B,,. This is the well known “ Miller Effect '* [see Chapter

12 Sect. 2(’xi) for a<f amplifiers], llie effect on the tuning of r-f amplifiers is treated

in Chapter 23 Sect. 5, and on i-f amplifiers in Chapter 26 Sect. 7.

In the circuit of Fig. 2.46B, which includes an impedance Z in the cathode circuit,

with the screen decoupled to the cathode, the input resistance is given approximately by

EjL r 1 4- 1 (22)
1 _ G,* + B|

r, = —
gmB gpB

£

where B,p and gp are negleaed in comparison with the other components, and

(BjGt — BuG j) is very small. Thus the reflected resistance is increased, and the

damping decreased, as the result of the insertion of Z^.

The input capacitance under these conditions is given by

P \(G I -i- gf^G I B gpXgm'G I gn^(XlkG I -- B^B i)]\

which it lets than with Z^ » O.

If the screen it by-passed to the cathode,

. _1 _G^*-fB^*r, 4-2G01
• gp g^ppB, [ G.» + B,-J

UGL+gJGL + B^* gJli.*Gi-^g,(G,Gi-B^^]'\

"L + (0£* + «t*)K0.+^.)*

+

(24)

(25)
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where gt
— triode (whole cathode current)

(b) With both plate*grid and grid-cathode capacitance coupling
The circuit is as Fig. 2.46B with the addition of a capacitance between grid

and cathode. The input resistance is given by

This becomes infinite when B^pB/.G^* -t- B**) = B^^B^CG^* 4- B^*), which
is the condition for input resistance neutralization (see Chapter 26 Sect. 8 for i-f

amplifiers). This condition may be put into the form

^99 _ ^99 ^ k

Bjfc Cfir Lp

Thus, by including an inductance L, = Lk between the load and the

plate, the input resistance may be increased to a very high value. The same effect

may also be achieved by means of an inductance in the screen circuit.

The input capacitance under the conditions of Fig. 2.46B is given approximately by

(27)

Cg ^ Gjp -f- G^
Ctp G I Cgt(Gk -f gm)

^-[G^+B^* " (G* + fp.)* +
Ifgm << Gk it is possible to prevent change of input capacitance when g ,

(for example with a.v.c.), by making

Gfp _ Rk
Cgk By

(c) With grid-screen capacitance coupling
Conditions as in Fig. 2.46B^ but with screen by-pass capacitor.

ig9t G.y 4 (B. 4-

(28)

I

is varied

C, - C

where g^j

itVft
and B„.„

B 9i-9t\jS 9tB JB P\. ttig $t

(ggt G , g g

9V9t

I G, 4 ^,i.,3)l

i^9^(i9t 4- G,) 4- B,(Bc 4-

dgpt -i- G.y 4- (B, B,p,k)»

screen conductance,
- grid-screen transconductance,

susceptance due to capacitance from ^1 to g2.

(29)

(30)

In an r-f amplifier, B^p^x and (^,2

with B«, and thus

G,) may usually be neglected in comparison

r, 5^ -

ggl’ tG gx-

Cx

- when B, is inductive

when B, is capacitive
g9\^9t Gtx,gt

The input resistance may be made infinite by making

GgogJCgk ~ Lt,< L

,

(d) With electron transit time
This subject is treated fully in Chapter 23 Sect. 5.

(31)

(32)

(33)

(e) Equivalent circuit based on admittances
In determining valve admittances at frequencies higher than approximately 10 Me /s,

it is not practicable to introduce voltages or measure them directly at the electrodes

of a valve. The lead inductances and interelectrode capacitances form a network

too complex for exaa analysis. The most practical method of avoiding such diffi-

culties is to consider the valve, the socket, and the associated by-pass or filter circuits

at a unit, and to select a pair of accessible input terminals and a pair of accessible

output terminals as points of reference for measurements. When stich a unit is

considered as a linear amplifier, it is possible to calculate performance in terms of

four admittance coefficients. These are

:
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Yi,, short-circuit input admittance
^ admittance measured between input terminals when the output ter-

minals are short-circuited for the signal frequency.

Y/^r short-circuit forward admittance
- value of current at output terminals divided by the voltage between

the input terminals, when the output terminals are short-circuited

for the signal frequency.

Vo*, short-circuit output admittance
= admirtance measured between output terminals when the input ter-

minals are short-circuited for the signal frequency.

Y/i ~ short-circuit feedback admirtance
^ value of curren* at the input terminals divided by the voltage between

the output terminals, when the input terminals are short-circuited

for the signal frequency.

Each of these admittances can be considered as the sum of a real conductance
component and an imaginary susceptance component. In the cases of the input and
output admittances, the susceptance components are nearly always positive (unless

the valve is used above its resonant frequency) and it is, therefore, common practice

to present the susceptance data in terms of equivalent capacitance values. The
short-circuit input capacitance is the value of the short-circuit input susceptance

divided by 2^r times the frequency. The capacitance values arc more convenient

to work with than the susceptance values because they vary less rapidly with frequency

and because they are directly additive to the capacitances used in the circuits ordinarily

connected to the input and output terminals. However, when frequencies higher

than 200 Mc/s and resonant lines used as tuning elements are involved, the use ot

susceptance values may be preferable.

Fig. 2.47. Alternative form of equivalent circuit for deriving input admittance

In Fig. 2.47 the short-circuit input admittance is represented by a resistor r, and
a capacitor C, in parallel across the input terminals. The value of is equal to the

reciprocal of the short-circuit input conductance and the value of Cp is equal to the

short-circuit input capacitance. The short-circuit output -admittance is represented

by a similar combination of rp and Cp across the output terminals.

.Since the input and output circuits are separated, allowance may be made for their

interaction by an additional consunt current generator in each. A constant current

generator is shown at the output terminals producing a current equal to the product

of the short-droiit forward admittance and the input voltage. A similar generator

is shown at the input terminals producing a current equal to the produa of the short-

circuit feedback admittance and the output voltage.

The principal differences in the performance of receiving valves at high and low

frequencies can be attributed to the variations of the shon-ctreuit input conductance

with frequency. The other short-circuit admittance coefficients, however, contribute

to the input admittance actually observed in an operating circuit as follows

:

Voltage gain (A) - 9-% vT y-^ZIT
Added current at input terminals due to presence of load ~ e^AYf^.

(34)

(35^
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Phase angle of added component phase angle of voltage gain + phase angle

of feedback admittance. (36)

Grid input admittance (Y,) l-AVrt

(37)

See also Ref. B21.

The measurement of the four short-circuit admittances is covered in Chapter 3

Sect. 3(vi) A, B, C and D and also Refs. B17, B21.

(iv) Typical values of short-circuit input conductance
Pentodes tested under typical operating conditions (Ref. B17).

Type Input conductance approx. (micromhos) Mutual
/ - 50 60 80 100 120 150 Mc/s Conductance

fimhos
6AB7 200 310 600 980 5000
6AC7 380 600 1200 1970 9000
6AG5 100 145 280 326 480 5000
6AK5 40 57 92 134 185 5100
6AU6 180 280 490 759 1100 5200
6BA6 150 230 410 603 950 4400
6CB6 125 170 300 460 (Ref. B20) 6200

6BJ6 275 (Ref. B19^ 3800
6SG7 190 270 430 604 670 4700
6SH7 200 300 470 632 880 4900

6SJ7 260 380 528 1650
6SK7 138 190 320 503 660 2000
9001 44 60 96 141 1400

9003 48 66 100 145 1800

Z77 110 at 45 Mc/s (Data from M.O.V.) 7500

(v) Change of short-circuit input capacitance with transconductance
(/ 100 Mc/s). Ref. B17 unless otherwise indicated.

Increase in capacitance from cut-off

Type to gm 1000 2000 4000 Typical operation
/tF ^mhos

6AB7 0-55 10 1-7 1-8 5000
6AC7 0-65 12 18 2 4 9000
6AG5 0 5 08 1 25 1 4 5000
6AK5 0 3 0 6 10 11 5100
6AU6 0-6 11 2 0 2 5 5200

6BA6 0-75 14 2-2 2-2 4400

6BH6 (Ref. B18) 1 8 4600
6CB6 (Ref. B20) I -54 6200

6BJ6 (Ref. B19) 1-6 3800

6SG7 0.8 15 2-2 2-3 4700

6SH7 0*75 13 205 2-3 4900

6SJ7 0-8 — --- 1-0 1650

6SK7 0-65 118 - 1 2 2000

9001 0*35 0 5 1400

9003 0-39 - — 05 1800

Z77 (M.O.V.) 2-2 7500

Limits 03-08 06-1-5 10-2-2 0-43-2 38
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Value of unbypassed cathode resistor^needed for complete compensadon
of input capacitance change with bias change (Ref. B18)

Unbypassed
Valve Interelectrode capacitances cathode Gain factor*

type c,- Cjomt C,, resistor

6BA6 5 5 mmF 5*0 ftfiF 0 0035 /i/iF 100 ohms 062
6AU6 55 50 00035 85 061
6AG5 65 1*8 0*025 50 0-75

6AK5 40 28 002 50 075
6B;6 45 55 0*0035 135 059
6BH6 54 44 0 0035 110 0*59

Z77 74 3 1 0 009 60 064
^degeneration due to unbypassed cathode rcststcM^ (see below).

Gain factor
gain with cathode unbypassed

gain with cathode by-passed
(38)

I

(39)“
1 + + /,.)//.

where Rt = cathode resistor for complete
change with bias

AC

compensation of input capacitance

and

AC =

C,* =
gm
h =
f rt

~

CfJtgmC^b + I ft)/Ik
change in input capacitance in farads from normal operating con-

dition to cut-off,

grid-to-cathode capacitance in farads measured with valve cold,

mutual conductance in mhos at normal operating condition,

direct plate current in amperes
direa screen current in amperes.

(vi) Grid-cathodc cafNicitaiice

The mathematical treatment of the effects of grid-cathode capacitance has been
given above. Methods of neutralization are described in Chapter 26 Sect. 8.

The published grid-plate capacitances are usually in the form of a nuxitnum value,

without any indication of the minimum or average value. In some cases the average

is fairly close to the maximum, while in others it may be considerably less. The
average value is likely to vary from one batch to another, and from one manufacturer
to another. Equipment should be designed to avoid insubility with the maximum
value, although fixed neutralization should be adjusted on an average value, determined
by a test on a represenutive quantity of valves.

Effect of electrode voltages on grid-cathode capacitance -see Ref. B23.

(vii) Input capncitances of pentodes (published values)

1. Indirectly heated M/iF
High slope r-f (meul) 8 to 11

Ordinary meul r-f 1

All glass and miniature r-f J
4 3 to 7

Small power amplifiers 5 to 6
Ordinary power amplifiers 6 5 to 10
Large power amplifiers

Pentode section of diode-pentodes :

10 to 15

Metal 5 5 to 6 5

Glass 3 to 5 5

2. Directly heated

2 volt r-f pentodes 5 to 6
1*4 volt r-f pentodes 2 2 to 3 6
2 volt power pentodes 8
1*4 volt power pentodes 4 5 to 5*5
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(viii) Grid-piate capacitance

The grid-plate capacitance decreases with increasing plate current. Eventually
the rate of change becomes very small and even tends to become positive. The
total change in triodes does not usually exceed 0 06 /x/xF for high-mu types, or 0*13

MAiF Ibr low-mu voltage amplifiers, although it may exceed 2 ftftP in the case of
triode power amplifiers (Ref. B13).

SECTION 9 : MATHEMATICAL RELATIONSHIPS

/) General (li) Resistance load {Hi) Power and efficiency (fi>) Series expansion ;

reHstance load (v) Series expansion ; general rase (tn) The equivalent plate circuit

theorem {vii) Dynamic load line—general case (viii) Valve networks—general case

(ix) Valve coefficients as partial differentials (x^ Valve characteristics at low plate

titnrenis.

(i) General
Valve characteristics may be represented mathematically as well as graphically

see Chapter 6 for mathematical theory).

The plate (or space) current is a function (F) of the plate and grid voltages and may
be expressed exactly as

F (Cb -f- ^JLer Ci) (1)

where e, is the equivalent voltage which would produce the same effect on the plate

current as the combined effects of the initial electron velocit)^ of emission togethei

with the contact potentials. The amplification factor a* not necessarily constant.

There will be a small current flow due to e, when et, and e^ are both zero.

As an approximation, when and arc large, ei may be neglected. The func-

tion in cqn. (1) may also be expressed approximately in the form

f, K(eb + ney^ (2)

in which /C is a constant. The value of n vai;ies from about 15 to 2*5 over the usual

operating range of electrode voltages, but is often assumed to be 1*5 (e.g. Cx)nvcrsion

Factors) over the region of nearly-straight characteristics, and 2 0 in the region of

the bottom bend (e.g. deteaion). We may take the total differential^ of eqn. (2),

d;’„ %^de. (3)
oe t oe c

which expresses the change in i ^ which occurs when e ^ and e c change simultaneously.

Now—sec (ix) below—provided that the valve is being operated entirely in the region

in which ft m and are constant,

dib 1 . dib

dcb r^ der
S »*• :

SO that dib - gf^dc^.

If 1 6 is held constant,

i- deb gfndc, 0,

and thus gpJ'p — (;\ constant)
der

whence a* [sec (ix) below].

(4)

(5 )

(6)

The treatment so far has been on the basis of the total instantaneous voltages and
currents^ e^, U i it i^ now necessary to distingxiish more precisely between the

steady (d.c.) and varying (signal) voltages and currents.

*For totti difTerendation tee Chapter 6 Sect. 7(iiy

n.D.N.
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Instantaneous total values «6 ib

Steady (d.c.) values E bo E ( r I bn

Instantaneous varying values ^ P ^9 ip

Varying (a.c.) values (r.m.s.) E, E, /,

Supply voltages Ebb

For definitions of symbols refer to the list in Chapter 38 Sect. 6.

In normal operation each of the voltages and currents is made up of a steady and

a varying component

:

“ l^bo ^ t’p

C c ^ E e c ^9

Eqn. (4) may therefore be extended in the form

-r I,) - * d{Et, f «,') 4- 4- e,).

But the differentials of constants are zero, and the relation between rhe varying com-

ponents may be expressed in the form

or ip
rp

K^)

This only holds under the condition that ft, and Vp are constant over the operating

region.

(ii) Resistance load

If there is a resistance load {R j) in the plate circuit,

c j' ^ Etb V
10'

where e is the instantaneous total voltage across R
Breaking down into steady and varying components,

(E, + Cp) + {E^ i cj) ^ E,b 11

where is the instantaneous varying voltage across Rj,
and El is the steady (d.c.) voltage across

Under steady conditions = e i =0, and therefore

Eb -k- E j E},i,

Now, by Ohm’s Law, E

i

—

Therefore I ,
. (12)

Eqn. ;i2) represents a straight line on the plate characteristics, passing through the

points

Eb “ Ebbi ^ b " 0 and Ei, ~ 0, 7^ Ebb/R j t

in other words, the loadiine.

The quiescent operating point must satisfy both the equation for the valve charac-

teristics (1) and that for the loadline (12), therefore

F(e, •- e.) - (13)

Under varying conditions, neglecting steady components, wc may derive from
equation (11) the relation

f e

!

0

i.e. e, ei. ''14)

Also e
j

ir R f
by Ohm’s Law,

Therefore - ipRt- 15)
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16)

Substituting this value of in equation (9) we obtain

• * _ ' ^ L ^

0

I D
- -

r^.

i.c. ip ---

which is a fundamentally important relation but which holds only in the region where

fly j?rn and rp are constant.

Substituting Cj (eqn. 14) in place of e^ in equation (9) we obtain, for the valve

alone,

t, Cf
' p

T,.

i.e. e
I

fJiCp ip (17)

which is the basis of the constant voltage generator equivalent circuit as in

Sect. 7(i).

Eqn. (17^ may be put into the form

(^r. Cp - ip). ( 18)

This voltage e
j
across the valve and the load can be developed by means of a current

passed through in the opposite direction to ip, so that the total current through

fp is — ip) Eqn. (18) is the basis of the constant current equivalent

circuit as in Sect. 7(ii).

The voltage gain (A) of an amplifying stage with a load resistance R
/

is

.'I

^ /. ^ _ .. _ / •

\
Cp

, !
Cp

1 !
! Tp -h K A !

When the load is an impedance Z jy the voltage gain may be shown to be

A -

' J'--' - ^
"

I
+ ^t. \

.1 :

where fp and Z are complex values (sec Chapter 6).

\f Z

j

^/ ‘ the scalar value of A is given by

-! • X,:-

1 he voltage gain may also be put into the alternative form

A rp^A
!

Vp Zj

ic„.Z,| if r,. Z,.

(19'.

( 20 )

:2i)

k22)

(23)

(iii) Power and efficiency

When the operation of a valve as a Class A, ampliuer is perfectly linear we may
derive* the following:

Zero*Signal :

Plate airrcnt Lo.
Power input from plate supply p„ £ h ^ ^ h .•

^ D.C. power absorbed in load h.'R, - f,. 1

Quiescent plate dissipation Ppo -

But Pbb -- Ebr •!- El„.

Therefore Eb,. Ib. + E,.

Signal Condition :

- Ppb *1' Pit (24)

Average value of total input - (25)

which is constant irrespective of the signal voltage.

•After book by M.LT. Staff ** Applied Electronics ** (John Wiley & Sons Inc. New York, 1941>

pp. 419-425.
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Power absorbed by load P,

;27r

d(cot)

o

2n

2rr

- i 0 H- P..
i.e. P; v= + P^,

C2n
i^^Rfdicot)

o

2n

(26)

"2rr 1 '2n 1 r

Iho*Rid(titt) -1 ^ 21 i,oi pR id(>Mt) f-

0 n J

where P„, ^

1

Plate dissipation ^ e tdi a*t)

i,m^^d{wt) (27)

(28)

(29i

(30)

From eqas. (28) and (29) it will be seen that the power absorbed by the load increases

when the signal voltage increases, but the power input remains steady ; the plate

dissipation therefore decreases as the power output increases,

i.e. P, =:Pe,-P, (31)

from (26), (28) ^ EtJto - Eioho - Pne (32;
~ E^.J 6o -- Par
- P.O - Pac (33)

where P,, = EtoJbo-

That is to say, the plate dissipation {Pp) is equal to the apparent d.c. power input

to the valve (Ppo) minus the ax. power output.

power output
The plate efficiency Vp

“
d.c. power input

Pgc

EhJbo
(34)

For non-linear operation
P
Ej,

I

(35)

With sinusoidal grid excitation, linear Class A| valve operation and resistive load,

P„. - Eplp ^ VP,,
Applying equation (16),

p ~ (36)
irp -f R^y -

Differentiating with respect to R
,
and equating to zero in order to find the condition

for maximum power output,

dR, "
'

[
rr. R,y J

i.e. when (r, ' R,)* 2R,{r„ ' R ,) 0
or when P, — rp (37)

and the mai^imum power output is
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f^gn (38
4r, 4

'I hc factor is a figure of merit for power triodes.

If the load is an impedance -f- jX j) the condition for maximum power
output is when

Vr/ ^ L • (39)

In.the general case, with a resistive load, the power output is given by eqn. (36) which
may be put into the form

(40)

IfR iJr„ ^ 2, the loss of power below the maximum is only 11%,

'

,
while if R =- 4

the loss of jxiwer is so that “ matching ** of the load is not at all criticd.

The treatment above is correct for both triodes and pentodes provided that both
are operated completely within the linear region, that is with limited grid swing. A
pentode is normally operated with a load resistance much less than the plate resistance

on account of the flattening of the output voltage characteristic which would other-

wise occur at low plate voltages.

This subject is considered further in Chapter 13, under practical instead of under
ideal conditions.

(iv) Series expansion ; resistance load
Except in eqn. (1), which is perfectly general, ccnain assumptions have been made

regarding linearity and the constancy of ti, gm and r, which restrict the use of the

equations. If it is desired to consider the effects of non-linearity in causing distortion

in amplifiers and in producing detection or demodulation, it is necessary to adopt a

different approach.

The varying component of the plate current of a valve may be expressed in the

form of a series expansion

;

i, = a^e -f ate* -f f a^e* -f . . . (41)

This form may be derived* from eqn. (1), and it may be shown that

a, = -
or.

2(rp -f R^r de.

(42)

(43)

(44)

If ^ is assumed to be constant (this is only approximately true for triodes and not

for pentodes)

where Vp instantaneous value of plate excitation voltage. (Normally for an amplifier

Vp - 0 and e e^).

The value of de„ may be determined by plotting a curve of versus for the

given operating bias, and drawing a tangent at the point of operating plate voltage.

The value of oVp dct‘ may be determined by plotting a curve of or,, versus det and
treating in a similar manner.
The higher terms in the series expansion (41) diminish in value fairly rapidly,

so that a reasonably high accuracy is obtained with three terms if the valve is being

used as an amplifier under normal conditions with low distortion.

H J, “Theory und AppliCAtionH of Electron Tubes* “ (2nd edit,’^ McGraw-Hill. New
V.>rk ;mk1 London, pp. 74-77.
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The first term dje ^ i) is similar to eqn. (16) above, which was re-

garded as approximately correct for small voltage inputs ; that is to say for negligible

distortion.

The first and second terms

UiC ate-

express the plate current of a “ square law detector *' which is closely approached
by a triode operating as a grid or plate (“ anode-bend ”) detector with limited ex-

citation voltage.

The second and higher terms are associated with the production of c'omponcnis

of alternating plate current having frequencies differing from that of the applied

signal i.e. harmonics and « if more than one signal frequency is applied) intermodula-

tion frequencies.

F"or example, with a single frequency input.

c Hn sin <.ot (45)

Therefore

t’ ~ sin** iot iEyn~ \E cos 2toi (46)

and
d* — sin sin 3 cut. (47)

The second term (e-) includes a d.c. component and a second harmonic com-
ponent. The third term includes a fundamental frequency component sin <ot)

and a third harmonic component.

If the input voltage contains two frequencies (/, and it may he shown that the

second term of eqn. (41) produces

a d.c. component
a fundamental /i component
a second harmonic of /i

a fundamental ft component
a second harmonic of /a

a difference frequency component C/i

a sum frequency component (/i /.)

The third term of equation (41) produces

a fundamental fi component
a third harmonic of /j

a fundamenul ft component
a third harmonic of

a difference frequency component (2/, - J..)

a difference frequency component ( 2/.^ /,;

a sum frequency component (2/, 5 /,)

a sum frequency component {2ft ; /J

In the case of an A-M mixer valve,/t may be the signal frequency and/i the oscillator

frequency. The normal i-f output frequency is (/i A) while there arc spurious

output frequencies of (/, I A), (2/, !-/,), (2/^ i /i), (2/i A) and (2/,

Even though no oscillator harmonics are injected into the mixer, components with

frequencies (2/, ‘ /,) and (2/, A) arc present in the output, thus demonstrating

mixing at a harmonic of the oscillator frequency.

If the input voltage contains more than two frequencies, or if the terms higher

than the third arc appreciable, there will be greater numbers of frequencies in the

output. 'The effect of this on disU)rtion is treated in C'.haptcr 14.

It may be shown that the effect of the load resistance, particularly when it is greater

than the plate resistance, is to dccTcasc the ratio of the harmonics and i>f the inter-

modulation components to the fundamental, fhis ct)nfirms the graphical treatment

in Chapter 12.
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(v) Series expansion : general case

The more general case of a series expansion for an impedance load and variable

has been developed by Llewellyn* and the most important results are given in most
text books.

t

(vi) The equivalent plate circuit theorem
It was shown above (eqn. 41) that the plate current may be expressed in the form

of a series expansion. If the distortion is very low, as may be achieved with low input

voltage and high load impedance, sufficient accuracy may be obtained by 'making
use of only the first term in the equation, i.e.

i

(48;

where a ~ eg (for amplifier use)

and ~ impedance of the plate load at the frequency of the applied voltage.

For amplifier use this may be put into the form

r>lo

This is the same as eqn. (16), except that R
j
has been replaced by Z

j
.

This is the basis of the Equivalent Plate Circuit Theorem which states ^ that

the a.c. components of the currents and voltages in the plate (load) circuit

of a valve may be determined from an equivalent plate circuit in one of tw^o forms-

(1) a fictitious constant-voltage generator in series with the plate resistance

of the valve, or

(2) a fictitious constant-current generator (/ in parallel with the plate

resistance of the valve.

These are applied in Sect. 7 of tliis chapter.

If a distortionless Class A amplifier or its equivalent circuit is excited with an alter-

nating grid voltage, the a.c. power in the load resistor Rj (i.e. the output power) is

The d.c. input from the plate supply to the valve and load Un the actual case) is

Ptfd - Ibglitb- Under ideal Class A, conditions the d.c. current It, remains con-

stant, since the a.c. current is symmetrical and has no d.c. component.
Now the a.c. power input from the generator is

I\ idigig ^50

But

Therefore

and

r

rRjIp

l\ tiEJp R,lpK t51;

In this equation

Pg a.c. power input from generator

r,/p* a.c. power heating plate

RJp^ a.c. power output -= Fa..

The a.c. power Pg can only come from the d.c. power P^o dissipated in the valve,

which decreases to the lower value Pp when the grid is excited.

The total plate dissipation {Pp) is therefore

Pp - Ppo P, r rplp^ (32

where P^o d.c. plate dissipation.

This may be put into the form

P.o - iP, r,.//)

Ppo Pa. (53

where Pnr Ri^v^ (/% rpl.r) a.c. pinver output.

•Llewellyn, I*. B. Bell Sv>tem Technical Journal, 5 (1926) 4'^V

fsuch Reich, H. J.
“

't‘'hcory und Applicaiion of l-lectron Tubes/* p. 7**.

tfor « completely Kcncral deftniiion sec Reich, H. J. (letter) “ The cv^uivalcnf pi.uo v.ircuit theorem.**
Froc. I.R.F. ^3.2 (I cb., 194?») 136,



64 (Vi) EQUIVALENT PLATE CIRCUIT THEOREM 2.9

The statement may therefore be made, that the plate dissipation is canal to the d.c.

plate dissipation minus the a.c. power output.

A more general statement covering all types of valve amplifiers and oscillators is

that the plate input power is equal to the plate dissipation plus the power output.

This analysis, based on the equivalent plate circuit, reaches a conclusion in cqn. (46)

which is identical with eqn. (33) derived from a direct mathematical approach. It is,

however, helpful in clarifying the conditions of operation of a distortionless Class A,

amplifier.

'Fhc preceding treatment only applies to amplifiers (c - e, in cqn. 41), but it

may be extended to cover cases where the load impedance contains other e.m.f’s,

by using the principle of superposition—sec Chapter 4 Sect. 7(viii).

It is possible to adopt a somewhat similar procedure to develop the Equivalent
Grid Circuit, or that for any other electrode in a multi-electrode valve.

(vii) Djrnamic load line—general case

If the a.c. plate current is sinusoidal,

ip = Ipm sin wt
and = — /p„|Z^| sin (a>r - 8)

where 8 = tan

From this it is possible to derive*

4- 2^p*pR^ + fp*|Z,*| (54)

which is the equation of an ellipse with its centre at the operating point, this being

the dynamic path of operation.

(viii) Valve networks ; general case

The ordinary treatment of a valve and its circuit—the Equivalent Plate Circuit

Theorem in particular—is a fairly satisfactory approximation for triodes or even

pentodes up to frequencies at which transit-time effects become appreciable. If it

is desired to calculate, to a higher degree of precision, the operation of a valve in a

circuit, particularly at high frequencies, a very satisfactory approach is the preparation

of an equivalent network which lakes into account all the known characteristics.

This me^od has been describedt in considerable detail, and those who are interested

are referred to the original article.

(ix) Valve coefficients as partial differentials

Valve coefficients, as well as other allied characteristics, may be expressed as partial

differential coefficients—^see Chapter 6 Sect. 7(ii).

ofy
Partial differential coefficients, designated in the form _ - are used in consider-

ox
ing the relationship between two of the variables in systems of three variables, when
the third is held constant.

o|v dy
“ V is equivalent to “ - (^z constant) ” when there are three variables, x, y
ox dx

and z. Partial differentials are therefore particularly valuable in representing valve

coefficients.

Let a.c. component of plate voltage,

eg ~ a.c. component of grid voltage,

and ig ^ a.c. component of plate current.

(These may also be used with screen-grid or pentode valves provided that the screen

voluge is maintained constant, and is completely by-passed for a.c.).

*Retch. H. J.
** Theory end application of electron tubes ” (2nd edit.)» p. 99.

Llewellyn, F. B. and L. C. Peterson “ Vsicuum tube network!,” Proc, I.R.K. 32.3 (March, 1944). 14».
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Then n 'i"” it,. constant). (55)

or more completely
dip de„

dip ‘de

p

gn,
ue^

constant). (56)

De „

(Jt,

constant). (57J

or more correctly*
ffi,, (je^,

In a corresponding manner the gain (A) and load resistance {R i)
of a resistance-

loaded amplifier may be given in the form of total differentials

•A - (58)
.de„

and R, - ^59)
dt,.

Particular care should be taken with the signs in all cases > since otherwise serious

errors may be introduced in certain calculations.

(x) Valve characteristics at low plate currents

In the case of diodes and diode-connected triodes at very low plate currents (from

1 to about 100 microamperes) an increment of plate voltage of about 0 21 volt pro-

duces a 10-fold increase of plate current. If the logjo of current is plotted against

plate voltage, the result should approximate to a straight line with a slope of 1 0 21.

In the case of triodes operating as triodes the relationship of plate current to grid-

cathode voluge is still approximately logarithmic, up to a v^ue of plate current which
varies from type to type, but the slope of the curve is decreased by the plate-grid

voltage. The decrease in slope is approximately proportional to the grid bias and
therefore to 1/ ^ times the plate voltage. The curve at a given plate voltage is, in

general, steeper for a high-mu than for a low-mu triode. Over the region in which
the logarithmic relationship holds, the mutual conductance is proportional to the

plate current. For a given plate voltage and plate current, the in the low-current

region is greater for high-mu than for low-mu triodes, regardless of ratings. Also,

for a given triode at a given plate current, is greater than at lower plate voltages.

Maximum voltage gain in a d-c amplifier is obtained if the valve is operated at as

low a plate voltage as possible, and at a plate current corrcsp>oncling to the top of the

straight portion of the characteristic when log, o of current is plotted against the grid

voltage.

With pentodes at low plate currents, the maximum gain is obtained when the screen

voltage is as low as is permissible without resulting in the flow of positive grid current.

Reference A12 pp. 414-418.

• The Hunpic invcojon of parti.d di(Tcu*mialN \.annot alv*dys be lustiticd.

< A i* Vk complex ipianutv ubuh rcprt.>cnis not *inl\ the numcrital value ot the Niaae nain but alsi»

ibi phase untile beivsccn *hc input and iUitpui voltaKcv. The vertical barv Mtuated one on each side
• f A and Its ectutv.ik'i'i indicate that the numerual vaiue v»nh is bein^j cixisidcrcd
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SECTION 10 : REFERENCES
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York and London, 1933) Chapters 4, 5, 6. 7. 8, 10, 11, 12, 15, 19, 20, 21, 23.

A6. Terman, F. E. “ Radio Engineering ** (McGraw-Hill Book Company, New York and London
3rd edit. 1947).

A7. Terman, F. E. “ Radio Engineers* Handbook ** (McGraw-Hill Book Company, New York and
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(i) Fundamental physical properties
The characteristics and operation of a high vacuum oxide-coated cathode- or

filament-t3rpe valve under normal conditions of operation, initially and throughout
life, are determined primarily by the following fimdamental general physical proper-

ties-

-

(a) the vacuum within the envelope surrounding the cathode and electrode struc-

ture.

(b) the total available cathode emission and uniformity of activation of the
cathode surface.

(c) the geometrical configuration of the electrode system.
(d) the electrode contact potentials with respect to the cathode.

(e) primary and secondary emission from electrodes, other than the cathode.

(f) the interelectrode admittances.

(g) the stability of the electrical characteristics.

(h) the stability, robustness and durability of the mechanical construction.

(j) the external size and shape, and the system of electrode connections.

The maintenance of a satisfactory vacuum under maximum rating conditions and
continued operation, together with the availability of an adequate cathode emission

under all prescribed electrode conditions and normal variations of heater 'filament

power, are essential to the fundamental operation of a valve, since an activated cathode
surface requires a certain degree of vacuum to be maintained for its emissive properties

to remain unimpaired, while the emission available from the cathode must always be

sufficient to supply the total peak and average space currents required.

At the same time, it is necessary that the cathode surface be uniformly activated

over the regions from which emission current is supplied, since the parameter trans-

conductance is directly proportional to the activated cathode area.

The electrcKlc geometry determines the electrical static and dynamic character-

istics, within the limitations imposed by the available cathode emission, to the extent

to which the emission is incompletely space charge limited and the capacity of the

gettering to maintain a satisfactory vacuum

Electrode contact potentials and electrode primary and secondary emission
depend upon the electro-chemical condition of the electrode surfaces. This is deter-

mined usually by the extent to which contamination of these surfaces has occurred

during manufacture or operation, due to the deposition of active material from the

cathode or getter. Contact potential is of importance in the case of a low- or zero-

voltage electrode since it may contribute a sufficiently large fraction of the total

electrode voltage to modify significantly the characteristics determined by the electrode

geometry and applied electrode voltages alone.

Primary and secondary electrode emission may occur if electrode temperatures

become sufficiently high and the depK)sited films of active material in combination

with the electrode material have a low work function. The effect on operation of

primary or secondary electrode emission depends on the value of resistance in series

with the emitting electrode.

The interelectrode short-circuit admittances are determined both by the

geometry of the electrode construction, the d.c. and r-f properties of the insulation

supporting the electrode system and electrode connections, and the frequency and

conditions of operation. The susceptive components arc dependent mainly on the

interelectrode and lead capacitances and inductances. The conductive components
arc due to transit-time effects and the intcrclcctrode resistances which are determined

mainly by the d.c. resistance of the interelectrode insulation, but may also include a

frequency-dependent component. The d.c. insulation resistance is determined by
the surface condition of the electrode supports (mica, glass, ceramic), the extent to

which contamination of these surfaces has occurred, and also by leakage between

electrode leads within the base or between base pins due to leakage over or through

the base material. A high value of intcrclcctrode resistance is required throughout

the life of a valve in order to avoid
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(1) uncontrolled changes in electrode voltages supplied through series resistive

drcuits from the electrode voltage source, due to the flow of leakage conduction currents

through or across the intcrelectrode insulation from higher to lower voltage electrodes

and thence through the externally connected circuits to the negative terminal of the

electrode voltage supply. This characteristic is particularly important, e.g., in the case

of negatively biased control grids which obtain their bias through a high value of grid

resistor, and power dissipating electrodes which obtain their voltages through high

resistance series dropping resistors.

(2) noisy operation due to intermittent conduction under the conditions described

in (1).

(3) lowering the resistive component of the interelectrode admittances and thus

increasing the damping by the valve on resonant circuits connected between electrodes,

either directly or as a result of increased “ Miller Effect **.

The interelectrode r-f resistance must also be high throughout the life of the

valve up to all normal frequencies of operation, in order to avoid damping high

impedance resonant circuits connected between electrodes. In general, it is determined
by the r-f properties of

—

(a) the interelectrode insulation,

(b) films of active material deposited on the interelectrode insulation,

(c) the base material.

The stability of the electrical characteristics depends on the goodness of the

vacuum and its maintenance, stable emission from a properly and uniformly activated

cathode surface, stable electro-chemical surface conditions, high intcrelectrode

resistance, and the mechanical stability of the electrode structure. Variations of any
of these characteristico throughout life produce changes in the valve parameters and,

through them, changes in circuit performance.

Two types of instability of electrical characteristics occur ; initial instability which
is sometimes experienced early in life due to incomplete or unsatisfactory processing,

and the normal gradual deterioration of characteristics dependent on emission, which
continues until the valve is no longer serviceable. Generally, the ultimate electrical

life of a valve which has been properly exhausted, which has a properly activated

cathode and which has been operated within its maximum ratings, depends mainly on
the cathode current at which it has been operated and the ability of the getter to prevent

deterioration of the vacuum and consequent “ poisoning of the cathode emission,

by absorbing the gases produced in the cathode coating during operation, and also

the gases released from the electrodes, the walls of the envelope and other parts of the

internal construction during storage, and throughout life.

The stability, robustness and durability of the mechanical construction in

general determine the ultimate reliability and effective life of a valve, also the extent to

which electrical performance is affected by conditions of vibration or mechanical shock
under which it may be transported or operated and the ability of the construction to

withstand such conditions without mechanical failure.

tii) Basic functional characteristics
Space current—When the cathode surface is raised to its normal emitting tempera

-

tme, by supplying the required power to the filament or heater, and suitable voltages

are applied to the other electrodes, an electron space current flows from the cathode

emitting surface to the electrode system, its value depending on the electrode geometry
and the combined effect of the electrode voltages acting in the planc(s) of the control

electrode(s).

For electrode systems consisting of an inner control electrode adjacent to the cathode

and one or more outer electrodes, providing that a virtual cathode is not formed between
the control electrode and the outermost elecuodc, the total apace current from the
cathcKie may be expressed, generally, to a gcnid approximation by the following

equation

—

(en
e ,2

^

/*! ;

f ‘‘3

Ml. s

1

Ml »

»/•

(\)
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where f ,
- total cathode space current,

£ cl voltage of the first electrode.

Cl = contact potential of the first electrode,

eti ^ « 3 >

etc. = voltages of the successive outer electrodes,

dfc = voltage of the outer plate current collecting electrode,

Ml-* ^ amplification factor of the first electrode with respect to the second
electrode,

Ml- I = amplification factor of the first electrode with respect to the third electrode.

Mi- » amplification factor of the first electrode with respect to the outermost

electrode,

and G — perveance of the cathode-control-electrodc region

^ ^ - cathode area
ylO'"® V

(cathodc-to-first-electrode spacing)*

In eqn. (1), the terms within the brackets represent the effect of the various electrode

voltages considered as acting in the plane of the first electrode, so that the sum of the

terms combined represents an “ equivalent electrode voltage For purposes of space
current calculation, the factors depending on the geometry of the electrode system

and on the effect of the electrode voltages may thus be reduced to the perveance of the

cathode-to- first-electrode space and the equivalent electrode voltage acting in the plane

of the first electrode, so that the space current equation becomes— -

I, G [equivalent electrode voltage] *'* (2)

The equations for the total cathode current in diodes, triodes, tetrodes and pentodes
follow directly from eqn. (1).

In the case of electrode systems having two control electrodes and which operate with

a virtual cathode before the second control electrode, as in converter and mixer
valves, the space current caimot be expressed in a simple form. Such systems may
be regarded as consisting of two separate but related systems, and reduced to equiva-

lent diodes, with the space current of the outer equivalent diode supplied from, and
controlled by, the space current of the equivalent diode adjacent to the cathode.

Generally, it can be stated that whatever the electrode system, the total space
current from the cathode depends primarily upon the total activated cathode surface

area, the total available emission, the cathode temperature, the extent of temperature
and space charge limiting of emission, the geometry of the electrode system and the

electrode voltages.

The distribution of the space current to the various electrodes depends only

upon electrode geometry, space charge effects and the electrode voltages and, in general,

cannot be expressed in a simple form.

In addition to the electron space current from the cathode, there arc always some
positive ions present due initially to the presence of the infinitesimal traces of residual

gases remaining after the exhausting and gettering processes and, during life, to the

release of absorbed gases from the surfaces of the electrode structure and envelope

walls, and the gases produced as a result of physical-chemical changes occurring in the

cathode coating during the emission processes. The positive ions, so produced,
flow to the negative voltage electrodes and arc prevented from bombarding the cathode

surface during operation, when space current is flowing, by collision effects and the

presence of the space charge surrounding the cathode.

A primary or secondary electron emission current may also flow from the surface ofan

electrode and represents a negative electrode current. Small positive or negative

leakage conduction currents, due to conducting or semi-conducting leakage paths

over or through the interelectrode insulation, may also contribute to the electrode

currents ; their values depend on the voltages of the electrodes concerned, and the

conducting properties of the contaminated surfaces or insulating material, and often

on their temperature. When the effects above arc present, the total current of an

electrode is the algebraic sum of the positive and negative components.

Static Characteristics The various electrical characteristics, which result from
the electrode geometry and the application of steady direct voltages only to the



-
7 *)

n basic: functional characteristics 3.1

electrodes, with the cathode emitting, are termed “ static characteristics These
characteristics consist of

(a) the voltage-current relationship for each electrode, when constant voltages are

applied to all remaining electrodes,

c.g., Diode, /,. tl

Triode, It, E., constant

I r\ E,xy Efe constant

and similarly in the case of other types.

ib) the mutual voltage-current relationships between electrodes, when constant

voltages are applied to all electrodes except the voltage-varying electrode.

e.g., Triode, - Et constant

Pentode, t,. H., Eky F ,2 constant

f.. E i,y E,-,, E r» constant

E.^ Et,^ E E ri constant

and similarly in the case of other types.

Derived Characteristic Parameters By considering infinitesimal changes of

voltage and current of the static characteristics, described under (a) and (b) above, the

characteristic parameters — amplification factor, transconductance and variational plate

resistance are obtained, which arc related as follows.

Amplification Factor

Plate Resistance

These characteristic parameters arc derived by the following relations

Transconductance

transconductance
s/„

;
E ,, E constant (3)

amplification factor
S£.,

i E H . > constant (41

plate resistance ’ E

,

1
constant (5)

The amplification factor is a function of the electrode geometry only, but becomes also

dependent on the control grid voltage as the cut-off condition is approached. The
transconductance, as defined by cqn. (3) may be derived from the general space current

cqn. (1), and is a function of the electrode geometry, the total cathode space current

and uniformity of activation of the cathode surface.

The characteristic parameters normally used to describe the electrode geometry,

and in terms of which performance is interpreted, are the amplification factor,

transconductance of the control grid with respect to the plate and the (a.c.) plate to

cathode resistance.

Dynamic Characteristics— By superimposing alternating voltages on the direct

voltagc(s) of the control clectrode(s), with suitable impedances in series with the

output clcctrodc(s), dynamic characteristics are obtained which depend directly on
the static characteristics and characteristic parameters. These dynamic characteristics

include rectification, frequency conversion, voltage and power gain, oscillation, and
impedance transformation characteristics.

The static characteristics, characteristic parameters and the fundamental properties

previously described comprise the basic mechanical and electrical characteristics,

which determine the serviceability and application of a valve and its performance under

given conditions.

In order to appreciate the significance and limitations of the various tests, which
normally are applied to determine the condition of a valve and the probability that it

will continue to operate satisfactorily, the performances and individual tests must be

properly interpreted in terms of all the relevant charaaeristics and corresponding

fundamumtal physical properties. The manner and extent of the dependence and inter-

dependence oft^ various characteristics and fundamental physical properties must also

be recognized and understood.
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The important basic functional characteristics, together with the funda-
mental physical properties on which they depend, are shown in the following
tabulation :

GENERAL PHYSICAL
PROPERTIES

1 . Mechanical
Size, shape and material of external con-

struction

System of electrode connections

Stability, robustness and durability of

mechanical construction

2. Electrical

Intcrclectrodc resistance

Vacuum
Cathode emission

Uniformity of cathode activation

Electrode geometry

Electrode contact potentials

Primary and secondary emission

Stability of electrical characteristics

RELATED FUNCTIONAL
CHARACTERISTICS

Physical dimensions

Type of envelope

Type of base

Type of top cap

Base pin and top cap connections

Ruggedness of envelope, basing and
internal electrode structure

Microphony
Noise

D.C. ihtcrelcctrode insulation resistance

R-F interclectrode insulation resistance

Noise
Gas pressure within the envelope*

Total available f>cak cathode current*

Total available average cathode current"

Transconductance or dynamic perform-

ance characteristic at reduced heater

filament voltage*

Electrode currents*

Interclectrode transconductances*

Interclectrode mu factors*

Interclectrode variational resistances*

Interclectrode capaciunces

^ Modify characteristics dependent upon

/ electrode geometry (see above)

Affect all electrical characteristics.

(iti) Fundamental characteristic tests

The characteristic tests which arc of fundamental importance in specifying the

performance and determining the condition, acceptability and usability of an oxide-

coated cathode- or filament-type valve, are as follows :

(a) Tests common to all valve types
Visual inspection of internal and external construction, and finish.

Maximum overall length.

Maximum diameter.

Interclectrode short-circuits.

Electrode continuity (open-circuits).

Interclectrode insulation resistance (d.c.).*

Heater filament power.*

Heater cathode leakage.*

Emission or emission-dependent dynamic test.*

Interclectrode capacitances.*

(b) Tests common to all types except diodes*
Reverse grid current (gas, leakage, grid emis.sion).

{
Ci>ntrol grid current commencement potential, or

Positive control grid current.

Electrode currents (d.c.).

Electrode current (d.c.) cut-off.

Under spouhed opcratiin: ctmduiom.
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Transconductance (sec Ref. 47).

Amplification factor.

Plate resistance.

Noise (a-f and or r-f).

Microphony.

vc) Tests common to diodes only*

Signal diodes

Power diodes

(d) Dynamic performance tests'

Signal diodes

Power diodes

A-F amplifiers

R-F and I-F amplifiers

Converters

Power output types

Plate current commencement or zero

signal plate current.

Back emission.

Rectification (operation

Rectification (operation

A.C. amplification

Stage gain.

Conversion stage gam or conversion

transconductance
and

Oscillator transconductancc or oscillator

grid current.

Power output.

e) Dynamic performance tests at reduced heater Tilament voltage^

D>Tiamic performance tests are also performed at reduced filament heater voltages

during manufacture, in order to control initial characteristics and performance, and
also to provide a manufacturing process control of the uniformity of activation of the

emitting surface. In some cases, with the reduction of filamcnt/cathodc temperature,

changes occur in contact potential and/or reverse grid current, which make the

normal-voltage tests ineffective or unsatisfactory as a control of activation, depending
on the conditions of operation. In such cases a transconductance test is normally used

instead.

Notwithstanding the control exercised by such tests over initial characteristics and
performance, it is a very difficult manufacturing problem to avoid the wide variations

and deterioration of characteristics which often occur under conditions of reduced

filament /heater op>cration throughout life although the characteristics at normal fila-

ment/heater voltage may be satisfactory. For this reason, and also as performance
may be critically dependent on circuit design and electrode supply voltages, particu-

larly the operation of the oscillator circuits of a converter valve and the power output

and distortion of a power output valve, it is not in general normal practice for valve

specifications to specify any minimum requirements for characteristics or performance
at reduced filament/ heater voltage during life. Reasonable performance at reduced
filament heater and electrode voltage conditions is achieved by most manufacturers,

however, as a result of the pressure of competition combined with the user's demand
for acceptable performance under slump voltage conditions.

Under American practice the reduced heater/filament voltages at which specified

dynamic performance tests are normally performed during manufacture are as follows

0.625 volt types 0.55 volt

1.25 volt types l.l volts

1.4 volt types 1.1 volts

2 volt types l.O or 1.7 volts

2.5 volt types 2.2 volts

6.3 volt types 5.5 volts

7.5 volt types 6.0 volts

12.6 volt types 11.0 volts

19 volt types 16.5 volts

25 volt types 22 volts

26.5 volt types 23.5 volts

*Under »pccfficd upersting condition*^
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32 volt types 28.5 volts

35 volt types 31.0 volts

45 volt types 40 volts

50 volt types 44 volts

117 volt types 100 volts

(iv) Valve ratings and their limiting effect on operation

(A) Limiting ratings
In order to assist the designer to obtain the maximum service from a given valve

type, within the limits of safe operation, in the various applications in which it may be
used, the limiting conditions under which the type can be operated without impairing

its performance and normal life are usually specified by the valve manufacturer in the

form of maximum (or minimum) ratings for relevant basic characteristics which may
only be exceeded at the user’s risk. These ratings, unless otherwise stated, apply

to valves having bogie values of characteristics. It is therefore the responsibility of

the equipment designer to sec that a bogie valve will not exceed any of its ratings.

Maximum ratings arc established on the basis of life tests and operating performance.

It is a matter of experience that when one or more ratings are exceeded for any
appreciable time, depending on the period and the extent of the overload, the particular

rating exceeded and the capability of the type to withstand such overload, the service-

ability of the particular valve may be imoaired, its life may be shortened or its per-

formance may be unsatisfactory.

Maximum ratings usually arc specified only for those characteristics which normally
determine the limits of safe operation in the intended applications for which a particu-

lar type has been designed. Generally, the limits of safe operation for any application

may be prescribed completely by specifying the maximum ratings for the electrode

voltages, peak inverse voltage in the case of rectifiers, electrode dissipations and the

maximum peak and average total cathode current.

In the case of high transconducunce and power output types it is necessary, in

addition, to limit the maximum value of resistance which may be used between the

negative control grid and cathode, in order to avoid cither excessive variation of circuit

performance, excessive space current or excessive electrode dissipations due to reverse

grid current. Maximum ratings, in general, can only be determined satisfactorily by
extensive life tests.

(B) Characteristics usually rated
The characteristics of individual types for which ratings arc required to specify

performance are as follows :

(a) General mechanical ratings (common to all types)

Maximum overall length.

Maximum seated height.

Maximum diameter.

Dimensions and locations of top caps, bases and base pins.

Materials and design of external construction.

(b) General electrical ratings common to all types
Nature of rating

Hcatcr/filament voltage (a.c. or d.c.) nominal
Heater/filament current (a.c. or d.c.) nominal

Heater to cathode voltage (d.c.) maximum
Control grid circuit resistance maximum
Interelccirode capacitances

—

control grid to plate capacitance maximum
all other capacitances (single unit) nominal
capacitances between electrodes of multiple units nominal or

maximum
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(c) Specific additional electrical ratings applied to particular types

Type Application Fundamental rating Nature of
rating

Diodes Detector Average (d.c.) plate current per Maximum
plate

Peak plate current per plate Maximum
Power Rectifier Peak’inverse plate voltage Maximum

Average (d.c.) plate current per Maximum
plate

Peak plate current per plate Maximum
Triodes Voltage amplifier Plate Voltage Maximum

Plate dissipation Maximum
Grid voltage^ negative Maximum

positive Maximum
Cathode current (d.c.) Maximum

Power amplifier Plate voltage Maximum
Plate dissipation Maximum
Grid voltage negative Maximum

positive Maximum
Grid dissipation*

•

Maximum
Cathode current (d.c.) Maximum
(Dathodc current (peak)* Maximum

Pentodes Voltage amplifier Plate voltage Maximum
Screen voltage Maximum
Screen supply voltage Maximum
Grid voltage negative Maximum

positive Maximum
Plate dissipation Maximum
Screen dissipation Maximum
Cathode current (d.c.) Maximum

Power amplifier Plate voltage Maximum
Screen voltage Maximum
Grid voltage- - negative Maximum

positive Maximum
Plate dissipation Maximum
Screen dissipation Maximum
Grid dissipation** Maximum
Cathode current (d.c.) Maximum
Cathode current (peak)* Maximum

Converters Frequency converter Mixer plate voltage Maximum
Mixer screen voltage Maximum
Mixer screen supply voltage Maximum
Oscillator plate voltage Maximum
Oscillator plate supply voltage

Mixer signal grid voltage

Maximum

positive Maximum
negative Maximum

Mixer plate dissipation Maximum
Mixer screen dissipation Maximum
Oscillator plate dissipation

Cathode current (d.c.)+

Maximum

mixer Maximum
oscillator Maximum

*Power smplifier typee only, for other than ('lass A operation

••For operation in the positive grid current region.

tin conveners of thc6SA7, 6BE6 class having no separate oscillator niniitivc rlcttr.vjc, the total cathode
current is the ftlndamenul rating.
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Notwithstanding the ratings shown against each type, the actual ratings of an indi>

vidual type depend entirely on its intended applications and may not include all those

listed. The absence of a rating for a particular characteristic may be uken to indicate

cither that it has not previously been necessary to specify a rating for this characteristic,

or that the type in question was not intended originally for this application and has nor

been processed accordingly. In the latter case, operation may not be satisfactory, and
reference should be made to the valve manufacturer for specific information.

(C) Rating systems
Valves arc rated by either of two systems the “ absolute maximum system, or the

“ design-centre maximum *’ system. The absolute maximum system originated in the

early days of valve development and was based on the voltage characteristics of battery

supplies. Battery voltages could fail below their nominal values but seldom appreciably

exceeded them, so that valve maximum ratings set on the basis of specified battery

voltages were absolute maximum ratings. This system is still widely used by British

and European valve manufacturers and is the system of ratings used in the British

Services* Electronic Valve Specification KlOOl arid the U.S.A. Services* S|>ecification

for Electron Tubes, JAN-IA (Ref. S2). With the introduction of power line and
car-radio operated receivers and the tendency of many designers to interpret absolute

maximum ratings as nominal values, it became necessary to re-rate valves according to

a system in which allowance was made in the racings for the variations which occur
under both conditions of operation. Accordingly, the design-centre system was
adopted in U.S.A. by the Radio Manufacturers Association in 1939 for the rating of

receiving valves and since then has become the standard system for rating most
receiver types of American design, manufactured both in U.S.A. and elsewhere.

With either system, each maximum rating for a given valve type must be considered

in relation to all other maximum ratings for that type, so that no one maximum rating

will be exceeded in utilizing any other maximum rating.

Thus it will often happen that one rating alone will determine the limiting operating

conditions while other characteristics are below their maximum ratings.

(D) Interpretation of maximum ratings

In the absolute maximum or ** absolute ** system (except for filament or heater

voltage) the maximum ratings are limiting values above which the serviccabihty of the

valve may be impaired from the viewpoint of life and satisfactory performance.

Therefore, in order not to exceed these absolute ratings, the equipment designer

has the responsibiUty of determining an average design value for each rating below
the absolute value of that rating by an amount such that the absolute values will

never be exceeded under any usual condition of supply-voltage variation, load varia-

tion, or manufacturing variation in the equipment itself.

The equipment should be designed to operate the filament or heater of each valve

type at rated normal value for full-load operating conditions under average voltage-

supply conditions. Variations from this normal value due to voltage-supply fluctuation

or other causes, should not exceed i: 5 per cent, unless otherwise specified by the

valve manufacturer.

Under the “ British Standard Code of Practice *’ B.S.1106, 1943 (Ref. 49) and the

British Radio Valve Manufacturers* Association’s publication “ Radio Valve Practice,”

August, 1948 (Ref. 48), recommended British practice is that in general it is not

permissible that the heater voltage should vary more than 7 per cent, from the rated

value.

It is a matter of experience, however, that the healers and filaments of most modem
receiving valve oxide-coated cathode and filament types may be operated at voltages

whose maximum fluctuations do not exceed 10 per cent, from their rated values,

without serious effect on life or marked reduction in performance, provided that the

maximum ratings of the other electrodes are not exceeded. In cases where the

heater or filament voltage variations exceed, or are likely to exceed, 10 per cent., the

maximum ratings should be reduced and recommendations obtained from the valve

manufacturer as to the maximum ratings permissible under the particular conditions.

In the design-centre maximum or ** design-centre ** system, the maximum
ratings are working design-centre maxima. The basic purpose underlying this system
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IS to provide satisfactory average performance in the greatest number of equipments

on the assumption that they will not be adjusted to local power-supply conditions at

the lime of installation. Under the design-centre system, ratings arc based on the

normal voltage variations which arc representative of those experienced with the three

important types of power supply commonly in use, namely a.c. and d.c. power lines,

storage battery with connected charger, and dry batteries, so that satisfactory per-

formance from valves so rated will ordinarily be obtained in equipment w'hich is so

designed that the design-centre maximum ratings are not exceeded at the supply

design-centre voltage.

The following interpretation of receiving valve design-centre ratings is based partly

on R.M.A. (U.S.A.) Standard M8-210 entitled “ Tube Ratings ’* (Ref. SI 1), and partly

on established design practice recommended by valve manufacturers.

1 . Cathode
The heater or filament voltage is rated as a normal value, unless othcrw'isc stated, so

that transformers or resistances m the heater or filament circuit should be designed to

operate the heater or filament at the rated value at the supply design-centre voltages,

indicated hereunder. Where the permissible heater or filament voltage variations are

exceeded, or arc liable to be exceeded, maximum ratings should be reduced in accord-

ance with recommendations obtained from the valve manulacturer.

2. Indirectly-heated and a.c. filament types

(2.1) A.C. or d.c. power line operation Maximum ratings have been chosen

so that valves will give satisfactory perlt)rmancc at these maximum ratings in equipment
operated from power line supplies, the normal voltage of which, including normal
variations, fall within 10 per cent, of a specified value. Heaters or filaments as

well as positive and negative voltage electrodes, unless otherwise specified, may there-

fore be operated at voltages up to A 10 per cent, from their rated values, provided that

at the specified line design-centre voltage the heater or filament is operated at its rated

voliagc and the maximum ratings of plate voltages, screen-supply voltages, electrode

dissipations, total cathode current and rectifier output currents arc not exceeded.

'I he prc‘-cribcd power line voltage variation of 10 per cent, is based on surveys

made in the U.S.A., which have shown that the line voltages delivered lall within 10

per cent, ot 117 volts, which is taken as the line design-centre voltage in that country.

In using design-centre ratings with other power line systems elsewhere, it is usually

satisfactory to regard ! 10 per cent, as being representative of the line voltage variation

likely to be experienced under normal conditions, so that it is then only necessary to

determine the line design-centre voltage. In extreme cases, where power line varia-

tions exceed . 10 per cent., as for example when operation is in remote areas supplied

by long lines subject to variable and heavy peak loading, adjustment to the equipment
should be made locally.

(2.2) Storage battery operation When storage battery equipment is operated

without a charger, it should be designed so that the heaters or hlamcnts are operated

at their normal rated values and published maximum values of plate voltages, screen-

supply voltages, clccirodc dissipations, total cathode currents and rectifier output
currents arc never exceeded for a terminal voltage at the battery source oJ 2.0 volts per

cell. W'hcn storage battery equipment is operated with a charger or similar supplies,

the normal battery fluctuation may be as much as 35 per cent, or more, which imposes
severe operating conditions on valves. Under these conditions, the equipment should
be designed so that the effect of high heater or filament voltages on valve life and per-

formance (due mainly to excessive reverse grid current) is reduced to a minimum, and
so that 90 per cent, of the above maximum ratings is never exceeded for a terminal

voltage at the battery .source of 2.2 volts. In both clas.scs of operation, progressively

reduced and unreliable performance is to be expected as the heater or filament voltage

fails below 90 per cent, of its rated value and approaches the “ slump value specified

for the reduced performance tests of the valve test specification.

(2.3) “ B ** battery operation- '1 he design-centre voltage for H ’* batteries

supplying positive voltage elccimdes is the normal voltage rating of the battery block,
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such as 45 volts, 90 volts, etc. Equipment should be designed so that under no
condition of battery voltage will the plate voltages, screen-supply voltages, electrode

dissipations, or total cathode currents ever exceed the recommended respective maxi-
mum values specified for each valve type by more than 10 per cent.

(3) 2«0 Volt battery filament types

(3.1) Filament—The 2.0 volt battery filament types are designed to be operated

with 2.0 volts across the filament. In all cases the operating voltage range should be
maintained within +.10 per cent, of the rated filament voltage, i.e., within the limits

of 1 .8 to 2.2 volts.

(3.2) Positive and negative electrodes —The electrode voltage supplies may be
obtained from dry-cell batteries, storage batteries or from a power line and should be
chosen so that the maximum ratings of plate voltages, screen-supply voltages, electrode

dissipations and total cathode current are not exceeded at the supply design-centre

voltages specified under 2.3, 2.2 and 2.1.

(4) 1.4 volt battery valve types

(4.1) Filament The filament power supply may be obtained from dry-cell

batteries, from storage batteries, or from a power line.

(4.11) Dry-cell battery supply -The filament may be connected either directly

across a battery rated at a terminal potential of 1.5 volts, or in series with the filam.?nts

of similar valves across a power supply consisting of dry cells in series. In either case,

the voltage across each 1 .4 volt section of filament should not exceed 1 .6 volts. In order

to meet the recommended conditions for operating filaments in series it may be neces-

sary to use shunting resistors across the individual 1.4 volt sections of filament.

(4.12) Storage battery supply -The filament may be operated either singly or in

series with the filaments of similar valves For such operation in either case, design

adjustments should be made so that, with valves of rated characteristics, operating

with all electrode voltages applied on a normal storage-battery voltage of 2.0 volts per

cell (without a charger) or 2.2 volts per cell (with a charger), the voltage drop across

each 1.4 volt section of filament will be maintained within a range of 1.25 to 1.4 volts

w'ith a nominal centre of 1.3 volts. In order to meet the recommended conditions for

operating filaments in series it may be necessary to use shunting resistors across the

individual 1.4 volt sections of filament.

(4.13) Power line supply The filament may be operated cither singly or in series

with the filaments of similar valves. For such operation, in cither case, design adjust-

ments should be made so that, with valves having rated characteristics operating with

all electrode voltages applied and on a line voltage equal to the design-centre voltage,

the voltage drop across each 1.4 volt section of filament will be maintained within a

range of 1.25 to 1.4 volts with a nominal centre of 1.3 volts. In order to meet the

recommended conditions for operating filaments in series, it may be necessary to use

shunting resistors across the individual 1 .4 volt sections of filament.

(4.2) Positive and negative voltage electrodes—The electrode voltage supplies

may be obtained from dry-cell batteries, storage batteries, oi from a power line.

For such operation the electrode voltages should be chosen so that the maximum ratings

of plate voltages, screen-supply voltages, electrode dissipations and total cathode

currents are not exceeded at the supply design-voltages specified under 2.3, 2.2 and 2 1

respectively.

(5) General (all types)

(5.1) Screen voltage supply -When the screen voltage is supplied through a

screen-dropping resistor, the maximum screen voltage rating nuy be exceeded

provided :

(a) The screen supply voltage docs not exceed the maximum plate voltage rating.

(b) At any signal condition, the average screen dissipation does not exceed the

maximum rating.

(c) At the signal condition which results in maximum screen current, the screen

voltage docs not exceed the maximum rating.

(5.2) Grid voltage limits -Where a grid voltage is specified as positive bias

valu£ 0 maximum ** or “ never positive ”, this indicates that grid dissipation is not
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permitted. In such eases it may be inferred that the grid has not been suitably treated

to permit dissipation.

(E) Operating conditions
Typical operation In addition to maximum ratings, information is published

on typical operating conditions for most of the various types, when used in particular

applications. These typical operating conditions are intended to provide guiding infor-

mation for the use of each type. They must not be considered as ratings, because cacli

type can, in general, be used under any suitable conditions within its rating limitations.

Datum point for electrode potentials In published data, it is standard practice

for the values of grid bias and positive-potential-electrode voltages to be given with

reference to a specified datum point, as follows : For types having filaments heated

with direct current, the negative filament terminal is taken as the datum point to which
other electrode voltages are referred. For types having filaments heated with alter-

nating current, the mid-point (i.e., the centre tap on the filament transformer secondary',

or the mid-point on a resistor shunting the filament) is taken as the datum point. For
types having cqui-potential cathodes (indirectly heated) the cathode is taken as the

datum point.

Grid bias for a.c. or d.c. filament excitation If the filament of any type whose
data are given for a d.c. filament voltage is to be operated from an a.c. supply, the grid

bias given for d.c. filament operation should be increased by an amount approximately
equal to one half the rated filament voltage and be referred to the filament mid-point.

Conversely, if it is required to use d.c. filament excitation on any filament type whose
data are given for an a.c. filament voltage, the value of grid bias given should be de-

creased by an amount approximately equal to one-half the rated filament voltage, and be
referred to the negative filament terminal, instead of the mid-point as in a.c. operation.

This rule is only approximate and does not, in general, provide identical currents for

both types of filament excitation.

(v) Recommended practice and operation
The following additional limitations on valve practice and operation are based partly

on the recommendations of the British Standard Code of Practice (Ref. 49) also on the

B.V.A. Radio Valve Practice (Ref. 48), and on established design practice.

(a) Mounting—(1) Unless otherwise stated it is desirable that valves should be
mounted base down and in a vertical position. Where it is necessary to depart

from vertical mounting, the plane of the filament of directly heated valves should be
vertical. Similarly, the plane of the grid side rods (or major axis of the control grid)

of indirectly heated valves having a high transcenductance and or a long unsupported
cathode, should be vertical. This reduces the possibility of filament- and cathodc-to-

grid short circuits and microphony in filament valves.

It is partictilarly undesirable that valves having high plate dissipation ratings should

be mounted base upwards without agreement from the valve manufacturer, as this

method of mounting seriously affects the flow of air around the bulb and may result

in the limiting temperature being exceeded.

Depending on the distribution of the bulb temperature, gas may be released from
the getter deposit under these conditions and the vacuum and emission affected.

(2) It is particularly important that the connections to floating contacts of sockets

for glass based valves should be as flexible as possible and that the contacts themselves

should float properly and not become rigidly locked in position. 'Fhc use of a wiring

jig, having the nominal specified dimensions for the base type, inserted in the? valve

socket during wiring, is desirable in order to locate the socket contacts correctly, so

that strain on the base pin seals is minimized when the valve is inserted. Prior to

insenion, the base pins of miniature valves should be straightened by means of a

pin-strai^tener, if misaligned. The pin-stiaighicner may consist simply of a steel

block drilled with countersunk holes of the correct diameter and location, to slightly

larger tolerances than those specified for the pins of the base type. For specific

information and design, reference should be made to the valve manufacturer.

(3) Ijt is undesirable to use socket contacts as connecting tags in circuit wiring because
of circumstances which may arise if the valve is subsequently replaced by another
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having different or additional pin connections. In particular, contact No. 1 of octal

sockets should not be used in this connection, as frequently internal base shielding is

brought out to pin No. L of octal-based valves, which should be connected to chassis.

Furthermore, in glass-based valves the above-mentioned practice may adversely

affect the valve characteristics by the application of a voltage to pins which are not

connected to any valve element, but which project into the envelope.

(4) Valves with rigid pins in glass bases and valves without bases which have short

rigid lead-out wires are normally intended to be mounted in sockets, and it is recom-
mended that such valves should not be soldered directly into the wiring, as such con-

nections can impose sufficient strain to endanger the seals.

(5) If valves are to be subjected to continuous vibration, means should be employed
to damp out such vibration by the use of cushioned valve socket mountings.

(b) Ventilation

( 1 ) The layout and design of equipment should afford sufficient ventilation to ensure

a safe bulb temperature under all conditions. As a general guide, the maximum
temperature of the hottest part of the bulb under operating conditions in the equipment
should not exceed by more than 20 C. that temperature which would be attained if

the valve were operated at its maximum ratings under conditions of free air circulation

in an ambient temperature of 20 C. Where exceptional increases of temperature may
occur (e.g., when valves are used in screening cans or in equipment working in tropical

conditions) the valve manufacturer should be consulted on each type concerned.

The present trend in valve design is to reduce dimensions with the object of saving

space and of improving efficiency at high frequencies, and the extent to which the

reduction can be made is usually limited by the amount of heat which can be dissipated

from the exterior surface of the bulb.

For valves of present day sizes operating at normal temperatures, about half the

heat is dissipated by convection and half by radiation. It is therefore necessary to allow

free convection of reasonably cool air past the bulb and free radiation from the surface

of the bulb to cooler surroundings.

The increase in the temperature of air in convective cooling is very small and it is

therefore more important that the flow of air should be copious and unimpeded than

that it should be particularly cold. No great risk is incurred if the air is slightly warmed
by passing near other components if this allows it to flow through a less obstructed path.

In order to improve radiation from a valve, surrounding surfaces should not be

polished but should be kept as cool as possible. The temperature of a valve surrounded

by a plated shield can, or by components at about its own temperature, may rise

seriously.

(2) When valves are mounted in other than upright vertical positions, greater care

should be taken to ensure that adequate ventilation is provided.

(3) Adequate ventilation is particularly important in the case of output valves and
rectifiers.

(c) Heater-cathode Insulation

(1) It is generally desirable to avoid a large potential difference between heater and

ca^ode. This potential should not normally exceed 100 volts except in the case of

certain indirectly-heated rectifier valves and valves specially designed for a.c. d.c.

operation. Where a design necessitates higher hcaicr-caihode potentials, a recommenda-

tion of the maximum permissible value should be obtained Irom the valve manufac-

turer. For convenience, the maxiu.um heatcr-cathtxle voltage rating is usually given

as a d.c. value.

(2) The insulation resistance between the heater and the cathode should not be

included in r-f circuits where frequency stability is required or in a-f circuits followed

by a high gam amplifier.

I'hc leakage currents make themselves apparent as noise or hum, which may assume

serious proportions if the valve in w hich they originate is followed by a large degree of

amplification. Moreover, il tlic heater-cathode insulation is included in a tuned cir< vjt,

any alteration to the physical or electrical properties of the insulation will alter the

frequency to which the circuit is tuned, and if both r-f and mains frequency voltages
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exist across the insulation, there is a risk of modulation hum, particularly in cathode*

coupled oscillators and the like.

(d) Control grid circuit resistance

In all cases where published recommendations are available from the valve manu-
facturer, they should be followed. The maximum value of grid circuit resistance in the

case of a particular type of valve cannot be specified without knowledge of the valve

characteristics and conditions of operation. In no circumstances should valves be

operated without a d.c. connection between each electrode and cathode.

The maximum value of control grid circuit resistance which may be used under any

condition of operation depends initially upon the stability of performance required but

ultimately upon the transconductance under that condition, the increase in cathode

current and electrode dissipations which may occur due to the cumulative effects of

reverse grid current (gas, grid emission and leakage) permitted by the specification,

the maximum ratings for these characteristics, and the limiting effect of resistances in

series with the cathode and in the electrode circuits in series with the various electrode

supply voltages. The following formulae, expressing the relationships between the

various resistances, direct currents and electrode parameters in typical grid controlled

triodes, tetrodes and pentode circuits hold providing the cx)ntrol grid current is negli-

gible in comparison with the total cathode current.

For pentodes and tetrodes (Ref. 41)

R

For triodes (Ref. 41)

R al —

(6 )

(7 )

where d / t ^ change in cathode current permitted by maximum ratings of plate dissipa-

tion and/or cathode current ; or change in performance which can be

tolerated.

J/t» change in plate current permitted by maximum ratings of plate dissipa-

tion and/or cathode current ; or change in performance which can be
tolerated.

change in control grid (No. 1) current which is likely to occur or is

permitted by the valve specification.

R^i=grid resistor (ohms).
= scries screen resistor (ohms).

cathode resistor (ohms).

— scries plate load resistor (ohms).

/x^i.p 2 = triode amplification factor of pentode or tetrode.

^— amplification factor of triode.

p— ratio of screen current (/d) to cathode current

f«aTf *

grid-plate transconductance (mhos),

grid-cathode transconductance (mhos)

To determine the limiting value of grid resistor which may be used, should be

taken as the maximum value of reverse grid current permitted by the specification,

under maximum electrode dissipation and cathode current conditions ; J/» and

J/fc are the changes in plate and cathode currents which result in maximum rated

plate and/or screen dissipations and/or maximum cathode current.

The maximum rating which is reached first determines the limiting value of the grid

resistor.

If the spedfied value of d/,] is not available, the highest typical value of reverse

grid current given in Sect. Xiv)A for each major group of valve types may be used with
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discretion. In cases where the valve is being operated below maximum rated condi-

tions and at a total cathode current less than that for the grid current test conditions,

the value of J/<,i may be taken as varying approximately as the cathode current.*

It should be clearly understood that equations (6) and (7) are fundamental, and, in

cases where no maximum grid circuit resistance values are published, may be used to

calculate maximum safe values. These equations are based on the margin (d/^)

between the operating plate current and that value of plate current which gives

maximum plate dissipation or maximum cathode current or which gives the maximum
tolerable change in performance, tlie limiting condition of operation being determined
by the rating which is reached first. It may happen that the published typical operating

conditions give maximum rated plate dissipation— in this case d/j, or d/* is zero, and
the equations cannot therefore be applied to calculate directly. In such a case the

procedure is to assume reasonable values of and J/^,, and then to use the equations

to derive d/^ or d/^. The operating plate or cathode current would then be made less

than the permissible maximum by the margin d/^ or d/*. Alternatively a lower value

of may be chosen and the conditions of operation recalculated.

If a maximum value of R^x is published for fixed bias operation, then the value for

cathode bias may be determined Irom equations (8) to (13) :

For pentodes and tetrodes general case

R„x for cathode bias

R^ix for fixed bias

or approximately

(or when R^n 0) ^1
. f^^Rk

(«/

(9 )

( 10 )

For triodes general case

(or when Rj 0) ^ 1 - (13)

In the case of resistance-loaded triodes and pentodes with scries screen resistors, the

values of Rgy as derived from eqn. (fi) or (7) respectively will be very high. In such

cases the limiting factor is the effect of the reverse grid current on the operating

bias. This effect is considered in detail in Chapter 12, Sect. 2(iv) for triodes with

fixed bias and Sect. 2(iii) with cathode bias also Sect. 3(v) for pentodes with fixed bias,

and Sect. 3(iv)C with cathode bias.

A high value of resistance between the control grid and the cathode should be avoided

wherever possible. In B.S.1106, 1943 (Ref. 49) it is recommended that, in general,

1 megohm with self-bias and 0.5 megohm with fixed bias are suitable maxima and that

with receiving valves having an anode dissipation exceeding 10 watts the grid-circuit

resistance should not exceed 0.5 megohm when sell-bias is used and 0.1 megohm with

fixed bias. These values must be reduced when one resistor is common to more than

one control grid circuit.

The makimum values of grid circuit resistance with r-f pentodes controlled by

a.v.c. is covered in Chapter 27 Sect. 3(iv)b.

Some valve types have an inherent negative resistance region in the positive portion

of the grid characteristic, due to secondary emission from the grid as a result of the

deposition or evaporation of active material from the cathode or deposition from the

getter during manufacture. In such cases the resultant grid current may change sign

from positive to negative as the grid voltage increases from zero in a positive direction,

ultimately becoming positive again. I'he maximum value of grid circuit resistance

for cathode bias
1 Ur

Rgi for fixed bias

or approximately^ 1 ] R.

(H)

( 12)

*'l'hi8 aNAVimes that the grid Icakauc current is smult compared \^‘ith the ionisation current, and that the

latter dtKA not increase appreciably during operation.
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which may be used under these conditions without grid blocking occurring, is that

value of resistance represented by the line drawn from the operating bias point on the

abscissa, tangential to the cross-over loop of the grid current characteristic below the

abscissa as shown in Fig. 2.11.

If the grid circuit resistance is such that the line cuts the loop of the characteristic

below the abscissa, blocking will occur if the instantaneous values of grid voltage

exceed the voltage of the point at which the line crosses the grid characteristic nearer

to the origin. Sec also Chapter 2 Sect. 2(iii).

Because of the difficulty of controlling the grid current commencement point ot

oxide-coated cathode and filament valves during manufacture, due mainly to contact

potential variations caused by variable control grid surface conditions, it is desirable

that operating conditions should be chosen, such that the control grid bias is always suffi-

ciently large in relation to the conuct potential, so that variations of the latter produce

only minor effects on performance. In general, the grid current commencement
voltage of indirectly heated cathode types is negative and may have a value up to

1.0 volt but as a rule varies during life. The grid current commencement voltage

of filament types is usually positive and seldom exceeds about -^ 0.5 volt, but usually

becomes less positive during life and may even become negative. The plate ctirrent

commencement voltage of diodes due to conuct potential behaves in a similar manner.

(e) Operadon at low screen voltages

As the grid current commencement voltage may in certain cases be dependent on the

value of screen voltage and may become more negative as the screen voluge is reduced,

it is in general undesirable to operate valves having low or zero control grid-bias at low
screen voltages. In the case of zero-bias operated filament types, operation at low

screen voltages may result in the grid current commencement voltage becoming nega-

tive and in the flow of positive current, causing either a change in operating conditions

due to additional negative bias developed across the grid resistor or damping of tuned
grid circuits due to lowered input resistance. In either case undesirable and often

wide variations in performance may result.

(f) Microphony
Small variations of electrode spacing cause corresponding variations in the output of

the valve, and it is desirable to ensure that little or no vibration reaches the valve.

Such vibration may reach the valve by way of the valve socket or acoustically, and it

should be noted that microphonic trouble may originate in the converter or i-f stages

through modulation of the signal or i-f carrier at audio frequencies. It is recommended
that, if possible, the position of the valve in relation to the source of vibration be so

chosen that microphony effects'will be at a minimum. Methods which may be used to

minimize microphony effects are described in Chapter 35 Sect. 3(iv).

(g) Hum
Hum due to conditions within the valves is analysed in Chapter 31 Sect. 4(i). See

also Ref. 91 on heater-cathode leakage as a source of hum.

(h) Stand-by operation
Where it is necessary to maintain cathodes and filaments at normal operating

temperatures during stand-by periods, better life in general will be obtained
when the equipment is so designed that tome, rather than no, cathode
cturent flows during such periods. It is also essential that the heater or filament
voltage be maintained as close to the rated value as possible. Continuous operation

of heaters or filaments at voluges exceeding their rated values by more than 10 per
cent., without cathode current flowing, will result, generally, in progressively short
life being obtained.

In equipments which are designed so that no cathode current flows during stand-by
periods for periods of less than 15 minutes, the filament voltage of quick-heating fila-

ment types should be reduced to 80 per cent, of normal, while the heater voltage of
indirectly heated cathode types should be maintained at normal rated value. For
longer periods, both filament and heater power should be turned otf.
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SECTION 2 : CONTROL OF CHARACTERISTICS DURING
MANUFACTURE

(t) Imfyortancc of control o7'cr characteristics (iV) Basic manufacturinf; tc^t specifica-

noft {til) Systematic testing {iv) Tolerances on characteristics

(i) Importance of control over characteristics
I'hc successful design and continued satisfactory operation of electronic equipment

require that the valves used have certain prescribed characteristics, the initial values of

which do not vary from valve to valve sufficiently to affect operation seriously and
which, throughout life, remain within a prescribed range with only gradual change

until the end of useful life is reached Owing however to the highly complex nature of

the physical-chemical processes involved in manufacture and the difficulty of controlling

the variations of many of these processes under mass production conditions, the ulti-

mate degree of uniformity obtainable in the final product, both in initial characteristics

and their variation throughout life, must always be a compromise between the per-

formance required by the equipment designer and user and the manufacturing cost in

obtaining that pcrfi>rmance. In any individual case, however, the degree to which
variation of one or more characteristics affects operation, either initially or during life,

depends entirely on the particular application and the critical features of the circuit

design. For good circuit performance, it therefore is essential to take into consideration

the range of variation of the various characteristics on which operation depends and to

ensure that operation, so far as is practicable, is independent of the variation of

characteristics, particularly of critical characteristics and characteristics over which
limited or no control is exercised in manufacture by the valve te5;t specification.

(ii) Basic manufacturing test specification
Owing to the relatively limited range of variation of mechanical and electrical

characteristics for which usability and performance of the various types of valves in

their intended applications may be satisfactory, it is necessary to apply tolerances, or
“ limits ” to control the range of characteristics obtained under mass production

conditions. For commercial applications t.hese tolerances are chosen to be both satis-

factory to the equipment designer and sufficiently wide to be economical and thus

enable valves to be manufactured in large quantities at a reasonable cost. These
requirements are embodied in the complete manufacturing test specification,

which normally comprises -

(1) Maximum permissible conditions of operation or ratings, as determined by
emission capability, goodness of vacuum maintenance and interelectrode insulation.

(2) Nominal values for the principal physical dimensions and electrical characteris-

tics, relevant to intended applications under specified operating conditions.

(3) A schedule of mechanical and electrical tests (including tolerances and sequence)

sufficiently comprehensive to ensure that the prescribed dimensions, and electrical

characteristics are maintained in production, and sufficiently severe to indicate likely

failure, during life, when operated under maximum ratings.

(4) A life test schedule sufficiently severe in conditions of operation and permissible

deterioration of the main functional characteristics, to indicate reliability and per-

formance of the product on life, under both normal recommended and maximum
rating conditions.

As most valve types are designed to give a certain performance and life in a specific

application or limited range of applications, it is important to note that each type is

processed accordingly and that, in general, the test specification for a particular type

normally includes only those tests which are necessary for adequate and economic
control of the characteristics, and are required for satisfactory performance and life

in the intended applications. Unintended applications not covered by the maximum
ratings or test specification should be referred to the valve manufacturer, as perform-

ance and life in many cases can often be decided only by laboratory investigation and
special life tests.

Reference to quality cxmtrol ; Ref. 45. Reference to life testing : Ref. Q7.
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(ill) Systematic testmg
For the purpose of systematic testing, valve characteristics may be divided into the

following three categories.

(a) Primary characteristics, which are fundamental to the basic operation and
life of the valve as a thermionic device and its functional operation and usability.

These include the mechanical stability of the envelope and electrode structure, external

physical dimensions and construction, continuity of electrode connections, characteris-

tics indicating the goodness of the vacuum and emission and the principal functional

charaaeristics dependent on the electrode geometry.

(b) Secondary characteristics, which are not fundamental to the operation of the

valve, but are, in general, dependent on the primary functional characteristics and
essentially determine the degree of performance obtainable in intended applications of

the particular type.

(c) Tertiary characteristics, which are not fundamental to the operation of the

valve, but are dependent on, and are in general controlled by the primary and/or

secondary characteristics and either affect performance in a minor degree only, seldom

vary sufficiently to affect performance or are important only in certain applications or

for purposes of valve design.

In order to control the above-mentioned characteristics after manufacture in

accordance with their specification, the acceptance testing procedure is usually

organized into the following group of tests, the functions of which are described in

detail in the following subsections.

(A) Production Tests.

(B) Design Tests,

(C) Recorded Readings.

(D) Life Tests.

(E) Warehouse Tests.

(A) Production Tests

(l; First Testing

All primary characteristics, except those which arc subject only to minor variation

from valve to valve, are usually tested 100 per cent, in the factory after manufacture

Tests performed on this basis are designated Production or Factory I'csts and failure

of any valve to meet the prescribed test limits for any production test constitutes cause

for total rejection of that particular valve. When characteristics arc uniform and
quality satisfaaory, production tests arc usually limited to primary characteristics only

and particular characteristics which cannot be otherwise controlled satisfactorily.

The normal production tests are performed in the sequence prescribed by the specifi-

cation and for all types the tests normally include intcrelcctrodc shorts and continuity,

reverse grid current (gas, grid emission, leakage), cathode current, series- resistance-

supplied electrode currents, transconductance, emission or equivalent dynamic
characteristic test, noise and microphony.

(2) Holding period
After the schedule of production tests has been completed, it is usual for all valves

to be held in storage for periods varying from 24 hours upwards to allow any deteriora-

tion of mechanical or electrical characteristics, due to unsatisfactory manufacture, to

develop.

(3) Second testing

Following the holding period, all, or the most important production tests are usually

repeated either on all valves 100 per cent, or on a representative sample using statistical

sampling procedures which have been established as reliable, economical methods of

determining either that the maximum percentage of defectives in a given quantity

shall not exceed a certain value, or that the average percentage of defectives in the
outgoing product shall not exceed a certain level.

When statistical sampling is used, if the product fails to meet the sampling acceptance

criteria in one or more tests, or totally, the batch in question is then re-tested 100 per
cent, for those tests in which failure occurred, and all defectives screened out. In
addition to repeating first-production tests, tests are often included at the second
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production-sampling test to control characteristics, 100 per cent, testing of which
may not be warranted or necessary.

Subject to the product having passed the design and life test criteria to be described,

it is now usually transferred to the warehouse for shipping and distribution to manufac-
turers and wholesalers.

(R) Design tests^

All important secondary characteristics are controlled by regularly testing and
recording the characteristics of a relatively small sample selected at random, either from
each production batch, or each day’s production in the case of continuous production,

after all the first-production tests have been performed and the defectives for these

tests screened out. The sample size is determined by the production batch size on the

daily production level, provided characteristics are reasonably uniform. Typical

sample sizes used arc 1 per cent, (minimum 5 valves) of each batgh, or a fixed sample
size of 5 to 10 valves per type per day for types in continuous production.

The tests performed on the characteristics included in this group, on the above basis,

arc called Design Tests and the usual procedure is that failure ofmore than a stipulated

percentage of the valves in the sample to meet the prescribed test limits for a particular

characteristic, or failure of more than a stipulated percentage of all the characteristics

to meet their prescribed limits, constitute cause, initially for retesting a larger sample

—

usually 100 valves—for the charactcristic(s) failed, and in the event of the failure

being confirmed, for 100 per cent, testing of the complete batch for those characteristics

in which failure occurred. Failure of any valve of the batch to meet the specification

for the characteristic(s) in question is then cause tor rejection.

In the case of continuous production, the usual practice is for the ffuled design tests

to be made production tests temporarily until satisfactory control of the characteristics

in question has been re-established and the design test criteria for these characteristics

can again be met consistently.

Typical design test acceptance criteria require that not more than 10 per cent, of the

valves of the sample fail for any one design test or that all the design tests failed do not

exceed 20 per cent.

In addition to essential secondary characteristics, other characteristics which are

often controlled on a design test basis include those characteristics which are not

independent parameters but have their values determined by characteristics which
arc tested 100 per cent., also characteristics which require to be controlled for particular

applications.

Design tests are performed only on valves which meet the prescribed production

tests. To this end, the latter normally are repeated and recorded when design tests are

performed.

(C) Recorded readings
Tertiary characteristics arc controlled, in general, on the basis of criticism and corrcc-

tioa from recorded readings of all important characteristics obtained from the design

test samples, uken either daily, weeUy or monthly, depending on the importance of

the characteristic and its liability to variation.

Failure of characteristics tested on this basis to meet the requirements of the specifi-

cation (or, where not specified, to meet the average range of variation usually main-
tained) in respect of the design test criteria is cause for criticism only, and not rejection ;

individual vdves having the characteristics indicated are not screened from the

product, unless the effect of their variation on performance is likely to be serious.

Where a recorded reading test indicates continuing unsatisfsaory control of any

partictilar characteristic, it is usual for that recorded reading to be made a design test

temporarily, if considered warranted, until satisfactory control has been re-established.

(D) Life teats*

Due to the varying extent to which the mechanical and electrical characteristics may
be affected by imdetected and consequently uncontrolled variations of manufacturing

processes, it is not possible to predict reliably by any schedtile of instantaneous tests.
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however comprehensive, the performance obtainable from any particular valve under

operating conditions, and it is necessary to rely on recorded observations of characteris-

tic variation during continuous or intermittent operation under controlled test condi-

tions, to determine ultimate performance. Such tests arc known as Life Tests.

Provided maximum ratings have not been exceeded, the life of most oxide-coated

cathode high vacuum valves, assuming that the initial emission and electrode insulation

arc satisfactory, is determined almost entirely by the extent to which the initial vacuum
is maintained during storage and during periods of operation and non-operation, as in

general the supply of emission-producing material available on the average hlament or

cathode greatly exceeds that required for the lives normally obtained in practice.

The average rate and uniformity of deterioration of the vacuum- and emission-

dependent characteristics which normally occur slowly and uniformly in all valves

during operation, and which vary from valve to valve, and any excessive deterioration of

mechanical and electrical characteristics due to defective manufacture arc controlled by
regular life tests of small samples of each type. These life tests are operated normally

imder maximum rating conditions, for a specified period during which the performance

determining characteristic(s) may not deteriorate beyond prescribed values, or for the

period (which may not be less than a prescribed minimum) required for such deteriora-

tion to occur.

Owing to limitations of equipment and cost, regular control life tests are run usually

for periods of 500 to 1000 hours on small samples of the order of 5 valves per type per

week for types in continuous production. As variations in characteristics arc most

liable to occur early in life, readings are usually spaced at increasing intervals to give

an indication of the complete life characteristic over the control periods.

A typical life test acceptance criterion of satisfactory life is that the average life

obtained per valve, considering all valves of the sample, must be not less than 80 per

cent, of the specified duration of the life test. The valves used must also be selected at

random and comply with the production and design test acceptance criteria.

In the event of the completed product failing to comply with the life test criteria,

delivery of the product is then withheld from the warehouse, until satisfactory life has

been re-established.

(E) Warehouse tests

When quality is uniform, the controls normally imposed prior to packing are retests

of electrode mechanical stability and continuity, and maintenance of the vacuum, by
means of a suitable interelearodc hot “ shorts and continuity test during which each

valve is tapped lightly with a specified mallet. Each valve is also re-inspected for any
deterioration of the envelope in the case of glass valves, cementing of phenolic bases

and top caps, dry or badly soldered pin and top cap connections, type designation and
general mechanical finish. Pins of miniature valves arc also straightened, if necessary.

(iv) Tolerances on characteristics
(a) Initial charactcriatica

The tolerances on types of American origin to-day are substantially those published

for these types in the American JAN-1A Specification which is based on common
valve manufacturing practice in that cotmtry and was compiled by a committee which
included the major valve manufacturers (Ref. S2 ; for tabulated characteristics see

Ref. 65).

(b) Life test end points

Apart from the information published in the relevant American and British Service

Specifications, no information is generally available concerning accepted life test end
points. In R.M.A. Standard Specification ET-107 (Ref. S7) there is published a list

of life test end points which may be regarded as typical of the practice followed by
American valve manufacturers. A valve is considered to have reached its life test end
point when, at rated filament or heater voltage and specified electrode voltages, the

following values have been reached :



3.2 (iv) TOLERANCES ON CHARACTERISTICS 89

1 . 65% of rated transconductance for r-fand i-f amplifiers.

2. 50% of rated conversion transconductance and 65% of rated oscillator grid

current for converter and mixer types.

3. 50% of rated transconductance for general purpose triode types.

4. 50% of rated power output for power output types.

5. 40% of minimum rated direct current for diode types.

6. 80% of rated current or voltage for rectifier types.

7. 70% of normal alternating output voltage for resistance-coupled amplifier

types.

Note. - Rated values are those referred to on R.M.A. Electron Tube Characteristic

Sheets under maximum typical operating conditions.

SECTION 3: METHODS OF TESTING CHARACTERISTICS*

(i) General conventions

(ii) General characteristics

(a) Physical dimensions
(b) Shorts and continuity

(c) Heater (or filament) current

(d) Heater-to-cathode leakage

(c) Inter-electrode insulation

(f) Emission

(g) Direct interclecuodc capacitances

(iii ! Specific diode characteristics

(a) Rectification test

(b) Sputter and arcing

(c) Back emission

(d) Zero signal or standing diode current

(iv) Specific triode, pentode and beam tetrode characteristics

(A) Reverse grid current

(B) Grid current commencement voltage

(C) Positive grid current

(D) Positive voluge electrode currents

(E) Transconductance or mutual conducunce
(F) Amplification factor

(G) Plate resistance

(H) A.C. amplification

(I) Power Output

O) Distortion

(K) Microphony
(L) Audio frequency noise

(M) Radio frequency noise

(N) Blocking
(O) Stagi; gain testing

(P) Electrode dissipation

(v) Specific converter characteristics

(A) Methods of operation including oscillator excitation

(1) Oscillator self-excited

(2) Oscillator driven

(3) Stauc operation

•The wtbtancc of A. H. Wardolc. Member I.R.B. (U.S.A.> and D. H. CoimoUv, A.S.T.C., it ack-
nowtodged.

HON.
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(B) Specific characteristics

(a) Reverse signal-grid current

Signal-grid current commencement
(c) Mixer positive voltage electrode currents

(d) Mixer conversion transconductance

(e) Mixer plate resistance

(f) Mixer transconductance

Oscillator grid current

(h) Oscillator plate current

(i) Oscillator transconductance

(i) Oscillator amplificadcm factor

(k) Oscillator plate resistance

(l) Signal-grid blocking

(m) Microphony
(n) R-F noise

(vi) Tests for special characteristics

(A) Short-circuit input admittance

(B) Short-circuit fe^back admittance

(C) Short-circuit output admittance
(D) Short-circuit forward admittance

(E) Perveance
(vii) Chartcteristict by pulse methods—point by point

(viii) Characteristics by curve tracer methods

(i) General convcntkma
The methods described in this section are typical of good practice and should only

be taken as a guide of good practice. They represent, in general, the main operational

tests which are used to control the performance of various types of receiving valves.

The valve imder test should have its heater (or filament) operated at the specified

voltage for cemstant voltage types or at the specified current for constant current types.

Direct current is generally specified for all charaaeristic testing, although a.c. may be
used for indirectly heated types and directly-heated a.c. power types, but it is essential

that the filaments of all directly-heated battery types be operated from direct current.

The positive electrodes (e.g., plate, screen) should be supplied from suitable direct-

voltage sources the voltages of which can be adjusted to the values specified. Good
regulation (i.e., good voltage stability) is highly desirable for charaaeristic testing but

is expenrive to attain with valves drawing high cathode currents. The recommended
source is an electronic voltage regulator such as that of Fig. 33.10, the output terminals

being shunted by s r-fby-pus capacitor (e.g., 0.01 mF mica). A large capacitance should

not be used since this results in a tendency for the voltage regulator to ** hunt In

other cases all supply voltages should be adequately by-passed for a.c. components.
In the case of emission testing, a special low voluge high current source of low

internal resistance is essential. Where operation is required from a.c. mains, a selenium

rectifier supply is usually the most suitable and inexpensive for high current emission

testing.

The negative electrodes (e.g., control grid, suppressor) do not normally draw much
current, and the voluge regulation of the current source is therefore not very important,

but the voluge applied to the terminals of voltage divider supplies, as normally used,

must be well subilized. Either an electronic voluge regtilator or a gas type voltage

regulator tube, or both, may be used. If the characteristics are to be tested with the grid

positive, the ** screen ” source may be used for triode grids ; otherwise an additional

electronic voluge regulator (of the same type as for the plate and screen) should be

used. All direa electrode voltages are to be measured with respect to the cathode. In

dynamic tests the voltages are to be measured under operating conditions.

In all methods of testitig, depending upon the particular charaaeristic, well filtered

supplies both imitive and negative should be used.

The basic circuit for testing electrode currents with variable applied voltages is

indicated in Fig. 3.1 for use with diode, triode or pentode valves and negative grid
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voltages. If instability is experienced with valves having high transconductance, a

screen stopper of 50 to 100 ohms with or without a control grid stopper of say 500
ohms should be connected directly to the electrodes concerned. It is very important
that these resistors be non-inductive and, in the case of the screen stopper, of sufhdent
rated dissipation. The screen stopper should be by-passed directly from the supply
side to the cathode using a mica capacitor of, say, 0.01 fiF capacitance.

F»C. 3.1

Fig, 3.1. Basic circuit for testing electrode currents.

Pre-heating

Pre-heating with heater voltage applied to the heater only is generally adequate for

ail ordinary purposes where it is necessary to conserve time, except where full dectrode
dissipation pre-heating is required by particular valve specifications under acceptance

testing conditions, or when testing for reverse grid current (gas, grid emission and hot

leakage). When full electrode dissipation is applied, the time of pre-heating isnormally

2 minutes (JAN-IA) to 5 minutes (R.M.A.). Maximum valve ratings should not be
exceeded during pre-heating.

Sec References S2, S7.

(il) General characteristics

(a) Physical dimensions—Valves may be checked for overall length and maximum
diameter either by the use of “ go not go ” gauges or by an adjustable length gauge

and outside calipers respectively.

Standard ring gauges for checking maximum and minimum base and sleeve dia-

meters, also pin alignment gauges, are specified by R.M.A. Standard ET-106 (Ref. S6).

(b) Shorts nnd continuity—It is important to ensure that electrodes such as control

and signal grids and suppressors, which do not normally dissipate any power, should

not be subjected to any appreciable power dissipation during the shorts and continuity

test, otherwise the valve may be damaged as the degassing treatment of these grids

during manufacture is normally much lighter than that of electrodes which are required

to dissipate power. In addition, the cathode current drawn, particularly in filament

types, should not be excessive. It is also important that shorts be checked between the

various electrode pin connections and pins designated as no connection, also that the

continuity of internal jumper connections between base pins be checked.

The circuit arrangement accepted as the most generally satisfactory for both shorts

and continuity with regard to sensitivity and speed of testing is that known as the

hexaphase shorts and continuity test. This circuit is now widely used, particularly by
valve manufacturers (e.g., Ref. 1, Fig. 54). A modification is shown in Fig. 3.2 which

uses 6 110 volt i watt neon lamps and is entirely satisfactory for valves not requiring

more than 6 independent electrodes. The values shown for this circuit have been
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chosen to suit the nuijority ofreceiving type valves in that the dissipations of the nonnal-
ly negative electrodes are kept low for reasons previously stated—see (b) above—and
may not be satisfactory for all valve types. In the case of a semi-universal tester it is

essential that the requirements above be observed) and also that all electrode dissipa-

tions and peak and average currents be kept within their maximum ratingS) otherwise

valves may be damaged. It it also caaendalaa in any ahoita tester that Che cnthoda-
to-grid voltage, and hattery-type filament-to-grid voltage pardcularly, be
kept to a vsdue not exceeding approximately 100 volts, owing to the small
spacing between these electrodes resulting in unreliable ** flick ’* indications of the

neon lamps in normally good valves. The test is carried out with the cathode hot, and
the resistor Rg is for the purpose of limiting the peak cathode current to a safe value

(3 mA per 50 milliamp. filament strand for 1.4 volt battery valves). The tester uses

split anode neon lamps and continuity of each valve electrode is indicated by the

glowing of one half of the split-anode neon lamp connected to that electrode. In the

case of a short-circuit to cathode, one lamp will light on both electrodes, while in the
case of a short-circuit between two or more other electrodes, two or more lamps will

so light. There is an optimum arrangement of connections from the terminals

A) B, C, D and E to give fairly low voltages between cathode and control grid or other

low-dissipation electrodes and to give uniform illumination on all lamps. In some cases,

experimenting may be necessary in changing over connections to obtain fairly uniform
illumination on all lamps. It is necessary that the insulation of the sockets and
wiring be sufliciently good to avoid residual ^ows on the neon lamps when a valve is not
in the socket. This is particularly important in humid climates.

3 PHASE 6 PHASE OUTPUT

Fig. 3.2. Hexaphase shorts and continuity tester. Suitable values are R 5000 ohms^
R,=R»-7500 ohmsy /?,- 1500 ohmsy R,-5000 ohmSy R* -50 000 ohms for battery
vahes other than power outputy 33 000 ohms for rurrmal a.c. typesy or 15 000 ohms for
power output vahes. Lamps (N) are 1 10 volt } watt split-anode neon.

Ifmore than six lamps are required, additional lamps may be incorporated at suitable
points in the ** ring ** network, but all such arrangements have the limitation that one
or more conditions exist where no shorts indication is possible on one or more pairs
of lamps.

In addidon to the neon shorts and continuity test, filament type lamps may be used
to indicate continuity from shield to cathode or along a *' jumper linking two pins.

Continuity of hauers and filaments is indicated by means of a current meter of
suitable scale in series with the heater or filament, an open-circuit being indicated by
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zero current. In the absence of a current meter and where a rheostat is used to drop

the filament/heater source voltage, the voltmeter reading may be used to indicate

open-dreuit^ filaments or heaters since the voltmeter reading will then be much higher

than normal.

Fig. 3.3. Older type of shorts and continuity tester.

The older type of shorts tester is shown in Fig. 3.3 and operates on single phase

and requires a toul voltage of 880 volts for 8 lamps. This may be used as a hot or cold

cathode shorts tester, but has the disadvantages that it only indicates electrode continue

ity of those electrodes which draw sufficient current to operate lamps to which they arc

connected. It also has the severe disadvantage that the voltages cannot be arranged

oooveniently with regard to the electrode configuration for semi>universal testing, as all

voltages are in phase, and quite high voltages may be developed between adjacent

electnxies in the absence of complicated switching.

When using this type of tester with either hot or cold filament (or cathode), it is

essential to connect grid No. 1 to the lowest voltage in. the chain with respect to earth,

otherwise damage may be done to the valve, or else good valves may indicate as having

a short circuit. The other points in the chain should be connected in the same sequence

as the grids and plate.

A fairly satisfaaory form of single lamp

shorts and continuity tester commonly used

in service testers is shown in Fig. 3.4. The
electrode switch 5 is routed with the

cathode heated. If the neon lamp glows

on one side only the particular electrode is

connected ; if on both sides a short-circuit

is indicated. Ifonly one electrode indicates

short-circuit, the short is to heater (fila-

ment) ; if two or more electrodes indicate a

short-dreuit, they are shorted together. The continuity test only works well for the

electrodes close to the 'cathode, the sensitivity decreasing towards the anode.

Fig. 3.4. Simpler type of shorts and
continuity tester^ employing a single

lamp.

The same circuit Fig. 3.4 may also be used for a cold cathode shoits test.

(c) Hontar (or filament) current—This is measured with a d.c. heater source,

using the heater circuit as in Fig. 3.1. The heater voltmeter current passes through

the ammeter /f, so that it is necessary for greatest accuracy to subtract the voltmeter
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current from the current reading. However, with a 1000 ohms-per-volt meter, the

current is less than 1 mA and the error is quite small with heater currents of the order

of 0.3 A. When measuring hlament currents of small battery valves (c.g., 50 mA),
the anuneter zero may be set to read zero when the voltmeter is at its nominal reading

(e.go 1.4 volts). The current is normally measured with no connections to any other

ekenrodes. See also Ref. S12, Sect. 2.1.

(d) licnter-to*catliode leakage—This may be tested by applying the maximum
rated direct voltage between one heater terminal and cathode and measuring the

current with a microammeter (say 0-500 fiA) with a safety resistance in scries (not

greater than 100 000 ohms). The leakage current should be not greater than 20
for ordinary 6.3 volt 0.3 ampere valves, or 50 to 100 /lA for power valves, with 100

volts applied.

The heater may be operated with cither a.c. or d.c. supply if below 35 volts ; at 35

volts and above it is usual to operate it on a.c. supply. The voltage between heater and
cathode should be applied with both polarities, except in the case of rectifiers where the

heater must be negative with respect to the cathode.

(e) Inter-electrode insnlntlon—This is not normally a regular commercial test,

except to meet service specifications. The test voltage specified is normally 300 volts

for small valves or 500 volts for those which are able to stand the higher voltage.

The insulation resistance may be measured by any ordinary type of insulation tester,

but preferably by an electronic megohm-meter. In this test, the cathode should always

be positive. The test is carried out on a valve which has reached a stable temperature

under normal operating conditions. The minimum permissible insulation resistance

usually specified is 10 megohms (Ref. S2).

This test is not used between heater and cathode.

(f) Emission—The purpose of the emission test is to ensure that the cathode

emission is adequate to provide the peak and average space currents for the particular

application of the type by a margin which has been found to be satisfactory for good
life and performance.

Emission is normally tested by applying a suitable direct positive voltage to all grids

connected together with the plate, and measuring the total cathode current.

Because of the very high value of the emission current normally drawn from the

cathode, the resulting excessive dissipation of the inner grids and the gas produced as a

result of this dissipation and also as a result of ion bombardment of the cathode, the

emission test is a damaging test and should be performed as seldom as possible and then

always very carefully.

In order to avoid damage to the cathode by this test, the applied voltage must be

sufficiently large to approach current saturation without drawing sufficient current to

damage the valve due to excessive dissipation of the inner grids. At the same time the

test must be of sufficient duration to enable the stability of the emission to be indicated

without being so long as to give risk of poisoning the emission. A safe value generally

accepted for the dtiradon of the emission test is 3 seconds. During this period the

emission should not fall below a value reconunended by the valve manufacturer.

In general, emission is a minimum reading. As most of the cathode current goes to the

No. 1 grid, which is usually wound with very fine wire, and treated lightly during

manu&cnire, the applied voltage must be restricted to a value such that the emission

current drawn does not result in damage to the valve. The voltages normally used in

manufacture are listed below.

Emission testing with applied alternating voluge is also used, but in this case the

test becomes one intermediate between a peak emission test and a high current trans-

conductance test. In practice, there is no exact and simple correlation between a.c.

and d.c. emission tests due to the fact that the a.c. emission current depends in part on
the emission capability of the valve as well as on its geometry. Experience has shown
that mains frequency a.c. emission tests tend to be unreliable owinif to the fact that the

emission gets a rest ** between cycles and, in a practical case, tfie rating of peak to

average emission current drawn cannot be made sufficiently high to be effective.

Voltages given below are based on JAN-IA (Ref. S2) ; values of voltages and mini-
mum emission currents are given by Ref. 65.
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Signal diodes are normally tested for emission with an applied direct voltage of

10 volts, except that 20 volts are normally applied to type 6H6.

Power recdficrt are normally tested with applied voltages as listed below (suffixes

of valve types have been omitted) :

20 volts—IV, 12A7, 32L7.
25 volts—84/6Z4, 70L7.
30 volts—5V4, 6ZY5, 7Y4, 12Z3, 25A7, 25Z5, 25Z6, 35Z3, 35Z4, 35Z5, 45Z3,

45Z5, 50Y6, 83V, 117N7, 117Z4, 117Z6.
50 volts—5Z4, 6W5, 6X5, 7Z4, 28Z5.
75 volts -5R4, 5T4, 5U4, 5W4, 5X3, 5X4, 5Y3, 5Y4, 5Z3.

Amplifier valves are normally tested for emission with an applied direa voltage of
30 volts. Some of the exceptions are listed below :

10 volts—1AB5, 6AC7, 6AG5, 7E5, 7F8, 7G8, 7V7, 7W7, 26A7.
15 volts -6BE6.
20 volts—1D8, 1J6, 2A3, 3A8, 6AB7, 6AG7, 6SD7, 6SQ7, 6SH7, 7G7, 7H7, 7J7.

7L7, 7Q7, 7R7, 7S7, 19, 28D7, 35L6, 70L7.
25 volts— 117N7.
50 volts—6A6, 6B5, 6L6, 6N6, 6N7, 12A5, 24A, 53, 59, 79.

All the voltages listed above are subject to variation by different valve manufacturers.

(g) Direct interelectrode capacitances—The following information is based on
recognised engineering practice by the manufacturers of American-type valves, and is

in line with the I.R.E. Standard (Ref. SI, S12), the R.M.A.-NEMA Standard (Ref. S8)
and with JAN-1A (Ref. S2).

The capacitances which are measured are direct interelectrode capacitances, and not

the total (self) capacitances which are the sum of two or more direct capacitances.

The measured value of inter-electrode capacitance of a valve is dependent upon the

valve shield or, in the absence of a shield, upon the geometry of the external enviroo-

ment. It is therefore necessary for the test to be made under strictly specified conditions

of valve shielding and of electrode and internal valve screen connections.

Published values of interelectrode capacitances are stated either for the condition

where the valve is shielded with a specified standard valve shield (sec below) or is

imshielded. Interelectrode capacitances are normally measured with the cathode cold

and with no direct voltage applied to the electrodes. The base pins and leads arc

shielded from each other and from other elements of the valve so that they and their

connections do not form part of the capacitance being measured. All external metal

parts integral with the valve should be connected to the cathode ; such parts include

lock-in valve bases, meul base shells, and pins with no connection. When capadunoe
measurements are made on indirectly-heated valves the heater should be connected

to the cathode unless in special cases the measurement is between the cathode only and
other elements, or the heater and other elements. For valves having elements other

than a control grid, a plate, and a cathode, the additional elements of the active section

including internal shields should be connected to the filament or cathode by the shortest

possible connections. For a multiple-unit valve structure, all elements of the other

section(s) should be earthed except when reading inicr-scction coupling capadrances.

The test sockets should be Standard Capadiancc Sockets as spedfied by R.Mj\.-

NEMA (Fig. 3.4A). Valves with top caps should be tested with the R.M.A.-NEMA
Standard Cap Connectors (Fig. 3.4B).

The connections to be made to the electrodes while testing for interelectrode

capadtances arc given below :

Input capacitance is tested by measuring the capacitance between grid and cathode,

the latter being connected to heater, screen and shields ; the plate is earthed.

Output capacitance is tested by measuring the capacitance between plate and

cathode, the latter being connected to heater, screen and shidds ; the grid is earthed.

Capacitance from grid to plate for all types of valves is measured with all other

dectrodes earthed.
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In multiple unit vulves, the capacitance between the grid of one section and the

plate of the other is measur^ with all other electrodes earthed ; similarly from one
plate to the other.

The input capacitance of a diode is measured between its plate and cathode>

the latter being conneaed to heater and shields ; other sections are earthed.

The capacitance between diode-plate and grid or plate of other sections is

measured with all other electrodes earthed.

In a converter, the r-f input capacitance is measured between the signal grid

and all other electitxles connected together.

The mixer output capacitance is measured between the mixer plate and all other

electrodes connected together.

The capacitance from oscillator grid to oscillator plate is measured with all

other electrodes earthed.

The oscillator input capacitance is measured between oscillator grid and cathode,

the latter being connected to heater and shields ; the oscillator plate and all electrodes

of the other section being earthed.

The oscillator output capacitance is measured between oscillator plate and
cathode, the laner being connected to heater and shields ; the oscillator grid and all

electrodes of the other section being earthed.

The capacitance between oscillator grid and signal grid, or oscillator plate

and signal grid, is measured with all other electrodes earthed.

In converters in which there is usually a r-f voltage between cathode and
earth (e.g., 6BE6), the oscillator output capacitance is measured between cathode

and heater, the latter being connected to screen and shields ; the oscillator grid being

earthed.

The oscillator Input capacitance is measured between oscillator grid and all other

electrodes connected together. The capacitance between oscillator grid and cathode

is measured with all other electrodes earthed.

Standard sockets, cap connectors and shields for use in the measurement of
valve capacitances (R.MA.-NEMA, Ref. S8).

J) Sockets
The construction and shielding of capacitance sockets and leads shall be such that

when the holes for the insertion of the base pins are covered with a grounded, flat meul
plate, the capacitance between any one socket terminal and all other socket terminals

tied together does not exceed 0.000 10 f4#4F for receiving valves.

Fig. 3.4A. RMA-NEMA Standard Capacitancr Sockets {Rrf. SS).

The hole for the accommodation of the locating lug of ocul and lock-in bates shall

be less than 0.500 inch diameter.

The diameter of holes for the insertion of the base pins (see Fig. 3.4A) shall be
limited to the values shown in Table 1. The socket face plate shall be flat and shall

have a minimum diameter as shown in Table 1 . Any structure above the face plate

shall have neglipble effect on the capacitance being measured.
A thin insulating film may be permanently attached to the face plates of capacitance

sockets to provide insulatiofi for ungrounded shielding members.
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The socket shall be so constructed that the base of the valve under test will seat

on the face plate.

Base Designatioti
Standard 4, 5, 6 or 7-pin

Octal

Lock-in
7-pin miniature

9-pin miniature
•*»ee Fig. 3 .4A.

Table 1.

Mmju diameter (A)^
0.250 in.

0.175 in.

0.093 in.

0.075 in.

0.075 in.

Max. diameter (B)*
3 in.

3 in.

3 in.

2i in.

21 in.

(2) Cap connectors.
Standard Cap Connectors shall be made as shown in Fig. 3.4B. A thin insulating

him may be placed on surface X in Fig. 3.4B. Dimensions in inches shall be m
ubulated below.

Designation A B C
Medium Hi: A 0.556 0.850

Small «±A 0.352 0.750

Miniature at A 0.242 0.750

^MIN

Filg. 3.4B. RMA-NEMA Standard Cap Connectors for use in measurement of valve

capacitances (Ref, SB).

(3) Shields.

Standard shields are shown in Fig. 3.4C. It is recommended that these shields be

used as indicated below, or as specified by the valve manafacturcr.

Max. seated height

Shield with without

No. top cap top cap

308 GT glass types with T9 bulbs* 3 2i in.

309 G glass types with T9 bulbs* 3i 3A in.

311 G glass types with ST 12 bulbs* 4A 3H in

312
f G glass types with ST14 bulbs* 4H 4 A in.

\ G glass types with ST 16 bulbs* 5J 4} in.

315 Miniature types with T6i bulbs* — 2| in.

316 Miniature types with T5i bulbs* — 2| in.

(4) Methods of measuring inter-electrode capacitances are described in the

I.R.E. Standard (Ref. S12). The R.M.A.-NEMA Standard (Ref. S8) states that the

r-f bridge method (Refs. 77, SB, S12) and the transmission method (Reis. S8, S12)

shall be the standard methods of measuring interelectrode capacitances ; bodi methods

are described. These measurements are normally made only in valve laboratories.

*T]|. nuiiiiiuin outside diMneten of thne bulb* arc : T9 1*3/16 In. ; ST12 1*9/16 in. ; STi4
1-11/16 hi. i ST16 2*1/16 in. ; TS) 1/4 in. t T61 7/8 in.
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RMA-NEMA STANDARD SHIELDS FOR USE IN MEASUREMENT OF

VALVE CAPACITANCES (Ref. SB)

MdJOB
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0.0001 to 2 between any two electrodes of a valve with all the other electrodes

earthed, at a frequency of 400 Kc/s.
Capacitances above 2 /x/iF are usually measured on a simple capacitance bridge at

1000 c/s. Commercial bridges having a logarithmic scale are available for this purpose,
reading from 0 to 30 ft/xF, However, audio-frequency bridges are out of the question

for very low capacitances, because the insulation resistance between electrodes may be

lower than the reactance of a 0.0001 /x/xF capacitance. Even at 1000 Kc/s the re-

actance of this value of capacitance is 1500 megohms.
The capacitance measured with an audio-frequency capacitance bridge is frequently

higher than that measured with a capacitance bridge operating at radio frequency.

This effect is associated with the presence of resistive films on the insulators supporting

the valve electrodes. Such films may be caused by deposition of getter or by the evap-
1 ration of metal from the cathode either during the manufacture or during the life of

the valve. The value of the resistance may be as high as 1000 megohms or more, but is

capable of modifying the measured value of the capacitance and prevents the prediction

of the performance of the valve at frequencies higher than that of the measurement
(Ref. 23).

The actual capacitance of a valve depends on its operating conditions and the im-
pedances in the electrode circuits. For purposes of specification testing the valve is

tested with the cathode cold and without any voltages applied to the electrodes. In any
particular case under specified operating conditions the interelectrode capacitances

will differ from the static capacitances measured in this way. For further information

sec Chapter 2 Sect. 8(iii> and the references there listed.

(iii) Specific diode characteristics

(a) Rectification test. Power diodes -The rectification test is an operation test

as a rectifier at the maximum ratings for applied r.m.s. voltage with condenser input

filter, and with the maximum rated values of average and peak currents. The basic

circuit is shown in Fig. 3.5 in which 7', is the plate transformer and T, is the filament

transformer. The average current is measured with the d.c. milhammeter, while the

voltage across K
j
may either be calculated from the resistance and current or may be

measured by the direct voltmeter V. The condenser C, should be an impregnated
paper type.

Fig. 3.5. Rectification test.

The plate supply impedance is that of transformer 7’, which should be one having

eood regulation and low winding resistance.

In a transformer the plate supply impedance per plate is given approximately by

R.r ( 1 )

where .V voltage ratio of transformer at no load (primary to hilf secondary in the

case i>f full -wave rectification)

(half) secondary voltage
at no load

primary voltage

Rpri resistance of primary winding m ohms
andR.^. resistance of secondary winding in ohms (or half-secondary in the case of

full-wave rectification).

If the transformer plate supply impedance per plate is less than the required value,

two equal resistances should be added at points XX in Fig. 3.5 to make up the defi-

ciency. If the transformer plate supply impedance per plate is greater than the required
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value> the test will not be so severe since it will reduce the peak plate current and also

reduce the output voltage or current.

In view of this limitation, a rectification test which may be used and which should

be satisfactory for all practical purposes is to make use of the maximum published

conditions with a condenser input filter. These conditions include the maximum
r.m.s. applied voltage, the maximum d.c. load current, the minimum plate supply

impedance per plate and the maximum filter capacitance for these conditions, if

pubhshed. In cases where the latter information is not available, it is usually safe to

test with the maximum value of filter capacitance used in the published curves or

typical operation data, provided that the plate supply impedance per plate is equal to

the minimum rated value or to the value used for the curves or typical operation data,

whichever is the greater. In all cases it is essential that the maximum peak plate

current rating per plate be not exceeded.

The rectification test may be used for the purpose of checking the output voltage

and so determining end of life. The circuit constants for the rectification test may be
obtained by the following procedure. The value of Rf is given by Eo//© where
and Iq are the direct voltage and current respectively across the load resistance under

maximum ratings. The value of £© is obtainable from the usual operational curves

published by valve manufacturers, and is the direct voltage for the maximum r.m.s.

applied voltage at the maximum value of load current (/©). If curves are published

for more than one value of filter capacitance, the curve corresponding to the highest

capacitance should be selected. The rectification test should be carried out with the

value of Cf equal to that used for the derivation of E©, while the total effective plate

supply impedance per plate should be as specified above. Under these conditions

an average new valve should give a voltage E© and a current /© approximately equal to

the published values, and individual valves will have values either higher or lower than

the average as permitted by the manufacturing tolerances. The end-of-life point is

commonly taken as 80 per cent, of the value obtained with a valve having bogie charac-

teristics (R.M.A., Ref. S7).

The rectification test may be carried out either with full-wave rectification as in

Fig. 3.5 or with half-wave rectification, each unit being tested separately with half the

total average load current. The test is usually performed by inserting a cold valve and
waiting until it has attained normal temperature.

In all cases, rectifier valves arc required to operate satisfactorily in the rectification

test without arcing or sputtering.

Where valve failure has been due to arcing or sputtering, the conditions under
which this occurred may be reproduced for the purposes of testing either by

(1) allowing the valve to heat up to normal temperature from cold, the heater and
plate supply voltages being applied simultaneously, or

(2) operating the valve at normal temperatures with heater and plate voltages

applied, and then ** keying the plate voltage.

(b) Sputter and arcing
Sputter and arcing are closely akin. When an indirectly-heated close-spaced

rectifier is warming up with plate voltage applied, there is no space charge and the

electrostatic field gradient at any sharp peaks on the cathode surface may be high

enough to vapourize the coating material and lead to the formation of an arc. Even
when there are no sharp points on either cathode or plate, a discharge of gas leading to

an arc may occur when there is no space charge, and the peak current required is

greater th^ the available emission. Spuner does not usually occur with directly-

heated rectifiers.

Signal diodes may be tested in a rectification test as an alternative or addition

to the emission test. Diodes in diode-amplifier valves may be tested as half-wave

rectifiers with R; —0.25 megohm, and an applied voltage of 50 volts

r.m.s.

(c) Back epslaaiott—Back emission is emission from the plate to the cathode during

the half-cycle when the cathode is positive with respect to the plate. Any appreciable
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amount of back emission results in severe

bombardment of the cathode and ultimate

plate-to>cathode arcing. Back emission

may be tested by the circuit of Fig. 3.6.

Switch is normally closed, and is only

opened momentarily while taking a reading.

The combined effect of contact potentials

and initial electron velocities in the 6X5
and 6H6 rectifiers is to cause a residual cur-

rent of perhaps 400 /xA to pass through the

back emission meter while 5i is closed.

The back emission current is then taken as

the increase in the meter reading when 5,

is opened.

(d) Zero signal or standing diode cur-

rent -This is usually read by measuring

the current through, say, 0.25 megohm connected between diode plate and cathode

with no signal applied ; the standing diode current is likely to vary during life. It

should be noted that the diode direct plate voltage required to make the plate current

just zero should never be positive if loss of detector sensitivity at very low signal levels

is to be avoided.

(iv) Specific triode, pentode and beam tetrode characteristics
(A) Reverse grid current

Reverse grid current is the sum of gas current, leakage current and grid (primary)

emission current. The test is normally carried out after pre-heating- see Sect. 3(i)

above since this is the condition which obtains under normal operation in equip-

ment. Reverse grid current is measured by inserting a microammeter* in the grid

circuit in scries with a resistor, with maximum plate and screen voltages and dissipa-

tions and maximum cathode current. The circuit used is shown in Fig. 3.1 in which
the microammeter is protected by a shorting key which is only opened when the reading

is to be taken. The maximum value of the grid circuit resistance during the test

as specified by JAN-IA should not exceed 100 000 ohms, although values up to

500 000 ohms arc commonly used. The reading is normally taken after the reverse

grid current has reached a steady value.

Alternatively, a suitable value of grid resistor {Rr) is connected in the grid circuit,

with a switch for short-circuiting the resistor when desired With the switch closed,

the grid and plate voltages are adjusted to the desired values and the plate current is

read The switch is then opened and the grid bias readjusted so that the plate current

returns to its former value The reverse grid current may be computed from

Ir JE./R ( 2 )

where JEr -change in grid voltage to maintain constant plate current.

When the mutual conductance is known (or as an approximation using the nominal

value) the reverse grid current may be computed from
Grid current in microamperes 1000 JI,, g,nRr

where J/a change in plate current in milliamps

^ mutual conductance in micromhos
and R resisunce of grid resistor in megohms.

Typical values of maximum reverse grid current in new valves, based on
American JAN-IA Specifications (Ref. S2).

These values apply to types commonly used in radio receivers. They are only useful

as a general guide, since commercial valves may be tested to slightly Afferent specifi-

cations

^Altenuiively, an electronic microammeter may be used, incorporating a less sensitive indicating
instrument. One possible form uses a 6SN7-GT t>sin triixle. cathode coupM ; the maximum resistance
in the grid circuit is 50 000 ohms for a 0-5 nu^ce. I'his arrangement has the advantage that the
inttriunent can be made self-protecting so that the indicating meter is not damaged by excessive gas
current.

0-1 mA DC

Fig. 3.6. Back emission test.
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High-mu triode (/a< 65)
Medium-mu triode

Twin triode—medium mu
high mu (/i>65)

0.5 to 0.6 fiA

1.0 to 2.0 fiA

1.0 to 1.5 /iA each section

0.5 to 1.0 /xA each section

R-F pentode
sharp cut-off (generally)

remote cut-off

Power output
Converter

0.5 to 1.0 fiA*

1.0 to 2.0 fiA

2.0 to 4.0 fxA

1.0 to 2.0 xtA

•Exceptions arc : 6AK5 & 713A 0.1 6AS6 0.2 ^A, 6AJ5 0.25 A^A, 1231 & 7Ci7/1232 1.5 MA.

These reverse grid currents apply rigidly only when measured under the specified

electrode conditions (for values see Ref. 65, Sec. 14V These are, in general, identical

with the published typical operating condition or, if there is more than one, at the

typical operating condition having the greatest plate dissipation.

The maximum value of grid current which may be used in any particular application

without seriously affecting the performance, is dependent upon the actual value of

grid circuit resistance -see Sect. l(v)d.

(a) Gas current (ionization current)—Gas current cannot be readily measured

directlyt It may be determined approximately by measuring the total reverse grid

current under conditions of maximum dissipation (see above), and then subtracting

the hot leakage current and grid emission current under the same conditions.

(b) Cold and hot leakage Leakage currents may be measured with a voltage

applied between the grid and each electrode in turn, with the other electrodes floating.

Measurements may be made either with the valve cold (“ cold leakage *’), or immedi-
ately after the filament (or heater) has been switched off after testing for reverse grid

current (** hot leakage **). The grid to cathode hot leakage current, with the grid biased

as for the negative grid current test, may be too small to measure on the microammeter ;

in this case it may be regarded as zero in deriving the gas current. If any grid emission

is present, the procedure will be as indicated in (c) below.

(c) Grid (primary) emission -Grid primary enussion current may be derived

by operating the valve under maximum rated voltages and dissipations for, say, 5

minutes, or until the characteristics have reached stable values, then by increasing

the grid bias to the point of plate current cut-off without any other change in electrode

voltages, and by measuring the negative grid current at this point. This negative grid

current is then the sum of hot leakage and grid emission currents. There is no simple
method of distinguishing between real grid emission current and those hot leakage
currents which fall during the first few seconds as the valve ccx)ls. However, it is

generally possible to distinguish hot leakage and grid emission by plotting the cooling

curve of the reverse grid current versus time characteristic (this test cannot be applied

to valves of the peniagrid type).

Grid current characteristics are described in Chapter 2 Sect. 2(iii;.

(d) Grid secondary emission The amount of secondary emission from the grid

of a valve cannot be measured direaly. Valves of the same type, however, may be
compared as to the relative amount of secondary emission present by plotting, or tracing

on a C.R.O., the positive grid characteristic. If the amount of secondary grid emission

is sufficient for the characteristic to cut the axis, blocking may occur see Sect. 3{iv)N.

(B) Grid current commencement voltage
The circuit of Fig. 3.1 is used except that the polarity of the grid microammeter is

reversed. The grid voltage is then measured for which the grid current is positive

and of the smallest value discernible on the microammeter (c.g., 0.2 ^A).

(C) Positive grid curren
This test applies usually to zero biased r-f pentodes, particularly filament types, to

ensure that conduction <loes not occur during service when low screen voltages are

used. The test is normally performed under low screen voltage conditions, with other

tGas current may be meatured by the method which converts the desired ion current to an altematina
current by modulation of the ionizing electron scream while leaving undetired stray currents (e.g ., leakage)
unmodulated. See Ref. 40.
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NULL POINT INDICATORelectrode conditions normal. It is a matter

of experience that the grid current com-
mencement voltage moves in a negative

direction in some filament type pentodes as

the screen voltage is reduced.

(D) Positive voltage electrode Currents
The currents of the positive electrodes

may be measured at the electrode voluges
specified under typical (or any other) opera-

ting conditions, by using the circuit of

Fig. 3.1. The valve may be damaged if it

is operated, even momentarily, at electrode

currents and dissipations in excess of the

maximum ratings.

The electrode currents may tend to drift,
mutual conductance {or

particularly when the valve is operated at
transconductance).

other than the cathode current at which it has been stabilized. If a series of curves is

to be plotted, it is desirable to check one of the earlier readings at intervals during the

test, to see whether the valve has drifted.

(E) Tranaconductance or mutual conductance*
Transconductance may be determined from the slope of a characteristic which has

been plotted carefully. An approximation to the grid-plate transconductance, which
generally errs on the high side, is to measure the plate current at equal grid-voltage

increments on cither side of the desired voltage, and to calculate the slope—see Chapter
2 Sect. 2(ii).

Grid-plate transconductancc and mutual conductance may be measured by many
methods, but the most satisfactory and most generally used laboratory method is the

dynamic voltage ratio method developed by Tuttle (Ref. 2).

A simple adaptation which is satisfactory for all practical purposes is described

below. In Fig. 3.7 a 1000 c, s generator is connected to a voltage divider and voltages

Ef and E, are applied to the plate (through R, and Cj) and grid respectively of the

valve under test. Resistor R, is then adjusted to give a null point on the indicator.

Condenser C, is provided to balance out reactive currents arising from stray capad-
lances ; the secondary of transformer T, should be connected in the direction which

allows capadtive balancing.

At balance, the value of mutual conductance is given by

5
.

1
.

E,R

One convenient form is shown in Fig. 3.7 where E, and E, are adjustable in steps

of 10, while R, is variable from 5000 minimum to 100 000 ohms maximum.
Range Grid tap Plate tap R, min.

ohms
R, max.
ohms

1-10 /imhos C B 1 10 10 000 100 000

10-100 B B 1 10 000 100 000

100-1000 B C 10 10 000 100 000

1000-20 000 A C 100 5000 100 000

Values of the other components may be :

Cj- 0.5 ^F, Cg 1 /iF, both 400 V working

C, - one gang condenser section

Ti step up transformer, 1 : 2 turns ratio

r, electrostatically shielded output transformer, with primary

resistance not greater than 50 ohms.

The reacunces have been selected to give an error in mutual conductance not greater

than 1 per cent, in each case.

•For deftnitiont, see Oapter 2 Sect. 1.
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Pentodes may be tested if a suitable screen supply is added to Fig. 3.7.

Further information on methods of measuring mutual or transconductance is given

by Refs. 2, 15, 16, 17, 18, 21, 22, 59, 78, 79, 80, 81, 82, 83, 84, S12.

(F) Amplification factor
The amplification factor is usually tested by some form of bridge circuit as in

Fig. 3.8. This is suitable for measurements of up to 1000. Suggested values of

components are :

Ri = 10 ohms, R,^90 ohms, R, - 900 ohms, 10 000 ohms max., Li 5 henrys
min., L, —20 henrys min, at max. plate current. C, = 0.5 /xF, C, ~ 0.5 ^F, Ca may be
two paraUeled sections of a gang condenser.

Choke Li should be of very low resistance, so that the voltage drop caused by any
reverse or positive grid current does not affect the point of operation. Transformer
T, should be electrostatically shielded.

The amplification factor is given by

R
where R = effective total grid resistance in grid arm of voltage divider (i.e., either

Ri or or Ri * Rj -* Rj).

With Rj adjustable from 1000 to 10 000 ohms, position 1 of Si will give a range of

ft from 100 to 1000, position 2 from 10 to 100, and position 3 from 1 to 10. A satis-

factory value of signal voltage is about 10 volts peak. Too high a value will result in

operation over a non-linear portion of the chamcteristic, while also introducing the

possibility of positive grid current with some types of valves operated at low grid bias.

Capacitance currents may be balanced out by adjusting the value of C% and by moving
switch 5. to the position giving capacitance balance.

Rig. 3.8. Bndgt' rest for measuring Fig. 3.9. Method of testing for plate

amplification factor. resistance.

The amplification factor test of Fig. 3.8 may be used for pentodes with the addition

of a suitable screen supply. For values of amplification factor over 1000 a higher ratio

of the plate and grid arms of the bridge is required, that is R4, R. This will result in

some loss in accuracy at the higher values of /x due to capacitance effects.

References to measurement of mu factor and amplification factor : Refs 2, 15,

16, 17, 18, 21, 22, 78, 79, 80, 81, 82, 84, S12.

(G) Plate realatanee

Plate resistance may be measured conveniently by the d3mamic voltage ratio method
developed by Tuttle (Ref. 2} and an adapution is shown in Fig. 3.9. The value of

plate resistance is given by
RiRf

(4>

where Ri, Rs and Rt may have any convenient values of resistance.

One possible combination of resistances is :
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Range of Ri (fixed) Rj (fixed) Rt (variable)

ohms ohms ohms
1000 to 10 000 ohms 10 000 1000 10 000 to 1000
10 000 to 100 000 ohms 100 000 1000 10 000 to 1000
0.1 to 1 .0 megohm 100 000 10 000 10 000 to 1000

1 to 10 megohms* 100 000 100 000 10 000 to 1000

*On this range the accuracy is poor.

This circuit may be used for pent(^es with the addition of a screen supply. Under
these conditions C-. should have a minimum capacitance of 1 /xF and C « a minimum
capacitance of 0.1 /xF (paper dielectric, 400 V working) for a maximum error of 1%
in each case, while choke Li should have an inductance of at least 12.5 henrys for a

maximum error of 1% (except on the maximum range), for a frequency of KXX) c/s.

On the maximum range, the inductance of Lj must be at least 125 henrys for a

maximum error of 1 per cent., but the plate current through Li will normally be only a

few milliamperes on this range. IThus two separate chokes will be required if the

maximum range is to be used. Transformer Tx should be electrostatically shielded,

and its primary should have a resistance less than 50 ohms. Condenser C3 is merely

a blocking condenser of any convenient value, connected in series with the ICXX) c -s

source ; it does not affect the readings.

Condenser is for the purpose of balancing out capacitance currents ; it may be a

single section of a gang condenser.

The combination of mutual conductance, amplification factor and plate resistance

into a single unit introduces serious design difficulties and necessitates difficult

compromises. A more elaborate combined bridge using Tuttle’s method has been

marketed by the General Radio Company and the theory is published in Ref. 2.

Plate resistance may also be measured by the well known bridge circuit (e.g., see

Refs. 8, 9, 18, 21, 22, SI 2). The quadrature current may be balanced out by a small

capacitor in the arm of the bridge adjacent to the arm containing the unknown.
References to the measurement of plate resistance : Refs. 2, 15, 16, 17, 18, 21, 22,

33, 78, 79,80,81,82,84.

Fig. 3.10. Method of tcstifig for a.c. Fig. 3.1 1 . Method for testing for pozcci

ampltfication (after RMA). output.

(H) A.C. amplification

The standard R.M.A. test for a.c amplification (Ref. S7) is shoum in Fig 3.10.

This is applied to audio frequency voltage amplifier pentodes, and to a-f voltage

amplifier high-mu triodcs This is a rcsistancc-coupled amplifier test normally per-

formed at zero bias with a 10 megohm grid resistor. The internal impedance of the

signal source should not exceed 2500 ohms. The test is made at rated heater or filament

voltage and normally with a plate load resistor of 0.5 megohm, and an appropriately

by-passed screen resistor in the case of a pentode. In performing this test, it is

important to specify whether the output voltage is to be read across the plate load

resistor alone (as in the R.M.A. test of Fig. 3.10) or across a capadtively-coupled

following grid resistor of specified value. It is also important, if accurate results are

to be obtained, that the valve voltmeter used be true r.m.s. reading—that is, one having
a square-law characteristic.

(I) Power output
Power output from the plate may be measured under the conditions indicated in

Fig. 3.1 1 . The peak value of the sinusoidal voltage applied to the grid is normally
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equal to the bias voltage Eca unless otherwise specified. The signal frequency is

preferably either 400 or 1000 c/s, in order to reduce the size of L and C. The impe-

dance of the choke L at the signal frequency should be at least, say, 7 times the im-

pedance of the load, while the reactance of C should be less than, say, one seventh of

the load impedance.

The power output meter for approximate and routine testing may be of the rectifier/

d.c. meter type. In this case the load resistance will be incorporated in the power
output meter as drawn in Fig. 3.11.

For accurate measurements, however, it is essential to measure either the true r.m.s.

voltage across, or the current through, a load resistor of specified value and unity

power factor. Generally the latter measurement is the more convenient as the current

through the load may be measured by means of a thermo-couple ammeter.

The power output ofa Class B amplifier may be measured either with push-pull

operation or on each section separately. In the latter case the load resistance is one
quarter that of the plate-to-plate value for push-pull operation, and the unit not

under test is tied to the cathode. The power output from one section, owing to shifting

of the loadline, is greater than half the power output with push-pull operation (Ref.

58), but the relationship must be established experimentally in each case. Alternatively,

a resistive load may be connected directly in the plate circuit to give a closer approach
to normal push-pull operation. The value of the resistance is arranged to be one
quarter of the plate-to-plate load resistance with push-pull operation, and the plate

supply voltage equal to the specified plate voltage for normal push-pull operation.

Under these conditions the power output is given by (Ref. 58) :

P.,^2.47 (/,- 0 .25/ 60)*/? 1 (4a)

where Po power output from one section, in watts

direct plate current in amperes, as measured by a d.c. meter
I Ho plate current with no signal, in amperes,

R. - load resistance per section, in ohms.

The value of may be taken, with sufficient accuracy for many purposes, as the

publ shed value.

Inwall cases with Class B amplifiers the specified value of input voltage is applied

to the grid circuit in scries with a specified value of resistance. The plate voltage

source should have good voltage stabihty, an electronic voltage regulator being satis-

factory. If a plate source impedance is specified, a scries resistor of the appropriate

value must be inserted in the plate supply circuit.

The relevance of a particular output measured under specified conditions is signi-

ficant only in relation to the distortion present under those conditions.

(J) DUtortion
Distortion in the power output test may be measured by one of several suitable

methods, provided that the signal source is truly sinusoidal. The effect of harmonics

from the signal source may be reduced by connecting a low-pass filter between the

signal source and the grid.

The distortion may be measured by a harmonic analyser, of which several types have
been described in the literature. When merely the value of the total harmonic dis-

tortion is desired, as in determining the undistorted output, those analysers which
measure the root-mcan-square value of all harmonics present arc preferable to those

which measure the separate harmonics.

The method of Suits (Ref. 85) is a particularly good example of the type of analyser

which measures the harmonics separately. The Suits methc^ requires only the simp-

lest apparatus, and where laboratory facilities are limited this advantage may outweigh

the disadvantages involved in the computation of the total harmonic distortion.

The Belfils analyser (Refs. 86, 87) utilizes an alternating-current Wheatstonc-bridge

balance for the suppression of the fundamental, and is particularly useful for direct

measurement of the total harmonic distortion. For maximum convenience, the

frequency of the audio-frequency source should be very stable. This instrument can
be operated so that it is direct reading, by mainuining a constant input voluge.
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In the McCurdy-Blyc analyser (Ref. 88), low- and high-pass filters are used to

separate the harmonics from the fundamental. This instrument is superior to the

Belfils type in that the frequency of the source may vary somewhat without necessi-

tating readjustment.

A differential analyser especially designed for power-output work has been described
by Ballanline and Cobb (Ref. 89).

If an iron-cored choke is employed for shunt feed in the plate circuit (Fig. 3.11),

care should be exercised in its selection or design to avoid the generation of harmonics
in it due to the non-linear and hysteretic behaviour of the iron.

For measurement of distortion sec Chapter 14 Sects. 2, 3 ; Chapter 37 Sect. 3.

(K) Microphony
There is no published standard test for microphony outside of Service or manufac-

turers’ specifications. However an indication of the microphony of valves may be
obtained using the same conditions as the R.M.A. standard audio frequency noise

test (see below). It is reasonable to adjust the amplifier gain to be of the same order

as the gain of the subsequent ponion of the amplifier in which the valve is to operate.

Nevertheless, valves unless specifically designed for low-level high-gain pre-amplifier

use, should not be expected to be non-microphonic and free from noise at low levels

when tested under such C(^nditions.

Ip radio receiver factories the valves are usually tested in the chassis in which they

arc to operate, the set being tuned to a signal generator with internal modulation, and
the volume control set at maximum. Any microphonic sounds which quickly die

away arc mu considered as cause for removal of the valve, but a sustained

howl is so considered. Such a valve may not be microphonic in another
position in the chassis or in another model of receiver. Actions to be
taken to reduce microphony have been described in Chapter 35 Sect. 3(iv). Not-
withstanding the considerations above, all valves cannot be expected to be non-
micri'phonic when placed directly in the acoustic field of, and close to, the loudspeaker
in a receiver, particularly’ in small cabinets.

Ref. S2.

(Li Audio frequency noise

The R.M.A standard for audio frequency noise test is with normal voltages applied

to all electrodes, and the plate of the valve under test is coupled to the input of an
amplifier with a frequency range of 100 to 2000 c s ( 5 db of resp>onse at 400 c s)

A dynamic loudspeaker with a rating of at least 2.5 watts is conneaed to the output

of the amplifier. The minimum external grid resistance is 100 000 ohms. The gain of

the amplifier and the plate load resistance of the valve under test are to be as specified.

The valve under test may be tapped lightly with a felt or cork mallet weighing not over

( ounce Any obicciionablc noise heard in the loudspeaker, is cause for rejection

(Ref. S7). Sec also Ref. S2.

(M) Rmdio frequency noise

The R.M.A. standard test for radio frequency noise is for normal voltages applied

to all electrodes of the valve under test ; the plate is coupled to the input of a r-f

amplifier (of a radio receiver) at a frequency within the range of 50 to 1600 Kc. s.

The minimum band-width is to be 5 Kc s at 10 times signal. The audio frequency

response is to be within 5 db of the response at 400 c s over the frequency range

from 100 to 2000 c< s. A suitable tuned transformer giving a resonant impedance of

50 000 to 200 (XH) ohms is to be used to couple the valve under test to the amplifier.

The external grid circuit impedance of the valve under test is to be from 5000 to 25 000

ohms. Other conditions of test are as for the audio frequency noise test (Ref. S7).

Sec also Ref. S2.

(N) Blocking
Tests on grid blocking arc normally applied only to certain types subject to this

characteristic. A valve may be tested for bUx:king by either of two methods. In the

first method a high pK)sitive grid voltage (say 100 volts) is applied instantaneously

with normal electrode voltages and the maximum value of grid resistance. The plate

current should return to its initial value on the removal of the applied voltage.
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The second method (“ cross-ovcr ’*) is to apply a gradually increasing positive grid

voltage with substantially zero grid circuit resistance^ and to plot the grid current

characteristic for positive values of grid voltage up to the point at which the grid

current changes from positive to negative (“ cross-over ** point). See Chapter 2

Sect. 2(iii).

(O) Stage gain testing

A circuit such as that shown in Fig. 3 1 1A can be used to measure the gain of a r-f

pentode operating under typical i-f amplifier conditions. Stage gain testing has the

advantage of evaluating at the one time and under operating conditions at the appropri-

ate frequency the effects of all valve characteristics which influence gain, such as mutual

conductance, output impedance, input resistance, reverse grid current and even the

effect of high screen or plate currents in increasing control grid bias or decreasing

screen grid voltages

In Fig. 3.11A the input and 4>utput circuits are typical high-impedance i*t trans-

formers with secondary tuning ot the first and primary tuning of the second, adjustable

from the front panel of the tester to allow accurate alignment with varying capacitances

in the valves under test. The 1 megohm resistor represents the plate impedance of a

preceding converter stage and the 0,25 megohm resistor simulates the impedance of a

diode detector. Screen and bias resistors arc designed to give the required voltages

with a valve of bogie characteristics, and the high impedance in the control grid

circuit allows the effect of reverse grid current to be evaluated.

The output meter is calibrated to show stage gain in db for a given input at 455 Kc/ s

and limits are marked on the scale at a suitable number of db above and below the

stage gain of a bogie valve.

(P) Electrode dissipation

The dissipation of an electrode is determined by subtracting the power output
from that electrode sec Sect. 3(iv)I from the d c. power input to that electrode.

Where the power output from an electrode is zero, the clccircxle dissipation is then
equal to the d.c. power input.

(v) specific converter characteristics
(A) Methods of operation including oscillator excitation

A converter valve essentially includes two sections, an oscillator and a mixer, which
may be either separate units supplied by independent cathode streams as in a triode-

hexode or combined to use a single cathode stream as in the pentagrid types. The
characteristics of a converter depend both on the electrode voltages of the mixer and
oscillator and on the excitation of the mixer by the oscillator.

For purposes of testing, the oscillator may be either self-.rxcitcd or driven by an
external source of alternating voltage of suitable amplitude ; alternatively a limited

range of characteristics may be determined under purely static conditions with direct

voltages only applied to the electrodes. In general, the latter is not recommended for

routine testing eutside of valve factories, owing to the f»ractical difficulties of correlating

characteristics with published characteristics obtained under oscillating conditions,

ri) Oscillator aelf-excited
lliis is the normal method of operation in most radio receivers, and although it has

much to commend it as a simultaneous test of both mixer and oscillator sections, the
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oscillator circuit characteristics require to be specified eicactly and closely controlled

in order to obtain consistent results. For general service testing, less critical methods
arc therefore to be preferred. This method of testing, with a self-excited oscillator,

requires a completely specified oscillator coil, particularly as regards the resonant

impedances presented by the circuit <o the valve which, together with the electrode

voltages, determine the peak and average plate currents of the various electrodes. In

practice, it is usually convenient to standardize the circuit by using a valve having
specified characteristics under particular conditions (transconductance, amplification

factor, plate current) and adjusting the resonant impedance of the tuned circuit by
means of the shunting resistor to give a prescribed grid current.

The oscillator frequency is usually cither an audio frequency or 1 Mc;s, the latter

being more typical of normal operation

(2) Oscillator driven
This is a fairly commonly used test, because it has less dependence of the mixer on

the oscillator characteristics. It suffers from the disadvantage, however, that inasmuch
as the driving voltage is applied to the oscillator grid, it does not provide a satisfactory

test of oscillator characteristics. With this method of testing, if grid current is regarded

as a criterion of oscillator characteristics, the oscillator emission needs to be adequate
only to supply the rectified current resulting from the excitation but may be quite

inadequate to supply the high peak oscillator plate currents which may occur in normal
operation, the values of which depend upon the impedance in the oscillator plate

circuit.

For this reason, it is generally more satisfactory in service testing to use the driven

method with prescribed excitation to test the mixer characteristics and to test the

oscillator by means of either a transconductance test at a high plate current or a

prescribed self-excited oscillator circuit test which calls for a reasonably high peak
plate current, with rectified grid current as the criterion. In the latter case provided

the oscillator circuit characteristics, that is the resonant impedances presented to the

valve, arc precisely specified the test is not critical as regards grid current.

{^) Static operation
With this method of testing, static voltages arc applied to all electrodes and the

electrode currents are measured.

(B^ Specific characteristics

(a) Reverse signal grid current
This test is performed under the same genera) conditions as for triodes and pentodes,

except that the method of operation may be with the oscillator sclf-exdted, or with the

oscillator driven, or with static operation.

(b) Signal grid current commencement
In general this test may be performed as for triodes and pentodes, except that the

t>scillator may be either self-excited or driven.

(c) Mixer positive voltage electrode currents

These may be measured, in general, as for triodes and pentodes, except that the

oscillator may be either self-excited or driven.

(d) Mixer conversion transconductance*
Mixer conversion iransconductance is determined from measurements of th^e

magnitude of a beat-frequency component, (/i -/j) or (j\ f/*), of the output current,

and the magnitude of the input voluge of frequency/, where ft is the oscillator fre-

quency. The method of measurement which has been standardized by JAN-IA (Ref.

S2) and R.M.A. (Ref. S7), and which uses a driven oscillator, is to apply voluges of

identical phase and frequency usually mains frequency for convenience - to the

specified electrodes (that is the signal and oscillator grids) with provision for a phase

reversal of 180 ' ofone with respect to the other. The change in direct plate ciirrent due
to the phase reversal represents the difference-frequency plate-current component.

*AUo referi^ to as conversion conductiince. Mixer converxion irxnsconducunce is defii^ as the
uuoiient of the mafnitude of a finale beat-frequency component (f\ \ft) or (/, ft) of the output
dectnxie current by the magnitude of the comrol-clcctrode voUsm of frequency/,, under the conditions
that all direct electrode voltages and the magnitude of the electrode alternating voltage ft remain constant
and that no impedances at the frequencies /i of/t are present in the output circuit, and that the magni-
tude of the signal voltage /, is very imall.
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This value divided by twice the peak value of the sinusoidal voltage applied to the

signal input electrode is taken as the mixer conversion transconductance. Specified

voltages are applied to the valve electrodes under specified circuit conditions and the

oscillator excitation voltage is adjusted to the specified value or to give the specified

oscillator grid current. Other methods of testing are acceptable if correlated with this

method.

The relationship may be expressed in the form

/.,

oi: (4b'.
I m

where g e
~ conversion conductance in mhos

/fc, plate current for the in-phase condition of signal and oscillator voltages

Ex and Ei in amperes
plate current for the out-of-phase condition of Ex and E^, in amperes

and Exm peak value of the signal voltage.

It should be clearly understood that the value of conversion transconductancc
measured by this method is dependent on the signal grid voltage and on the curvature

of the mixer characteristics and consequently only approaches a true “ differential
”

transconductance at the point of operation, as distinct from an average value, if the

signal gnd voltage amplitude is sufficiently small. In most cases, if the signal grid

voltage does not exceed say 25 mV, exact correlation can be obtained for all types.

At higher values, up to 100 mV, the error may be acceptable, depending upon the type

and the condition of operation

Eig. 3.12. Phase reversal

method of measuring con-

t'crstart rratistonducrance.

The circuit is shown in Fig. 3.12 in which one double-wound transformer, 7*,

with two secondary windings provides the signal and oscillator voltages, which arc

controlled by means of potentiometers i?, and Ri. A switch 6' permits phase reversal

of the signal voltage. The grid coupling capacitor Cj and grid resistor are provided,

with a meter to measure oscillator grid current through R^. In the plate circuit of the

valve under test there is a by-pass capacitor and iron-ct>rcd choke L to pass the

direct current h from the plate voltage source E(,h. The increase in plate current is

measured by the low resistance microammeter Af after the standing current

ha.s been “ bucked out ” by the bucking battery B and rheostat R^ w hich should have
a minimum resistance at least I()0 times that of the microammeter.

In order to obtain exact results, as indicated previously, very :,mall signal voltages

are required, which produce only small incremental readings ot plate current and demand
stabilized electrode voltage sources. In any particular case, the signal voltage may be
increased until the error due to the large signal voltage becomes measurable, and tests

should then be carried out at a somewhat lower signal voltage.

If a signal voltage of 1 2\^ 2 volt (0.5 volt peak) is used, the incremental plate current

in milliamps then reads conversion transconductance in milliamps per volt. It seems
that values of transconductancc frequently quoted in published data arc obtained
using the above-mentioned value of signal voltage, as in many cases the true conversion

transconductancc under the conditions published differs from this value. As a result,
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ii is frequently difficult to calculate the exact performance of converter stages from
published data of the converter used.

The shape of the curve of conversion transconductance plotted against oscillator

grid current is very much influenced by the signal voltage used in the tests. The actual

operating conversion transconductance in a practical case is a function of the input

signal level.

The phase-shift method of testing conversion transconductance is the only absolute
experimental method of measuring this characteristic, and accurate results can be
obtained provided all electrode voltages, including signal and oscillator excitation

voltages, are well stabilized, the electrode supply voltages free from hum, the excitation

voltages sinusoidal, of low frequency and correct phase and the signal grid voltage

sufficiently small.

Side-band method
The side-band method of measuring conversion transconductance is shown by the

circuit of Fig. 3.13. The oscillator may be either self-excited at any convenient

frequency, say 1 Mc/s as in Fig. 3.13, or may be driven. A signal voltage at audio
frequency (say 1000 C; s) is applied to the control grid. The oscillator is adjusted to give

the required grid current through the specified grid resistot R ,. In the plate circuit there

is a resonant circuit L,C,, tuned to the oscillator frequency and shunted by a resistance

Rj, the value of which should be as low as possible and which should not exceed
10 000 ohms.

Fi^. 3.13. SiJe-batid method of measuring cofrveruon iransconductance.

The voltage across the resonant circuit comprising the oscillator frequency, the signal

frequency and the two resulting sidebands are applied to a radio frequency amplifier

followed by a diode detect<.>r across whose diode load is connected a valve voltmeter

to indicate the amplitude of the audio frequency cx>mponents. If an r-f amplifier is not

used, the region of non-linearity of the diode characteristic results in the calibration of

the system being dependent on the voltage developed across the tuned circuit and would
thus be unsatisfactory for valves of low conversion conductance. However, the r-f

amplifier may be omitted provided the signal applied to the diode is sufficiently high

to ensure linear rectification. Where this is not so, the simplified circuit may not be
suitable for measurements of low values of conversion conductance.

If the r-f amplifier is omitted, the signal voltage F, may be about 0.5 volt peak, and
R, may be 10 000 ohms.

The tester must be calibrated against the standard phase reversal method and the

circuit may be adjusted so that the meter is direct reading.

(e) Mixer plate resistance

This may be measured cither with a self-excited or driven oscillator, the value of

plate resistance being not aflfected by the method used. Measurement of plate resistance

is performed as for a pentode, except for the excitation of the oscillator.

(f) Mixer transconductance
This may be measured as for a pentode valve, except that the oscillator should be

either self-excited or driven.

(g) Oscillator grid current
The oscillator performance of a converter valve depends upon several valve and

circuit parameters that arc not simply defined.
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The oscillator grid current may be used as the criterion of oscillator performance

in a self-exdted oscillator, operating under specified conditions. The circuit should

be designed to draw typical peak and average total space currents. The Boonton
Converter Oscillator test drctiit is widely used to check oscillator performance, owing
to its simplicity of design and ease of adjustment and control and, while not giving an
exact criterion of oscillator performance, does provide a dynamic test of the usual

parameters imder conditions that simulate average receiver operation.

Fig. 3.14. Self-excited oscillator ^ using

the Hartley circuit, for testing oscillator

performance.

The circuit (Fig. 3.14) is a series-fed Hartley having a fixed feedback ratio and having

the tank circuit impedance variable so that the magnitude of oscillation may be

adjusted. Normal voltages are applied to all electrodes.

It is necessary to specify the oscillator plate voltage, oscillator plate series

resistor (if used), oscillator grid resistor (R,) the inductance of each section of the coil

(Z-i, Z-t)> the mutual inductance between the two sections (Af ), the capacitance shunted

across the whole coil (C7), the grid coupling capacitance (C^), and the resonant imped-

ance of the tuned circuit (R^). Normally a coil having a higher reactance than the

specified value of resonant impedance is used and is shunted by a variable resistance

(Ri) to give the specified resonant impedance. Bias is obtained by means of a capacitor

and a wirc-wotmd gridleak. The wire-wound grid resistor is used because it has con-

siderably higher impedance to radio frequencies than to direct current. The high

radio-frequency impedance diminishes the shunting effect of tlie gridleak on the tuned

circuit. The rectified grid current is read on a microammeter (suitably by>passed) in

series with the grid resistor. Before the test oscillator is used, the relationship between

the tuned impedance of the tank circuit and the setting of the variable resistor must

be determined

The R.M.A. standard (Ref. S7) and JAN-IA (Ref. S2, sheet dated 19 July, 1944)

specify the component and coil design values as being : C— 100 (mica) ; C., —
200 fifiF (mica) ; Ri- 50 000 ohms potentiometer ; .R,=-^50 000 ohms wire-wound

resistor ; Li~83 /iH ; L,=^48 /^H : M=23.3 ^H ; coil diameter 1.25 in. ; winding

length — 59/64 in. ; wire No. 30 a.w.g. enamelled copper ; turns 83 ; tap at 33

turns from anode end. See also Ref. S12.

The constants quoted above have been selected to simulate average circuit conditions

in broadcast receivers for composite converters having transconducunces less than

1500 ^onhos at zero bias. For valves having higher transconductances or for circuits

above broadcast frequencies, the circuit with the constants given may not be satis-

factory, as spurious oscillations may make it impossible to obtain correlation between

test readings and receiver performance.

The ability of a valve to oscillate when the shunt impedance of a tank circuit is low

is one criterion of the value of a valve as an oscillator. The oscillation test is made by

applying the desired electrode potentials to the valve under test and reading the rectified

grid current at some known setting of tank-circuit impedance. A valve that will not

oscillate with the tank-circuit impedance below about 9000 ohms is considered to be a

weak oscillator. A valve that will oscillate with a tank-circuit impedance as low as

3000 ohms is considered to be a strong oscillator. The minimum tuned impedance at

which oscillation will start or cease as indicated by the rectified grid current will

depend on the oscillator characteristics of the particular type and will vary from type

to type.
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(h) Oscillator plate current
The osdllator plate current may be read while the valve is being tested for grid curreat

at a self-exdted oscillator, or alternatively at zero grid voltage and specified plate

voltage (usually 100 volts).

(i) Oscillator transconductance
The oscillator transconductance is usually measured at zero grid voltage and specified

plate voltage (usually 100 volts).

(j) Oscillator amplification factor
The oscillator amplification factor is measured as for any triode, usually with a plate

voltage of 100 volts and zero grid voltage.

(k) Oscillator plate resistance

The osdllator plate resistance is measured as for any triode, usually with a plate

voltage of 100 volts and zero grid voltage

(l) Signal grid blocking
Signal grid blocking may be treated as for the general case of grid blocking in Sect.

Xiv)N.

(m) Microphony
The general remarks in Sect. 3(iv)K regarding microphony apply also to convcrtci s

(n) R-F noise
Converters may be tested for r-f noise under published electrode voltage and typical

receiver drcuit conditions, following the relevant recommendations of the R M .A

r-f noise test — sec Sect. 3(iv)M.

(vi) Tests for special characteristics

The following tests are not normally applied to receiving type valves and iIk

undermentioned information is provided to assist designers in obtaining t>f thc' c

characteristics for particular purposes.

(A) Short-circuit input admittance (yi,)

At frequendes up to 10 Mc/s it is possible to use conventional bridge method ^ for tlx

measurement of the four adminances, but at higher frequendes some version of the

susccptance-variation or resistance-substitution method is necessary.

Fig. 3.15. Semi-schematic diagram of equipment for measuring admittances by thc

susceptance-variation method (Ref 512).

T is the 4 terminal transducer to be measuredy Yx and K, are calibrated variable-admittance

elements which may be of various forms, such as coils or capacitors. Vx and are signal-

frequency voltage-measuring devices ; these may be simply crystal or diode voltmeters or

heterodyne receivers. Variable admittances and are used for coupling the input

or output circuits to the sigttal oscillators.

(1) Suaceptance-variadon method of measurement (Refs. 51, S12)

In this method, the drcuit is detuned with either thc capadtor or the induaor
adiustment to a point giving half the power output observed at resonance. The incre-

inent in tusceptance, determined from the capadtance calibration curves, is then equal

to the circuit conductance. In praedeq, the mean value obtained by using the ludf-

power points on each side of resonance is used.

Using thc circuit of Fig. 3.15 (Ref. S12)—
(a) Short-dreuit the output terminals 2-2. This may be done either by detuning

Yt tuffidently or by placing a suitable by-pass capadtor direedy across terminals 2-2.

(b) Bxdte the input drcuit by coupling the signal oscillator loosely through Y^i

to Yt.
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(c) Adjust Yi for resonance as indicated by a maximum reading of Vi. In order to

insure that the coupling to the oscillator is suHiciently small, reduce the coupling until

further reduction docs not change the setting of Yi for resonance. Record the cali-

brated values of and for this setting.

(d) Vary Yi on either side of resonance until the voltage Kj is reduced by a factor

1/ V 2- Record the calibrated values of this total variation of Y^ between half-power

points as dG| and In order to insure that the oscillator and detector are not

loading the circuit, reduce the coupling until further reduction does not change the

susceptance variation ABi. The short-circuit input susceptance is then given by the

relation

(5)

and the short-circuit input conductance by the relation

yn=-i^BA(l +217*)* -f -G, (6)

or >'ii«s#4dB,[l 4 i?-|- 1?*] — (*7)

or even further by the relation

(8)

if t; is negligible.

FIG. 3 .16

Fig, 3.16. Circuit diagram of equipment used for measurement of short-circuit input

admittance {Ref. 51).

A praaical form (Ref. 51) for the frequency range 50 to 150 Mc/S is shown in Figs

3.16 and 3.17. The valve under test is used as a pan of a resonant circuit which includes

a continuously-variable induaor and a small concentric-cylinder capacitor built on a

micrometer head. The high-potential end of the inductor is connected to the high-

potential electrode of the micrometer capacitor inside a cylindrical cavity open at the

top. Fig. 3.17 also shows the positions of some of the by-pass capacitors used with the

oaal socket. These arc button-type, silver-mica capacitors of approximately 500 ^a^F

capacitance. The socket is of the moulded phenolic type. Terminals 1, 3, 5 and 7 are

connected directly to the mounting plate at a point directly below the terminal in each

instance. Terminals 2 (heater) and 6 (screen grid) are by-passed to ground, and a lead

is brought from each of these terminals through the mounting plate to a small r-f

choke and a second by-pass capacitor. Terminal 8 (plate) is by-passed and fitted

with a spring contacting the terminal for one of the circuits. Terminal 4 (grid) has

only the contact spring. A similar arrangement is used with miniature valves. In

this case, the socket is of the wafer type with mica-filled rubber insulation. Terminals

2, 3 and 7 are grounded and terminals 4, 5 and 6 arc by-passed to ground. Terminals

1 (grid) and 5 (plate) have contaa springs. The by-pass capacitors are closer to the

motmting plate than in the case of the octal socket ; the capacitors at terminals 4 and
6 overlap the capacitor to terminal 5. A 10 ohm resistor, mounted inside a cylindrical

shield to minimize lead inductance, is connected between socket terminal 5 (plate)

and the by*past capacitor. This component was added to suppress a parasitic oscilla-

tion observed with certain type 6AK5 valves. The resistor was found to have no
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FIG. 3.17

• CA»ACIT
AT TCNMIMAL O#'

VA*IA»LC •MIHKTOII

ca(.*m«t<mc c*»*c«ro«
MOUNT IMC »U«»Tr>UT£0
TO* TUM MOUWTfMO

•»CIT
•FACING
UlNC

CALlBAATma CA^ACITO*n
contact
V't'cutc

1

// /
'.

Fig. 3.17. Physical arrangement oj circuit elements of Fig. 3.16 {Ref. 51).

memsurable effect on input admittance readings obtained with valves, either of the

6AK5 type or of other types, not subject to the parasitic oscillation.

In order to obtain susceptance values, the circuit must first be calibrated for the

capacitance required for resonance at each test frequency. The circtiit is calibrated

by determining the inductor settings for resonance with each of a number of small,

disc*shaped, calibrating capacitors substituted for the valve. The insert in the lower

left oomer of Fig. 3.17 shows a cutaway view of the cavity with one of the calibrating

capacitors in place. The length of the phosphor-bronze contact spring used with the

calibrating capacitors is approximately the same as that used with the valve. Thus,
the inductance of this lead is accounted for in the calibrating procedure. The reference

terminals for the valve are the socket plate and the grid terminal of the socket or,

possibly, a point on the grid terminal a little inside the body of the socket. The
calculated inductance of the contact spring is 4.5 miHi-microhenries per centimeter of

length within about i:25 per cent., but the difference in effective lengths of the springs

for the socket connection and the calibrating connection is not more than 2 or 3

millimeters.

The range of the micrometer capacitor is sufficient for measurements of the circuit

with the calibrating capacitors, with most cold valves, and with some valves under

operadng conditions. For other cases, adjustment of the inductojr is required.

If the conductance being measured is small enough to be measured by the available

range of the micrometer capacitor, the susceptance and conductance variations between

1 /V voltage points are given by
<iiJC

and JG - 0

where oi is the angular frequency of measurement and JC is the micrometer capaci-

tance variation between the half-power points.

The calibration curves used at each test frequency are :

(1) Capacitance for resonance

(2) Slope of the capacitance curve

(3) Conductance at resonance of the circuit with the calibrating capacitors.

These three quantities are ploned against the induaor adjustment readings. Since

the conductance values for the calibrating capacitors themselves are too small to affect

the calibration appreciably, the conductance curve corresponds, essentially, to the

equipment.
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(2) Resistance-sulMtitiition method of measurement
The resistance>substitution method applies only to the measurement of the conduc-

tive component of the admittance. The susceptive component must be measured by
means of a calibrated susceptance element, as for the susceptance-variation method of

measurement. Ideally, the resistance-substitution method involves, in the case of a

two-terminal admittance, the removal of the electron-tube transducer from the

calibrated admittance element and its replacement by a standard pure resistance of

such a value that the voltage reading between the two ternunals is the same as that

obtained with the transducer in place. The calibrated susceptance element must be

adjusted to resonance both before and after substitution of the resistance. If the

measurement is of y,,, the following relations are obtained :

B.i B, (9)

as in (1) above, and

( 10)

where R is the standard resistance of a value that satisfies (10).

There are practical difficulties in obtaining standard resistors having negligible

reactance at frequencies of the order of 100 Mc/s or higher. Wire-wound resistors are

not usable at such frequencies. The most satisfactory types available are the metallized-

glass or ceramic-rod resistors of relatively small physical size, having low-inductance

terminals and very little distributed capacitance. A further difficulty arises from the

fact that such resistors are obtainable only in discrete values of resistance. It would

not be practicable to obtain the very large number of resistors needed to match the

resistance of any electron-tube transducer. Hence, it is necessary to utilize a trans-

formation property of the admittance-measuring equipment in order to match any

arbitrary admittance with some one of a reasonably small set of standard resistors.

A suitable resistance-substitution set consists of a transmission line of length / short-

circuited at one end, having a characteristic admittance Y,, and a propagation constant

y. If a known admittance Y is placed across the line at a distance ,t from the short-

circuited end, the admittance Y

,

at the open end of the line is given by the relation

1

[sinh yx 1

y sinh yc

f
sinh yi

Conversely, the admittance T, is the admittance that would have to be placed at the
open end of the line to produce the same effect there as the known admittance Y at the
position X. Equation (11) then represenu the property of the transmission line of
converting admittance Y at position x into admittance Y, at position /. I'his expression
can be simplified for a low-loss line having a characteristic admittance large com-
pared with the bridging admittance Y. Thus if Y„'> Y,

I
y sinhyx

. ^ ,1

and the real part of the propagation constant y of the line is small.

where ^ ~2n/

\

Equation (11; then simplifies to

If y is a pure conductance of value 1/R, then Y, is the pure conducunce

^ Til »in 8/

(14)

(15)

In the measurement of the short-circuit input admittance yu, a low-loss transmiuion
line of large characteristic admittance is coupled loosely to an oscillator near the short*
circuited end. At the open end are a voltage-detecting device and a calibrated
capacitor, by means of which is obtained from (9). With the unknown transducer
across the open end and the capacitor adjusted to obtain resonance, a voluge reading
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is taken. The transducer is removed and one of the standard resistors placed across the

line bridging the two conductors. The position of this resistor along the line is then
adjusted and the system is readjusted for resonance with the calibrated capacitor until

the voltage, as measured at the end of the line, is the same as before. By (15) we have

Gxx—Gj
1 sin px

R sin pi
(16)

where R is the resistance of the standard placed x centimeters from the short-circuited

end of the line. It is evident that a resistor must be seleaed having a resistance value

near to but not larger than the reciprocal of Gi,.

Since the transmission line should have low loss and low characteristic impedance,
a coaxial line is desirable. The line will require a longitudinal opening or slot in order
to permit one of the standard resistors to bridge the line at an adjustable position to

satisfy the required voltage condition. A valve voltmeter is capadtively coupled

to the open end of the line across which the electron-tube transducer may be attached.

Socket and filter arrangements for wire-lead valves can be attached to this Ime.
Radiation difficulties arising from the longitudinal opening in the line, together with
the increasing difficulty in obtaining resistance standards at frequencies much above
300 Me - s, appear to make this type of measuring equipment impracticable for measure-
ments at higher frequencies on surface-lead valves. Ref. SI 2.

(B) Short-circuit feedback admittance (jy,..)

Suaceptance-variadon method of measurement
See (A) I above for general description.

(a) With the input termination still set at the value for resonance obuined in step (c)

in (A) above, excite the output circuit through 1% .. In the event that oscillation diffi-

culties are encountered, detune the output circuit V. or load it until oscillation stops.

(b) Record the voltmeter readings V, and V,.

The magnitude of the feedback admittance is then given by the relation

or

(J (17)

(18)

, ,
JB. y,'.

or
I A' I s i ^ 2 ^

where JG, and JB, are the values obtained

Ref. SI 2.

(19)

in the preceding measuremeni of v,,.

(C) Short-circuit output admittance (vtt)

The short-circuit output admittance may be measured by following the procedure

outlined for the short-circuit input admittance, the signal being coupled through Y
^

If the subscripts 1 and 2 are interchanged, all of the above formulae concerning y,i

may be used to relate v,, to the measured data.

Ref. S12.

(D) Short-circuit forward admittance (.Vn)

The magnitude of the forward admittance may be measured by following the

procedure outlined previously for the measurement of the magnitude of y^t. If the

subscripts 1 and 2 are interdumged, all of the formulae concerning y,, may be used to

relate >1 ,
to the measured data.

Ref $12.

(E) Perveaace

(1) Pervaanca of a diode
The perveance of a diode may be derived by plotting the current against the three-

hahres power of the voltage, when the slope of the curve will give the value of G.

Voltages should be chosen suffidendy high so that such effects as those produced by
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contact potential and initial electron velocity are unimportant. If this is not possible,

a correction voltage c should be added to the diode voltage, where

where anode resistance of diode.

Ref. S12.

(2) Perveance of a triode
The perveance of a triode may be derived as for a diode where the diode anode

voltage is taken as the composite controlling voltage

(20^
1 ! (1, M)

Multi-grid valves may be considered, with sufficient accuracy for most purposes, as

triodes with the screen grid as the anode and the screen grid voltage as the anode

voltage.

Low voltage correction- The effects of initial electron velocity and contact

potential may be represented by an internal correction voltage c that is added to the

composite controlling voluge, where

The value of to be used is that obtained with all the electrodes except the cathode

and control grid lied together to form an anode which is held at the voltage ordinarily

used for the screen grid.

Ref. S12.

(vii) Characteristics by pulse methods—point by point
The charaaeristics of valves in the region where electrode dissipations or currents

exceed safe values may be obtained by pulse methods, in which the valve is allowed to

pass current only for short intervals of such duration and recurrence frequency that

it is not damaged.

Fig. 3.18. Circuit jot measuring electrode ettrrents using single pulse generator method

(I^ peak-reading current indicator^ peak-reading voltage indicatory V moving coil

voltmeter). If high accuracy is requiredy correction should be made for the voltage drop

across the current indicators. The regulation of the electrode supplies is not important

for point by point testings provided that the shunt capacitors are sufficiently large.

(a) Single generator method
The valve is operated with the desired screen and plate voluges, but with the grid

biased beyond cut-off, in the absence of pulses (Fig. 3. 18). If secondary emission effects

produce a negative impedance, the pulse generator must be shunted by a non-inductive

load resistor of such value as to maintain an overall positive impedance at its terminals.

Refs. 38, Sll
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(b) Multiple generator method
With this methods no direct voltages are applied but each electrode has its own pulse

generator> all generators having their pulses synchronized. This method is not

commonly employed with receiving type valves. Refs. 68, 72, SI 2.

References to characteristics by pulse methods : Refs. 38, 68, 72, 93, SI 2.

(c) Pulse generators
Pulse generators are of several types. In the capacitor discharge type a condenser

is switched from charge to discharge through the valve under test. If there is no series

impedance, the peak voltage applied to the valve is equal to the charging voltage.

However, because of the very short duration of the pulse, an accurate current indicator

is diliicult to design.

Refs. 68, 69, S12.

A rectangular pulse shape is obtainable from a direct supply source in series with a

high-vacuum triode (or several in parallel) whose grid is normally biased beyond cut-off.

A rectangular control pulse, obtainable from a conventional source, is applied in the

grid circuit to permit the triode to conduct only during the duration of the pulse.

(Ref. SI 2). Alternatively an ignitron may be used (Ref. 38).

A half sine-wave, or portion of a half sine-wave, pulse is obuinable from an alter-

nating source with gas triode or other control to provide the desired gap between
pulses. Alternatively a d.c. source may be used with a gas triode and LC network.

Ref. S12.

(d) pMk-readlng voltage and current indicators
The input circuit must have a time constant that is large with respea to the time

interval between successive pulses. The greatest accuracy is obtained with a rectan-

gular waveform, good accuracy may be obtained from a half sine-wave, while the

sharply peaked capacitor disch^ge method is the least accurate.

A peak-reading voluge indicator may be employed to indicate peak ctirrent by using

it to measure the peak voltage drop across a non-inductive resistor of known resistance.

One form of indicator is a diode type valve voltmeter with a high resistance load

shimted by a large capacitance. The use of this indicator for current-measuring
purposes may result in serious errors if the electrode characteristic of the valve under
test exhibits any negative slope

A cathode ray oscillograph may be used directly to measure peak voltage, or peak
voltage drop across a non-inductive resistor of known resistance, provided that there is

no negative slope in the electrode characteristics. If negative slope is likely to occur,

a linear horizontal sweep voltage, synchronised to the pulse generator frequency,

may be used to spread out the current trace. In this manner the detection of possible

errors is simplified. The vertical deflection corresponding to the maximum horizontal

deflection is the one required ; for characteristics having only positive slopes, this

vertical deflection will also be the maximum.
Ampliflers may be used provided that they are designed with sufficient bandwidth

and sufficiently, linear phase-frequency response for the high-frequency components
of the pulse. The attenuator should be capadtively balanced, making the ratio of

capacitance to resistance of all sections alike.

Reference to peak-reading indicators : Ref. SI 2.

(viii) Characteristics by curve tracer methods
A characteristic curve may be traced on the screen of a C.R. tube, using a suitable

type of pulse generator for one electrode and fixed voluges for the other electrodes.

The simplest characteristic for this purpose is the grid voltage versus plate current

characteristic, either with zero plate load resistance or with a spedfled load resistor

(** dynamic characteristic).

A triangular or half sine-wave pulse generator characteristic is satisfaaory. The
grid it normally biased beyond cut-off, but is swung over the useful range of voltages

by the pulse.
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The plate voltage versus plate current characteristic may be traced by maintaining

the grid (and screen, if any) at constant vdtage and by appl3ring the pulse voltage to

the plate. This requires a peak voltage of several hundred volts for receiving valves,

together with high peak currents. The grid voltage must be maintained constant, the

regulation requirements being severe. The regulation requirements of the other

electrodes are not important, if large capacitors are used.

A method of showing the two axes for any single characteristic is described in Ref. 73

which makes use of a standard vibrator.

References to curve tracer methods : 37, 39, 69, 70, 71, 72.

Diaplny of valve characteristica
If it is desired to view a family of curves, the voltage of one electrode must be

changed in steps for successive pulses. This may be accomplished by means of

synchronous contaaors (Refs. 34, 35, 36) or by electronic means (Ref. 39). Good
regulation (high stability) for the electrode voltage supplies is very important.

See also Refs. 37, 90, 94, 96, S12.

SECTION 4 . ACCEPTANCE TESTING

(i) Relevant characteristics (ii) Valve specifications (Hi) Testing procedure,

(i) Relevant clmracteristicB
The relevant characteristics for acceptance testing are those characteristics that are

subjea to deterioration subsequent to manufacture, it being assumed that the valves

have satisfactorily passed the valve manufacturing test specification. These relevant

characteristics for acceptance testing may be divided into mechanical and electrical

characteristics.

Mechanical characteristics that require checking for faults include loose bases and
top caps, dry joints in connections, cracks in envelopes caused by glass strain, damage
resulting from inherent strain or careless handling, damage to internal structure

resulting in misalignment of electrodes, shorts and open circuits, loss of vacuum,
noise and microphony from excessive handling causing damage to the mount and micas.

Electrical characteristics that require checking for faults include gas, a relevant

dynamic test, emission and noise.

(ii) Valve specifications
The most widely known of the official specifications are those of the British (KlOOl)

and American (JAN-IA) authorities covering types used in their respective areas.

(iii) Testing procedure
llie testing procedure in each case is as laid down in the prescribed specifications.

Where, however, valves do not require to be accepted to a prescribed specification,

it is satisfactory to adopt the following procedure :

(a) Visually inspect all valves 100 per cent, for mechanical defects.

(b) Test all valves 100 per cent, for shorts and open circuits.

(c) Select at random from all the valves a represenutive sample (or samples) and
test for a suitable dynamic charaaeristic using established sutistical acceptance pro-
cedure. The test selected should give a satisfiurtory indication of the overall per-
formance of the type in in normal application.

Refereooes to sampling inspection : Refs. 42, 43, 44.
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SECTION 5: SERVICE TESTING AND SERVICE TESTER
PRACTICE^

(i) Purpose and scope of service testing and discussion of asscKiated problems.

(ii) Fundamental characteristics which should be tested.

(iii) Types of commercial testers.

(iv) Methods of testing characteristics in commercial service testers

(a) Shorts testing

(b) Continuity testing

(c) Heater to cathode leakage

(d) Emission testing

(e) Mutual conductance testing

(f) Plate conductance testing

(g'i Reverse grid current testing

(h) Power output testing

(i) Conversion conductance testing

0) Oscillator mutual conductance testing

(k) Noise testing

(l) A.C. amplification testing.

(v) A.C. versus d.c. electrode voluges in testers.

(vi) Pre-heating.

(vii) Testing procedure.

(I) Purpose and scope of service testing and discussion of associated
problems

Service testing is only carried out on valves which have previously been factory

tested and which have also operated satisfactorily in a new receiver. The faults to be
expected are those which may occur after manufacture.

Service testing is for the purpK>sc of determining cither

(1) whether or not a valve in working condition has reached the point in life when it

should be replaced, or (2) whether a valve with unknown history is faulty or not.

The determination of the point of life when a valve should be replaced is a very*

complex problem. This is a function of the application of the valve and of the standard

of performance cxpicctcd by the user. For example, a valve which still operates

reasonably well as a resistance-coupled amplifier may yet give low gain as an r-f

amplifier, and a valve which will still operate as an amplifier may fail to oscillate when
used in the oscillator position. A receiver with old valves in the r-f and i-f stages

may have very much less gain that it would have with new valves, but the effect may
not be noticed by the user unless the set is used for the reception of weak signals.

A list of the generally accepted life test end-points is given in Sect. 2(iv)b.

The radio service-man is usually called upon to test a number of valves, frequently

the whole valve complement of a receiver, to determine which (if any) is faulty. If

one is obviously faulty, for example due to a short-circuit, open-circuit, gas, or extreme-
ly low emission, the problem is simple. In other cases it is helpful to test the valves

in the original receiver, with a second complement of new valves for comparison, to

make certain that the receiver itself is not faulty If the original receiver is not acces-

sible, the valves may be plugged into another receiver (preferably of the same model -

for test.

Microphony should be checked in the original receiver. Motor-boating may be
due to gas or grid emission, but it may also be caused by a faulty component in the

receiver. Distortion is generally due to the power valve, but may also be caused by a

defective filter by-pass capadtanoe in the receiver and in some cases by the sig^ial

diode or a defective resistor. Hum is usually caused by heater-to-cathode leakage or

breakdown in the valve or a faulty filter capadtor in the circuit.

^Tht SMbtance of A. H Wsrdatc. Member l.R.E. (U.S.A.> end D. H. Connolly, A.S.T.C. t« eck-
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(U) Fundamental characteristics which should be tested
The fundamental characteristics which should be capable of being tested in a service

tester are

(a) Shorts and continuity.
Testing for short circuits is essential.

Testing for continuity of the electrodes is highly desirable.

(b) Dynamic tests.

The dynamic tests which should be carried out in a service tester are

Class of valve

Rectifier (power diode)

Signal diode

Triode, low mu
Triode, high mu
Pentode, r-f

Pentode, battery a-f

Pentode, power
Converter

Preferred test Less desirable
alternative

Rectification testEmission
Emission
Mutual conductance

A.C. amplification

Mutual conductance
A.C. amplification

Power output

Conversion conductance Mixer
Oscillator grid current Oscillator

See Sect. 3 for methods of testing these characteristics.

The dynamic test should be one in which the peaks and average plate currents

approximate to the maximum current in normal operation.

(,c) Other tests

Other tests which should be carried out in a service tester are :

Gas (amplifier types only).

Noise (amplifier types only).

Heater to cathode leakage (indirectly-heated types only).

(iij) Types of commercial testers

Commercial service testers are necessarily a compromise. They must be fairly

simple to use, flexible with regard to future valve developments, as free as pos.sible

from damage to indicating instruments through faulty valves

operation and true in their indications.

or misuse, speedy in

The possible combinations of characteristics tested arc :

Type of valve Essential tests Desirable teats

All Shorts Continuity

Heater to cathode

leakage

Vacuum types At least one dynamic test

^

Emission
Mutual conductance

1 A.C. amplification

[Power output

or for converters
|

" Conversion
conductance

1^ or Mixer g*
and Oscillator g^

together with Noise

Gas
Out of a representative group of 22 modem service testers examined, 17 incorporated

some form of mutual conductance test, 7 incorporated an emission test other than for

diodes and all 22 incorporated a diode emission test. One provided a plate conductance

test. With regard to the remaining tests, 8 incorporated a heater to cathode leakage

test, with 7 having a gas test and 7 having a noise test.

It teems to be generally admitted that an emission test alone is not a very satisfactory

dynamic test for all amplifying valves. The better types of testers have both mutual

conductance and diode emission ; they are deficient in that they do not provide a power

output test for power valves, or a.c. amplification for high-mu triodes and a-f
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pentodes. The method of testing for mutual conductance with a high grid swing is

not the equivalent of a power output test. Neither mutual conductance nor emission

testing is a satisfactory substitute for a c. amplification testing of high>mu triodes or

a-f pentodes.

It is obvious, therefore, that any ordinary commercial service tester does not give a

true indication of the condition of all types of valves, and its readings should be used
with discretion.

(iv) Methods of testing characteristics in commercial ^rvice testers
(a) Shorts testing

Testing for shorts should be carried out at mains frequency or on d.c., and the

voltage applied to the neon lamp circuit should not exceed 1 10 volts r.m.s. The use

of higher voltages results in some good valves being classed as filament-to-grid short

circuits.

With a.c. supply, it is usual to design the circuit so that resistances over 0.5 megohm
do not indicate as shorts ; this is to avoid capacitance effects. With d.c. supplies there

is no similar limitation, but different models vary considerably in their shorts testing

sensitivity.

The most satisfactory switching arrangement is one which tests for shorts from any
pin to all other pins tied together The circuit of Fig. 3.4 may be used, except that the

cathode need not be heated.

(b) Continuity testing

Continuity testing may be carried out in a manner closely resembling shorts testing,

but with the cathode hot. Positive or alternating voltage is applied through the neon
lamp to each electrode in turn ; a glow indicates continuity.

The circuit of Fig. 3.4 may be used in a simple service tester, but a more elaborate

tester such as the hexaphase (Fig. 3.2) is much more satisfactory for general use.

For further information on continuity testing sec Sect. 3(ii)b.

(c; Heater to cathode leakage
The maximum leakage resistance from heater to cathode in new valves varies from

1 or 2 megohms for power valves to 5 megohms for ordinary 6.3 volt 0.3 ampere
voltage amplifier valves and even higher for rectifier types having separate heaters

and cathodes. A neon lamp will normally glow slightly when used in a shorts tester

and applied between heater and cathode. A neon lamp may be dc-sensitized either

by shunting by a resistor (of the order of 0.1 to 0.5 megohm) or by a mica condenser

(a value of 0.01 ^tF gives a sensitivity of about 5 megohms -this is only useful with

a.c. supply).

(d) Emission testing

Of the 7 commercial testers which included emission testing of amplifying valves,

5 used a.c. testing, 1 used half-wave rectified a.c. testing, and 1 used d.c. testing. Owing
to the poor regulation obtainable from most service valve testers with d.c. supplies,

other than batteries, it is doubtful whether this has any practical advantages over a.c.

testing. With a.c. supply, the voltage in most service testers is 30 volts r.m.s. ; this is

only a compromise which is far from the optimum for all cases. For laboratory

testing of emission see Sect. 3(ii)f.

(e) Mutual conductance testing

Of the 17 conunerdal testers having a mutual conductance test, 7 used some form of

a.c. signal voltage applied to the control grid, and 6 used some grid shift method, the

methods used by the other 4 being unknown.
All the American mutual conductance testers examined apply an a.c. signal to the

grid, and measure the signal current in the plate circuit ; ali but one of these use a

mains frequency signal, the exception being one w ith a 5 Kc/s signal and a tuned signal

plate current meter.

In most cases this is not an accurate test for all types of valves because the signal

voltage on the grid is fairly high—between 4 and 5 volts r.m.s. in some cases—sufficient

to run beyond grid cut-off in one direction and well on to the ** flat top ** in the other.



124 (iv) METHODS OF TESTING IN COMMERCIAL TESTERS 3.5

with short grid-base valves. Even those testers with reduced signal voltages have

quite appreciable errors with some types of valves.

On the other hand> all but one of the examined English mutual conductance testers

use a grid shift method. This introduces some errors due to plate supply regulation

and curvature of the characteristics, but these can be allowed for in the calibration.

(f) Plate conductance testing

This is used by one American tester only as a reasonably close equivalent of the

mutual conductance test, the amplification factor being assumed to be constant.

Pentodes are triode-connected. A moderately high signal voltage is applied, this being

possible with less error than with direct g ^ measurement owing to the slight compensa-
ting change of with plate current.

(g) Reverse grid current testing

Of the post-war testers examined, all those of English design incorporate reverse

grid current testing (often referred to as “ gas testing ”) but this test was incorporated

in only two of American design. The usual methods of testing are either by grid current

meter or by a shorted grid resistor. For further details see Sect. Xiv)A.
A valve which passes the reverse grid current test on a service tester may not operate

satisfactorily in a receiver. The usable maximum value of negative grid current depends
upon the application, the mutual conductance of the valve, the resistance in the grid

circuit, the type of bias, the bias voltages, the total dissipation of the valve and its

ventilation. The valve may be checked in the actual receiver after running for a

period sufficiently long for the valve to reach its stable operating temperature ; it

may be tested by variation m the plate current of the valve under test when its grid

resistor is shorted.

(h) Power output testing

This is not incorporated into any of the commercial service testers examined, but

is the most satisfactory test for all power valves. Triode testing of pentode and beam
power valves is quite satisfaaory. Methods of testing are described in Sect. Xiv)l.

(i) Conversion conductance
Only one of the testers examined provided a test for conversion conductance, the

method being by phase reversal. For further details see Sect. 3(v)Bd.

A satisfactory alternative is to measure the transconductancc of the mixer, this

being the method commonly employed.

(j) Oscillator mutual conductance
None of the testers provided a test for oscillator grid current under self-osdllatmg

conditions, although this is the most satisfactory form of test. For dcuils see Sect.

3fv)Bg.

The method commonly employed is to measure the oscillator mutual conductance.

The measurement of oscillator grid current in a suitable receiver is a simple way of

checking the oscillator section of a converter.

(k) Noiic
The usual form of noise test is to connect the two neon lamp tenninals to the aerial

and earth terminals of a receiver, during the shorts test. For other forms of noise test

see Sea. 3(iv)L and M.

(l) A.C. amplification
This test should be carried out with zero bias and a high value of grid resistor, as

described in Sea. 3(iv)H. No test with fixed or self-bias is able to determine how a

valve will operate with grid resistor bias.

(v) A.C* versus d.c. electrode voltages in testers
Ail but four of the commercial testers examined, which made provision for some form

ofr m test, used d.c. electrode supplies. The general trend seems to be in the direction

of using d.c. supply to all elean^es, and the additional circuit complications appear
to be justified.

For comparison between laboratory testing of emission by a.c. or d.c. methods,
see Sea. 3(it)f.
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(vi) Pre-heating
When more than one valve is to be tested, a pre-heating socket should be provided

to save time. If not incorporated into the tester itself, the pre-heater may be a separate

imit with one of each type of socket and a filament voltage switch and transformer.

No voltages need normally be applied to the other electrodes except in cases when the

valve is initially satisfactory but becomes defective during operation.

(vii) Testing procedure
Always test for shorts before carrying out any other test. When testing for emission,

allow ample time for the valve to heat thoroughly before pressing the emission switch ;

then press only long enough to give a reading. Do not leave the valve for more than

three seconds on the emission test as otherwise the valve may be permanently damaged.
The reading may be regarded as satisfactory provided that it is not below the limit

and that it does not fall rapidly to the limit in the three second period.

When testing for mutual conductance, the switch may be pressed for any desired

length of time, as no damage will be done to the valve provided that the valve is

operated within its maximum ratings.

If a valve is gassy, the readings of emission and mutual conductance will be affected

(usually increased for a slight amount of gas and decreased by excessive gas). If a

valve is both gassy and of low emission, the true fault is ** gas

If a valve indicates ** no emission ** while the heater is continuous, the fault may
be excessive gas, air in the bulb, cathode coating ** poisoned ** by gas, or open-dreuited

cathode. Air in the bulb is indicated by a continuous heater, a cathode not visibly

red, and a bulb which gradually becomes warm.
References to service testing ; Refs. 55, 56, 57, 60, 61 , 62, 63, 64.
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SECTION 1 : CURRENT AND VOLTAGE
(i) Direct current (it) Alternating current (Hi) Indications of polarity and current

flow.

(i) Direct current
We speak of the flow of an electric current in

more or less the same way that we speak of the

flow of water, but we should remember that the

conventional direction of current is opposite to

the actual flow of electrons. In most electrical

circuit theory however, it is sufficient to consider

only the conventional direction of current flow.

In Fig. 4.1 there is a battery conneaed to a load ;

the current flows from the positive ( ^ ) terminal,

through the load, to the negative ( ) terminal,

and then through the battery to the positive

terminal.

h'ig. 4.1. Flow of current with
battery and load

128
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Batteries (or cells) may be connected in series as in Fig. 4.2 and the total voltage

is then equal to the sum of the voltages of the individual batteries (or cells). When
calculating the voltage of any intermediate point with respect to (say) the negative

terminal, coimt the number of cells passed tl^ugh from the negative terminal to the

tapping point, and multiply by the voltage per cell. When batteries are connected

in series, each has to supply the fvdl load current.

ric 4 2

Batteries (or cells) are occasionally

connected in parallel as in Fig. 4.3.

In this case the terminal voltage is

the same as the voltage per battery

(or cell). The current docs not

necessarily divide uniformly be-

tween the cells, unless these all have

identical voltages and internal re-

sistances.

Direct current may also be ob-

tained from a d.c. generator, or

from rectified and filtered a.c.

supply. In all such cases there is a

Fig. 4.2. Celh in series.
of ripple or bum

which prevents it from being pure
d.c. ; when the a.c. component is appreciable, the supply may be spoken of as “ d.c.

with superimposed ripple (or hum) ** and must be treated as having the characteristics

of both d.c. and a.c. When we speak of d.c. in a theoretical treatise, it is intended to

imply pure, steady d.c.

(ii) Alternatiiig current
The ordinary form of d.c. generator actu-

ally generates a.c., which is convened to

d.c. by the commutator. If a loop of wire

is rotated about its axis in a uniform

magnetic field, an alternating voltage is

generated across its terminals. Thus a.c.

is just as fundamental as d.c. The usual

power-house generates 3 phase a.c., but

in radio receivers we are only concerned

with one of these phases. A “ sine wave ”
Fig. 4.3. Cells in parcdlel.

alternating current is illustrated in Fig. 4.4, where the vertical scale may represent

voltage or current, and the horizontal scale represents time.* A cycle is the alterna-

tion from A to E, or from B to F, or from C to G.

Fig. 4.4. Form of sine-

wove alternating current.

r iC 4 4

Most power supplies have frequencies of either 50 or 60 cycles per second ^c/s).

The period is the time taken by one cycle, which is 1/50 or 1/60 second, in these

two cases.

•For mathematical treatment of periodic phenomena aee Chapter 6 Secc, 4.
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The precise shape of the wave is very important, and the sine wave has been adopted

as the standard a.c. waveform, since this is the only one which always has the current

waveform of the same shape as the voltage, when applied to a resistance, inductance

or capacitance.t In practice we have to deal with various waveforms, some of which

may be considered as imperfect (“ distorted *’) sine waves, while others are of special

shapes such as square waves, saw-tooth, or pulse types, or rectified sine waves. How-
ever, when we speak of a.c. in any theoretical treatise, it is intended to imply a dis-

tortionless sine wave. Other waveforms may be resolved by Fourier Analysis into a

fimdamental sine wave and a number of harmonic frequency sine waves, the latter

having frequencies which arc multiples of the fundamental frequency. This subject

is treated mathematically in Chapter 6 Sect. 8.

When deriving the characteristics of any circuit, amplifier or network, it is usual

to assume the application of a pure sine-wave voltage to the input terminals, then to

calculate the currents and voltages in the circuit. In the case of a valve amplifier

(or any other non-linear component) the distortion may be cither calculated, or

measured at the output terminals. If the device is to operate with a special input

waveform (e.g. square wave), it is usual to resolve this into its fundamental and har-

monic frequencies, and then to calculate the performance with the lowest (funda-

mental) frequency, an approximate middle^* frequency, and the highest harmonic

frequency—all these being sine waves.

(iii) Indicadons of polarity aii4 current flow
In circuit diagrams the polarity of any battery or other d.c. voltage source is usually

indicated by -f and — signs ; alternatively it may be indicated by an arrow, the head

of the arrow indicating positive potential (e.g. Fig. 4.2). A similar convention may
be used for the voluge between any points in the circuit (e.g. Fig. 4.14A). The
direction of d.c. current flow is indicated by an arrow.

In the case of a.c. circuits a similar convention may be used, except that an arbitrary

instantaneous condition is represented (Fig. 4.18A\

SECTION 2 : RESISTANCE

(i) Ohm's Law for d.c. (ii) Ohm's Law for a.c. {Hi) Resistances in senes (iv)

Resistances in parallel (v) Conductance in renstive circuits.

(i) Ohm’s Law for direct current
All substances offer some obstruaion to the flow of electric current. Ohm’s Law

states that the current which flows is proportional to the applied voltage, in accordance

with the equation

I E/R (1)

where R is the total resistance of the circuit. For example in Fig. 4.5 an ideal battery,

having zero internal resistance, and giving a constant voltage E under all conditions,

is connected across a resistance R The current which flows is given by eqn. (1)

above, provided that

/ is expressed in amperes,

E is expressed in volts,

and R is expressed in ohms.*

Ohm’s Law may also be arranged, for convenience, in

the alternative forms

^ Eig. 4.5. Circuit Ulus-
and R — EH (3) trating Ohm's Law for d.c.

tinewave hat its derivative and integral of the tame form at ittcif.

**Preferablv the geometrical mean frequency which it given by \ f \ f -i where /> and /j are the lowett
and hqthett frequeruriet.

*It is aasumed that the retittance remaini constant under the conditions of operation. For other
cases tee Sect. 7(i).
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In a circuit containing more than one battery (or other source of direct voltage),

the effective voltage is determined by adding together those voltages which are in the

same direction as the current, and subtracting any opposing voltages.

Ohm’s Law also holds for any single resistor or combination of resistances. The
voltage drop across any resistance /?i, no matter what the external circuit may be,

is given by
Voltage drop IR^ (4)

where I is the current flowing through Ri.

(ii) Ohm’s Law for alternating current
Ohm’s Law holds also for alternating voltages and currents, except that in this

case the voltage (E) and the current (/) must be expressed in their effective or root-

mean>square values of volts and amperes.

(iii) Resistances in series

When two or more resistors are connected so that the current through one is com-
pelled to flow through the others, they are said to be in series, and the total resistance

is the sum of their individual resistances. For example, in Fig. 4.6 the total resistance

of the circuit is given by
R R^ R 2 • R. (5)

and the current is given by
/ I:/R E {R, t ^2 ^ R^)-

It is interesting to note that E,, R. and R^ form a voltage divider, across the

battery E. Using cqn. (4) :

voltage drop across E, ^ IRy^ ~ (Rj (E, • E, ^ R^)] *. E
voltage drop across R 2 IR 2 ~ [R 2/(Ri f Ri - R 3 )] << E
voltage drop across R^ IR 2 (Ea/CE, 4- R^ - R^)] x E
total voltage drop /E, -- IR^ - /E3

/ (R, * R. - Ri) - E.

For example, if /: 6 volts, 10 ohms, 10 ohms and E 3 — 10 ohms, then

I E {R, - R. • R 3 ) - 6/(10 - 10 -r- 10)

6 30 0.2 ampere.

Voltage between points C and D 10 • 0.2 2 volts

B and D 20 ^ 0.2 4 volts

A and D 30 • 0.2 6 volts.

The voltage across any section of the voltage divider is proportional to its

resistance (it is assumed that no current is drawn from the tapping points B or C}.

Fig. 4.6. Resistam' t's iti series.

Fig. 4.7. Rcsistauecs in ^eries^ aliozving for interna! re^isranee of hatterv.

If the battery has any appreciable internal resistance the circuit must be mexiified

to the form of Fig. 4.7 where R, is^thc equivalent internal resistance Here we have

four resistances effectively in scries and / E (R, • Ri ^ R^ ' Rx^ The
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voltages between any of the points A, Cor D will be less than in the corresponding

case for zero internal resistance, the actual values being

X volttge for R, = 0.

If Ri is less than 1% of (Ri -+-/?, + Ra), then its effect on voltages is less than 1%.

(iv) Resistances in parallel
When two resistances are in parallel (Fig. 4.8) the effective total resistance is given by

RiRt
R = (6)

Ri + R%
WhenRt = Rt, R = Ri /2 - R,/2.

When any number of resistances are in parallel (Fig. 4.9) the effective total resistance

is given by

~n ~ ^ "i~ IS” .... (7)
/vj Kf /va

When two or more resistors are in parallel, the total effective resistance may be de-

termined by the graphical method of Fig. 4.10. This method* only requires a piece

of ordinary graph paper (or alternatively a scale and set square). As an example,

to find the total resistance of two resistors, 50 000 and 30 000 ohms, in parallel uke
any convenient base AB with verticals AC and BD at the two ends. Take 50 000
ohms on BD and draw the straight line AD

;

take 30 000 ohms on AC and draw
CB ; draw the line XY from their junction perpendicular to AB. The height of

XY gives the required result, on the same scale.

Fig. 4.8. Two resistances in parallel. Pig. 4.9. Several resistors in parallel.

If it is required to determine the resistance of three resistors in parallel, the third

being say 20 000 ohms, proceed further to join points E and F, and the desired result

is given by the height PQ. This may be continued indefinitely.

Fig. 4.10. Graphical method
for the determination of the

effective resistance of two or
more resistors in parallel {after

Wireless World),

The same method may be used to determine suiuble values of two resistors to be

connected in parallel to give a specified total resistance. In this case, select one

value (C) arbitrarily, mark X at the correct height and then find D ; if not a suitable

value, move C to the next available value and repeat the process until satisfactory.

** RctittBiicct In PsnJIcl—Oipadtancw to Series,” y-Y*. j?.?
' DialUst Scftet C and Pandld R.” W.W. 51.4 (April 1945) 126.
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When a network includes a number of resistors, some in series and some in parallel,

firstly convert all groups in parallel to their effective total resistances, then proceed

with the series chain.

(v) Conductance in resistive circuits

The conductance (G) of any resistor is its ability to conduct current, and this is

obviously the reciprocal of the resistance -

G \/R (8)

Applying Ohm’s Law, we derive

I EG (9)

The unit of conductance is the mho (i.e. the reciprocal ohm).
When resistances are in parallel, their effective total conductance is the sum of their

individual conductances

G G, r Gj r G3 r (10)

When a number of resistors are in parallel, the current through each is proportional

to its conductance. Also,

i I
G fntat

( 11 )

SECTION 3 : POWER

(i) Power iu dx. circuits (ii) Power in resistive ax. circuits.

(i) Power in d.c. circuits

The power converted into heat in a resistance is directly proportional to the product
of the voltage and the current

P X / (1)

where P is expressed in watts, E in volts and I in amperes. This equation may be

rearranged, bv using Ohm’s Law, into the alternative forms
P rR - P*/P (2)

where R is expressed in ohms.

The total energy developed is the product of the power and the time. Units of

energy are

(1) the watt-second or foulc

(2) the kilowatt-hour (i.e 1000 watts for 1 hour).

Fig. 4.11. One cycle of
sine-wave voltage (e) and
current (i) with zero phase
angle. The instantaneous

potoer (P) is always positive ;

the average power is half

the peak power.

(ii) Power in resistive a.c. circuits
The same general principles hold as for d.c., except that the voluge, current and

power are varying. Fig. 4.11 shows one cycle of a sinewave voltage and current.

The instantaneous power is equal to the product of the instantaneous voltage and
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instantaneous current at any point in the cycle. The curve of instantaneous power
(P) may be plotted point by point, and is always positive.

The heating of a resistor is obviously the result of the average or effective power,
which is exactly half the peak power.

Ppj'iiA ^ ma I ^ max (

Pa.
E mil r

- X
V2 \'2

Pmar/\'2 is Called the effective or r.m.s. voltage

^max/\^2 is called the effective or r.m s. current.

(4)

The effective values of voltage and current are the values which have the same heating

effect as with d.c. The initials r.m.s. sumd for root mean square, indicating that it

is the square root of the average of the squares over the cycle.

In a.c. practice, any reference to voltages or currents without specifying which
value is intended, should always be interpreted as being r.m s. (or effective) values.

Measuring instruments are usually calibrated in r.m.s. values of currents and voltages.

The form factor is the ratio of the r.m.s. to the average value of the positive half-

cycle. The following table summarizes the principal characteristics of several wave-

forms, over the positive half-cycle in each case (see Chapter 30 for rectified

waveforms) :

Sine wave Square wave
Triangular

wave

Form factor ( r.m.s. average) TT 2 \ 2 1.11 1.00

(isosceles)

2 \ 3 1.15

Peak/r.m.s. \ 2 1.414 1.00 \ 3 1 73

R.M.S. /peak 1/V 2 0.707 1.00 l/ \ 3 ^ 0.58

Peak/average 7t/2 1.57 1.00 2.0

Average/Pcak 2
.
rr 0.64 1.00 0.5

SECTION 4 CAPACITANCE

(i) Introduction to capacitance (it) Condemers in parallel and series (iti) Calcula-

tion of capacitance (iv) Condensers in d.c. circuits (v) Condensers tn a.c. circuits.

(i) Introduction to capacitance

A capacitor* (or condenser) in its simplest form, consists of two plates separated

by an insulator (dielectric)

Any such condenser has a characteristic known as capacitance! whereby it is able

to hold an electric charge. When a voltage difference (E) is applied between the

plates, current flows instantaneously through the leads connecting the battery to the

condenser (Fig. 4.12) until the latter has built up its charge, the current dropping
gradually to zero. If the battery is removed, the condenser will hold its charge

indefinitely (in practice there is a gradual loss of charge through leakage). If a con-

ducting path is connected across the condenser plates, a current will flow through
the conduaor but will gradually fall to zero as the condenser loses its charge.

It is found that the charge (i.e. the amount of electricity) which a condenser will

hold is proportional to the applied voltage and to the capacitance.

This may be put into the form of an equation :

Q « C£ (1)

where Q = quantity of electricity (the charge) in coulombs,

C ^ capacitance in farads,

and E - applied voltage.

*Thc Ameriesn standard term is *' Capacitor.*'
til it aatumed here that the condenser is ideal, without tcriet retiitance, leakage, or dielectric lag.
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The unit of capacitance—the Farad (F)—^is too large for convenience, so it is usual

to specify capacitance as so many microfarads (/xF) or micro-microfarads* (/i/xF).

Any capacitance must be converted into its equivalent value in farads before being
used in any fundamental equation such as (1) above

—

1 ^F == 1 X 10“* farad
== I X 10-‘" farad

Note : The abbreviations mF or mmF should not be used under any circumstances

to indicate microfarads or micro-microfarads^ because mF is the symbol for milli-farads

(1 X \0~^ farad). Some reasonable latitude is allowable with most symbols, but here

there is danger of serious error and misunderstanding.

The energy stored in placing a charge on a condenser is

W - i (QF) = i (CF*) ^ QV2C (2)

where W energy, expressed in joules (watt-seconds)

Q ^ charge in coulombs

C ^ capacitance in farads

and F = applied voltage.

(D

4
c

“ c

r -
T T T 4

Fig. 4.12. Condenser connected to a battery.

Fig. 4.13. (/!) Condensers in parallel. (B) Condensers in series.

(ii) Condensers in parallel and series

When two or more condensers are connected in parallel (Fig. 4.13A) the total

capacitance is the sum of their individual capacitances :

C C, t C, - C, 4^ . . (3)

When two or more condensers are connected in series (Fig. 4.13B) the total capaci-

tance is given by :

1

C
(4)

When only two condensers are connected in series :

When two or more equal condensers (C,) are connected in series, the total capaci-

tance is

(5)

C C,/2 for 2 condensers

and C - Ci/n for n condensers.

Note : The curved plate of the symbol used for a condenser indicates the earthed

(outer) plate of an electrolytic or circular paper condenser ; when this is not applic-

able the curved plate is regarded as the one more nearly at earth potential.

(ill) Calculation of capacitance
Pallet plate condenser
When there are two plates, close together, the capacitance is approximately :

C
11 7

when dimensions arc in centimetres

•The name picofarad (pF) also used as an alternative.
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or C — mmF when dimensions arc in inches
4.45a

where A — useful area of one plate in square centimetres (or inches). The useful

area is approximately equal to the area of the smaller plate when the square root of

the area is large compared with the gap.

K — dielectric constant (for values of common materials sec Chapter 38

Sect. 8. For air, K ^ \.

d — gap between plates in centimetres (or inches).

Capacitance with air dielectric, plates 1 mm. apart
C ^ 0.884 /ifiF per sq, cm. area of one plate.

Capacitance with air dielectric, plates 0.10 inch apart
C ~ 2.244 ^x^iF per sq. inch area of one plate.

When there arc more than two plates, the “ useful area ** should be interpreted as

the total useful area.

Cylindrical condenser (concentric cable)

7.354K
C = r— length

logio u/

a

where D inside diameter of outside cylinder (inches)

d - outside diameter of inner cylinder (inches)

and K dielectric constant of material in gap.

(iv) Condensers in d«c. circuits

An ideal condenser is one which has no resistance, no leakage, and no inductance.

In practice, every condenser has some resistance, leakage and inductance, although

these may be ne^ected under certain conditions of operation.

rn
I 1

Fig, 4,14. Condenser charge and discharge (A) Circuit (B) Discharge current
characteristic (C) Charge voltage characteristic (D) Discharge voltage characteristic.

In Fig. 4.14A, C is an ideal condenser which may be charged by closing switch Si

;

r representt the combined internal resistance of the battery E and the resistance of
the leads in the circuit. When Si is closed, current (0 will flow as indicated in dia*

gram B, the peak current being / = E/r at time t ?= 0. The time for C to become
fiilly charged is infinite—in other words the current never quite reaches zero, although
it comes very close to zero after a short period. The equation for the current is of

logarithmic form

:

E t/rC

r

(6)
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where < ^ base of natural logarithms 2.718)

t ^ time in seconds after closing switch 5|

E “ battery voltage

r resistance in ohms
and C - capacitance in farads.

The voltage (e) across the condenser is

e = E ~ rt ^ E (I - € ^ (7a)

and the curve (diagram C) is of the same shape as the current curve except that it

is upside down. The voltage never quite reaches the value E\ although it approaches

it very closely.

The charge on the condenser is given by

q Qri - e ^ (7b)

where q instantaneous charge on condenser

and (2 " EC ^ ftnal c^rge on condenser
which follows the same law as the voltage (cqn. 7a).

If we now assume that the condenser C is fully charged, switch .V, is opened, and
switch .^2 is closed, the discharge characteristic will be given by

which is of the same form as diagram B, except that the current is in the opposite

direaion.

The curve of voltage (and also charge) against time for a discharging condenser is

in diagram D, and is of the same shape as for current, since e Ri. These charge

and discharge characteristics are called transients.

In order to make a convenient measure of the time taken to discharge a condenser,

we adopt the time constant which is the time taken to discharge a condenser on the

assumption that the current remains constant throughout the process at its initial

value. In practice, as explained above, the discharge current steadily falls with

time, and under these conditions the tim<. constant is the time taken to discharge the

condenser to the point where the voltage or charge drops to 1 t or 36.8 of its initial

value. The same applies also to the time taken by a condenser in process of being

charged, to reach a voltage or charge of (1 i, c) or 63.2‘*o of its final value.

The time constant (T) is equal to

T - RC (9)

where T is the time constant in seconds,

R is the total resistance in the circuit, either for charge or discharge, in ohms,
and C is the capacitance in farads.

This also holds When R is in megohms and C in microfarads.

(v) Condensers in a«c. circuits

When a condenser is connected to an a.c. line, current flows in the circuit, as may
be checked by inserting an a.c. ammeter in series with the condenser. This does

not mean that electrons flow through the cimdenser from one plate to the other ;

they are insulated from one another.

Suppose that a condenser of capacitance C farads is connected directly across an

a.c. line, the voltage of which is given by the equation e = sin wt. The con-

denser will take sufficient charge to make the potential difference of its plates at every

instant equal to the voltage of the line. As the impressed voltage continually varies

in magnitude and direction, electrons must be continually passing in and out of the

condenser to maintain its plates at the correct potential difference. This continual

cltarging and discharging of the condenser constitutes the current read by theammeter.

At any instant, q ^ Ce, where q is the instantaneous charge on ^e condenser.

The current (i) is the rate of change (or differential* with respect to time) of the charge,

•Se« Chapter 6, Section 7.
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i.C., I dqjdt

But q = Ce CE^ sin uit

d
Therefore t ^ -r {CE^ sin tjt)

at

Therefore i = cos mt (10)

Eqn. (10) is the equation of the current flowing through the condenser, from which
we may derive the following facts :

1. It has a peak yalue of ; the current is therefore proportional to the applied
voltage, also to the capacitance and to the frequency (since / -= a>/27r).

2. It has the same angular velocity ( <o) and hence the same frequency as the applied
voltage.

3. It follows a cosine waveform whereas the applied voltage has a sine waveform.
This is the same as a sinewave advanced 90 in phase we say that the current
leads the voltage by 90^ (Fig. 4.15).

Considering only the magnitude of the condenser charging current,
~ <^CEni (peak values)

Therefore Irm* — <oCErms (effective values)

Where / and E occur in a.c. theory, they should be understood as being the same as

Irma and Erma-

This should be compared with the equivalent expression when the condenser is

E,m,
*rma ~ ' n

It will be seen that R in the resistance case, and
(l/tuC) in the capacitance case, have a similar effect

in limiting the current. We call (
- l/wC) the

capacitive reactance! (Xe) of the condenser, since

it has the additional effect of advancing the phase of

the current. We here adopt the convention of
making the capacitive reactance negative, and the

inductive reactance positive ; the two types of re-

actance are vectorially 180° out of phase.

The relationships between the various voltages

and currents are well illustrated by a vector
diagram*. Fig. 4.16A shows a circuit with R and C in scries across an
a.c. line with a voltage e E^ sin u>t. The instantaneous** values of voltage (e)

and current (i) arc shown with arrows to indicate the convention of positive direction.

It is quite clear that the same current which passes through R must also pass through
C. This causes a voluge drop RI across R and (// wC) across C where I is the r.m.s.

value of the ctirrent. The relative phase relationships are given by the angular dis-

placements in the vector diagram. These are determined trigonometrically by the
peak values /„», RI^ and IJ toC \ for convenience, the lengths of the veaors are

marked in Fig. 4.16B according to the effective values /, Rl and IIwC. The current

vector is distinguished by a solid arrowhead ; it may be to any convenient scale since

there is no connection between the voltage and current scales. Since R is purely
resistive, RI must be in phase with /, but the ctirrent through C must lead the voltage

drop across C by 90°. Tliis is shown on the vector diagram 4.16B where the direc-

tion of / is taken as the staning point ; RI is drawn in phase with I and of length equal
to the voltage drop on any convenient scale ; //<!uC is drawn so that / leads it by 90**

;

and the resultant {£) of RI and 1/ uiC is determined by completing the parallelogram

The resultant E is the vector sum of the voluge drops across R and C, which must

tA uble of capacitive reactances is given in Chapter 38 Sect. 9 Table 42.
•See Chapter 6 Sec.ion 5(iv).

••It is illogical to show directions or polarities on «he r.m.s. values of current (/) or voltage {E) since
these are the effective values of alternating currenu.

replaced by a resistance (R) :

TtMt:

ric. 4 IS

Fig. 4.15. Alternating cur-

rent through an ideal co^emer.
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therefore be the applied (line) voltage,

voltage E by an angle
<l>
where

tan
<f>
^ I 1

coC RI

It will be seen that the current / leads the

1 lAT.I

coCjR r
(10a)

It = 0, then tan — oo , and — 90®.

Since 4> is the phase angle of the current with respect to the voltage, the angle ^
in the circuit of Fig. 4.16A is positive.

The instantaneous current flowing through the circuit of Fig. 4.16A is therefore

given by
i I^ sin ( u)t f 6) (lOb)

where 6 tan'* (1/ojCR).
The value of in eqn (10b) is given by

Im = EJZ (10c)

where Z is called the impedance.
Similarly in terms of effective values,

7 - E/Z (lOd)

Obviously Z is a vector (or complex) quant it^» having phase relationship as well as

magnitude, and is printed in bold face to indicate this fact. This may be developed
further by the use of the j notation.

©

Fig. 4.16. {A) Resistance and capacitance across a.c. line (/i) Vector diagram of
voltage relationships (C) Vector diagram of impedance (Z) icith its real component

{R) and reactive component —

j

(l /coC).

Using the j Notation
The operator j* signifies a positive vector rotation of 90 , while - j signifies a

negative rotation of 90 \ Instead of working out a detailed vector diagram, it is

possible to treat a circuit problem very much more simply by using the j notation.

For example in Fig. 4.16, we may equate the applied voltage E to the sum of the

voltage drops across R and C ;

RI J I (11)

the indicating 90 ’ vcaor rotation in a negative direction, which is exactly what
we have in diagram B.

It is sometimes more convenient to put jl <uC into the alternative form * I jeoC

which may be derived by multiplying btnh numerator and denominator by j (since

>• 1). Thus
E RI f JjioC (12)

From (11) we can derive ;

Z - E/I - R >(l/a>C) (13)

For example, in Fig. 4.16A let R 100 ohms and C - 10 /iF, both connected in

series, and let the frequency be 1000 c/s.

Then oi - 2n x 1000 6280

1/tuC - 1/(6280 \ 10 X 10 •) - 15.9 ohms,

and Z - R jil/ioC)
100 - j 15.9 (I3a)

Eqn. (13a) indicates at a glance a resistance of 100 ohms in series with a negative

reactance (i.e. a capacitive reactance) of 15,9 ohms. Values of capacitive reactances

•Sec Chapter 6 Sect, 5(iv).
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for selected capacitances and frequencies are given in Chapter 38 Sect. 9 Table 42.

Even if jR 0, we still write the impedance in the same form,

Z - 0 j 15 9 (I3b)

Thus Z is a complex* quantity, that is to say it has a “ real *’ part (R) and an “ imagin-

ary” part (l/a>C) at 90" to R, as shown in Fig. 4.16C. The absolute magnitude
(modulus) of Z is :

\Z\ \ ^ ioCy (14)

and its phase angle ^ is given by

“ .CR <«
which is the same as we derived above from the vector diagram, except for the sign.

The negative sign in eqn. (15) is because is the phase shift of Z with respect to R.

In a practical condenser, we may regard R in Fig. 4.16A as the equivalent series

loss resistance of the condenser itself.

It is obvious from Fig. 4.16B that

cos R;Z (16a)

where Z is given by equation (13) above.

Cos <i> is called the “ Power factor."

If ^ is nearly 90 , X is nearly equal to Z, apart from sign, and so

cos f ^ R iA'! (16b)

where |X1 indicates that the value of the reactance is taken apart from sign. With
this approximation we obtain

Power factor cos ^ wCR (17)

Note that the power factor of any resistive component is always pi>sitivc. A negative

power factor indicates generation of power.

The total power dissipated in the circuit (Fig 4.16A') will be
P El cos El • power factor (17a)

-'* Rll.l-SM <'’«

where P power in watts

Xc l/o>C

and cos <f> is defined by eqn. (Iba) or the approximation (16b).

The Q factor of a condenser is the ratio of its reactance to its resistance

Q - 1/OCR - tzn 4> 1 /(power factor) (18)

SECTION 5 : INDUCTANCE

(j) Introduction to inductance {it) Inductances tn d.c. circuits (lii) Inductances

in series and parallel (it/) Mutual inductance {v) Inductances in ax. circuits (rO
Power in inductive circuits.

(i) Introduction to inductance

An inductor, in its simplest form, consists of a coil of wire with an air core as com-
monly used in r-f tuning circuits. Any inductor has a characteristic known as in-

ductance whereby it sets up an electro-magnetic field when a current is passed through
it. When the current is varied, the strength of the field varies ; as a result, an electro-

motive force is induced in the coil. This may be expressed by the equation :

d4,
t -N X 10 • volts

( 1 )

where e - e.m.f. induced at any instant

N ' number of turns in the coil

^ ~ flux through the coil

See Chspeer 6, Sect. 6<i).
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and rate of change (difTerential with respect to time) of the flux.

The direction of the induced e.m.f. is always such as to oppose the change of*current
which is producing the induced voltage. In other words, the effect tJf the induced
e.m.f. is to assist in maintaining constant both current and held.

>X’c may also express the relationship in the form :

where all the values arc expressed in practical units -

e = e.m.f. induced at any instant, in volts

L inductance, in henrys

I current in amperes
di

and . rate of change of current, in amperes per second.

(2)

The inductance L varies approximately* with the square of the number of turns

in the coil, and may be increased considerably by using iron cores** (for low fre-

quencies) or powdered iron (for radio frequencies). With iron cores the value of L
is not constant, so that eqn. (2) cannot be used accurately in such cases.

The energy stored in a magnetic field is

energy f L/* (2a)

where energy is measured in )ouIes (or watt seconds)

L is measured in henrys

and I is measured in amperes.

(ii) Inductances in d.c. circuits

When an inductance (L henrys) with a total circuit resistance {R ohms) is connected

to a d.c. source of voltage (£'), the current rises gradually to the steady value / E/R.
During the gradual rise, the current follows the logarithmic law

I ^^(1 -€ ""•) (3)

where j current in amperes at time r,

€ base of natural logarithms ^ 2.718,

and f time in seconds after switch is closed.

The time constant (D is the time in seconds from the time that the switch is

closed until the current has risen to (1 1/e) or 63.2^’o of its final value :

T L R (4)

where L inductance in henrys

and R - resistance in ohms.
The decay of current follows the law

'

The rise and decay of current are called transients.

(iii) Inductances in series and parallel

Inductances In series

The toul inductance is equal to the sum of the individual inductances, provided

that there is no coupling between them :

L L, F ^ L, / . . . (6)

Inductances in parallel

The total inductance is given by eqn. (7), provided that there is no coupling between

them :

*$€« Ch .ptcr 10 for formulae for calculating the inductance of coils.

Chapter 5 for iron cored inductances.
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(iv) Mutual inductance
When two coils are placed near to one another, there tends to be coupling between

them, which reaches a maximum when they are placed co-axially and with their

centres as close together as possible.

If one such coil is supplied with varying current, it will set up a varying magnetic

field, which in turn will induce an e.m.f. in the second coil. This induced e.m.f.

in the secondary is proportional to the rate of current change in the first coil (primary)

and to the mutual inductance of the tw'o coils :

*
(8)Af

dt

where e.

diy

dt

and Af

voltage induced in the secondary,

rate of change of current in the primary in amperes per second,

mutual inductance of the two coils, in henrys.

(Compare Equations 2 and 8.)

Af may be either positive or negative, depending on the rotation of, or connections

to, the secondary. Af is regarded as positive if the secondary voltage has the same

polarity as the induced voltage in a single coil.

The maximum possible (theoretical) value of Af is when M \ L^L^y being the

condition of unity coupling, but in practice this cannot be achieved The coefficient

of coupling (k) is given by

k M/\%L, (9)

so that k is always less than unity.

If the secondary is loaded by a resistance R . (Fig. 4.17), current will flow through

the secondary circuit.

©
_j

e-c.mVNuji

Fig. 4.17.

Fig. 4.18.

Ttvo inductances coupled by mutual inductance (M) with the secondary
loaded by a resistance.

(A) Equivalent circuit diagram of practical inductance {B) Vector
diagram of voltage relationships.

(v) Inductance in a.c. circuits
If an ideal inductance (L henrys) is connected across an a.c. line, the voltage of

which is given by the equation e E^ sin on, a current will flow having the same
wavefonn as the line voltage, but the current will lag 90 behind the voltage. The
inductance is said to have an inductive reactance* (X,) equal to ojL, and the current
will be

Irrn, - Ern,/o,L ( 10)

Wc may helpfully compare this with the case of a condenser .

Current Reactance Phase shiftt

Capacitance: /rm. otCEr„, Xr -\!oiC 4 90
Inductance: Er„n, Xj luL > 90’

Every practical inductance has appreciable resistance, and we may draw the equiva-

lent circuit of any normal inductor as an ideal induaance in senes with a resistance

twhle of inductive reactances gtven in Chapter Sect. Table U.
‘Of current with respect to voltage.
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(Fig. 4.18A). If there is any other resistance in the circuit, it may be added to the

resistance of the inductor to give the total resistance R.

If an alternating voltage is applied across L and R in series (Fig. 4.18A) the veaor
diagram may be drawn as in (B). The current vector I is first drawn to any con-
venient scale ; the vector of voltage drop across R is then drawn as RI in phase with

/ ; the vector of voltage drop across L is then drawn as loLI so that I will lag behind
it by 90 hence ojLI is drawn as shown ; the parallelogram is then completed to

give the resultant E ^ ZI with a phase angle such that tan = coL/R.

Using the j notation we may write :

E^RI+jioLI (11)

where +7 indicates 90'’ vector rotation in a positive direction.

From (11) we can derive :

Z - E/I R ^ jioL (12)

For example, if R 150 ohms, L ^ 20 henrys and / = 1000 c/s, then
oi - In X 1000 - 6280

coL - 6280 X 20 -- 125 600 ohms
and Z ^ 150 -f ; 125 600 ( 12a)

Eqn. (12a) indicates at a glance a resistance of 150 ohms in series with a positive

reactance (i.e. an inductive reactance) of 125 600 ohms. Values of inductive re-

actances are given in Chapter 38 Sect. 9 Table 41.

The magnitude (modulus) of Z is ;

iz; \ R^ ( 13)

and its phase angle is given by
tan

<i>
wL. R (14)

as also shown by the vector diagram.

(vi) Power in inductive circuits

The power drawn from the line in Fig. 4.18A is the integral over one cycle of the

instantaneous values of e * i. As shown by Fig. 4.19, during parts of each cycle

energy is being taken by the circuit, while during other parts of the cycle energy is

being given back by the circuit. The latter may be regarded as negative power being

taken by the circuit, and is so drawn. The expression for the power is

P ~ E^ sin cur / sin {wt —
<j>)

- Ey^ sin cur . sin (wr -
<ff)

™ sin cur (sin cur cos
<f>

— cos <ur sin

^ E^ /« (sin* wt cos
<t>

- sin cur cos cur sin 4>),

Now the average value of (sin cur cos cur) over one cycle is zero*.

Therefore P = E^ lm (sin* cur cos 4>)

\ E^ I cos 2 cur) (cos 4>)

- Er„, Irmn COS (15)

(since the average value of I cos 2 cur ^ 0*)
^ 0

where P is expressed in watts, E and I in volts and amperes.

Fig. 4.19. Potver itt an inductive

circuit with applied sinc-tvave

voltage (e).

Si V C ^.H'' L : Pi t’.Tutc Inu'nral'
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From eqn. (15) the power is equal to the product of the effective voluge and current

multiplied by cos which is called the Power Factor^ its value being given by

cos ^ - R/\/R^\ {wLV.
^3^cn the load is purely resistive, L 0 and the power factor ^ 1 ; the power is

therefore P = Erms Irms-

From (15) wc may derive for the general case :

P = F/ cos ^ = E/ . R/VR* +
Therefore P = / . I\/R* + (<^f-)* x R/VR* “f PR (16a)

P[i + i<oLy/R*]
Therefore R = P/I*
where P power in watts

ioL inductive reactance in ohms
R ^ resistance in ohms

and I current in amperes.

(16b)

(17)

In other words, the total power taken from the line in the circuit of Fig. 4.18A is

the power dissipated by the effective total resistance R. There is no loss of power
in an ideal inductance with zero resistance, although it draws current from an a.c.

line, because the power factor is zero (^ 90*^, therefore cos ^ = 0). The product
of 7 > P in this case is called the wattless power or reactive power, or more cor-

rectly the reactive volt-amperes.

The power factor at any given frequency gives the ratio of the resistance of a coil

to its impedance and may be used as a figure of merit for the coiK A good coil should

have a very small power factor.

The power faaor is almost identical with the inverse of the coil magnification factor

Q (Chapter 9), and the error is less than 1 for values of Q greater than 7 :

Q cuL R - tan

Power factor = cos = R/Z
tan 4> 1/cos (error < T',, for 4> ' 82 )

Therefore Power Factor l/Q for Q > 7.

SECTION 6 : IMPEDANCE AND ADMITTANCE

(/; Impedance a complex quantity {it) Series circuits with L, C and R {Hi) Parallel

combinations of L, C and R {iv) Series-parallel combinations of Ly C and R (v)

Conductance, susceptance and admittance {vi) Conversion from series to parallel

impedance,

(i) Impedance, a complex quantity
Impedance has already been introduced in Sections 4 and 5, in connection with

series circuits of C and Rot L and R. Impedance is a complex quantity, having both a

resistive and a reactive component. We are therefore concerned, not only with its

magnitude, but also with its phase angle.

(ii) Series circuits with L, C and R
When a resistance, an inductance and a capadtaxice are conneaed in series across

an a.c. line (Fig. 4.20A), the same current will flow through each.

In using the j notation, remember that> simply means 90'’ positive vector roution

(the voltage drop for an inductance) and —j means 90 negative vector roution (the

voluge drop for a capacitance).

In terms of the effective values

where E ^ applied voluge

and / — current through circuit, we have :
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Voltage drop through R RJ
» » » juiU
» M » C ~ ( j/toC)!

The total voltage drop is equal to the applied voltage,

therefore E = [R -h ;(<*>/- — l/a>C)] I

Hence Z = R +>(a>L - l/cuC) (H
Here R is the resistive component of Z, while (a>L — 1 /cuC) is the reactive com-

ponent.

It may therefore be written as

Z — R -i- jX where A’ = (<i>L — 1/wC).

For example, let R — 500 ohms, L = 20 henrys, and C ^ 1 piF, all connected in

series across an a.c. line with a frequency of 50 c/s.

Then co = 27r x 50 = 314
I/cjC - 1/(314 X 10^) - 3180 ohms

X - wL - l/oiC - 6280 - 3180 = 3100 ohms
(the positive sign indicates that this is inductively reactive) and

Z - R + 7A = 500 + > 3100.

If L had been 5 henrys, then X would have been

1570 - 3180 = - 1610 ohms
which is capacitive ly reactive.

The phaM angle is given by tan ^ ^ X/R. The magnitude of the impedance

is given by \Z\ = v^R* -f (a>L — l/cuC)* (la)

Fig. 4.20. (A) Circuit of
R, L and C in series

across ax. line (B) Vector
diagram of wltage re-

lationships.

This may be illustrated by means of a vector diagram (Fig. 4.20 B) where I is drawn
to any convenient scale. The voltage-drop vectors are then drawn, to the selected

voltage scale, R1 in phase with /, jwLI at 90'" in advance of I and -jlJutC lagging
90"" behind /. The simplest method of combining the three vectors is to take either

utLI or II wC, whichever is the greater, and then to subtract the other from it, since

these two are exactly in phase opposition. In diagram B, ojLI is the greater, so that

I/wC is subtracted from wLI to give (taL — l/wC)I. The two remaining vectors,

RI and >(cuL - 1/ oiC)/ arc then combined by completing the parallelogram, to give

the resultant Z/ which, of course, must be equal to the applied voltage E.

A special case arises when wL -- 1/ a>C in eqn. (1) ; the reactive component

becomes zero and Z R. This is the phenomenon of scries resonance which

is considered in greater detail in Chapter 9.

Specinl cases of equation (1)

Put l/a*C — 0,

Put u)L = 0,

Put R =» 0,

and L only

and C only ;

and C only :

only

:

only

:

C only :

Note that Q |tan ^1 =« |A|/R.

Z ~ R 4" j <*»L>

Z — R — jjuiC == R 4- i/y<*>c

Z - >(cuL 1/cuC)

Z = R + ;0
Z = 0 4- j<*»L

Z 0 — j ' utC - \ IjwC

A table of inductive reactances is given in Chapter 38 Sect. 9(i) Table 41.

A table of capacitive reactances is given in Chapter 38 Sect. 9(ii) Table 42.

A table and two charts to find A, R or Z, when a reactance and resistance are con-

nected in series, any two values being known, is given in Chap. 38 Sect 9(iv) Table 44.
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'See

S€cu

6ivj

beiow.
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General case with a number of arms connected in series^ each arm being
of the form R f X
Arm (1) : Zi = 4 ;X, (i.c. in series with Xi)

Arm (2) : Z, = /?, -f jX^

Arm (3) : Zj 4- jX^ etc.

then the total impedance is given by

Z — (Ri 4- Rt 4" Rs 4- . . .) 4" y (Xj 4- X* 4" Xj 4" . . •)

(iii) Parallel combinations of L, C and R
When a number of resistance and reactive elements are connected in parallel across

an a.c line, the same voltage is applied across each. For example in Fig. 4.20C there

are three parallel paths across the a.c line, and the current through each may be
determined separately.

Let E, r.m.s. value of line voltage.

Then r.m.s. current through L /» = EofoiL

,, „ ,, „ C == 1^ Eo<^C

»i » >1 >» R = /a — Eo/R-^

The phase relationships between these currents are shown in Fig. 4.20D. There

is 180® phase angle between the current through L and that through C, so that the

resultant of these two currents is (7, — /i). The vector resultant of (It — 7,) and 7,

is given by in Fig. 4.20D. Thus the current through L and C may be considerably

greater than the total line current 7„.

Fig. 4.20.C Circuit of Ry L and C in parallel across a.c. line.

Fig. 4.20.D Vector diagram of voltage relationships.

The impedance of the parallel combination may be derived by considering L and C
as being replaced by a single reactive clement having a reactance of l/(a>C — l/a>Ly.

Note that with parallel connection, the convention is that the phase of the capacitive

element is taken as positive. Thus

lo 7, t ;(7, - 70

Therefore Z
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*See

Sect.

6(v)

btUm.

Note

that

Q
-

lean



4.6 (iii) PARALLEL COMBINATIONS OF L, C AND R 149

The magnitude of the impedance of a reactance X in parallel with a resistance R is

given by
RX

(3»)

VX* + R‘
toLR

when X = <oL (3b)
+ R*
R

when X = 1/cuC (3c)

Vl +
R ( when L and C \

(3d)
1 4" R * C uiC -~l/aiL)* \arc in parallel j

A table and a chart to find Rot Z when a reactance

and resistance are connected in parallel, is given in

Chapter 38 Sect. 9(iii) Table 43.

A simple graphical method for determining the re-

sultant impedance of a reactance and a resistance in

parallel is given in Fig. 4.20E where OA and OB repre-

sent R and X respectively and OD is drawn at right

angles to the hypotenuse. The length OD represents

the scalar value of the resultant impedance, while the

angle DOA is equal to the phase a^e ^ between the

applied voltage and the resultant current.

For other graphical methods for impedances in parallel

see Reed, C.R.G. (letter) W.E. 28.328 Gan. 1951) 32 ;

Benson, F. A. (letter) W.E. 28.331 (April 1951) 128.

(iv) Series-parallel combinadons of Ly C and R
^me simple combinations of L, C and R are described in (A) to (E) below,

general procedure for other combinations is described in (F) below.

(A) Pai^cl tuned circuit with losses in both L and C (Fig. 4.21A)

Impedance of branch (1) : Z, = /?i + jwL
„ „ „ (2) ,* Zlt = Ry j/wC

Let Z - toul impedance of Z| and Zt in parallel.

ZfZ, {Ri -\-j<oL,y^Ry — J, CoC)

Z.'
Then Z

-4 - Z| (Ri 4* Ry) “h y(<**L — 1/ a>C)

Multiplying both numerator and denominator by (Rj

we have

(RtRy 4 j otL,R% — jRi/ <M»C 4* L/C/){JR| 4" Rt -

z -
(/jj 4: - i/aicy*^

_ ŷ ^ {r^ 4- r,)M (coL - ija^cy
and let us now determine the values of A and B :

Ri)

K<^L

i{ioL — 1/

1/<*>C)1

The

(4a)

(4b)

(4c)

(oC),

(5)

(6)

Numerator — R^Ry 4 jRxRyotL — jRx*/caC 4- R\L/C 4- R\R%^ 4- iRy<uL
- jRiRt/u>C 4- RfL/C — jRiRywL 4- — RiL/C
- ja»L*/C + jRxRt/^C - RyL/C 4- R,/<o*C* + jL/u»C*

RyRt + RiRt* + Ri€u*L* + R|/cu*C* + >[R,*cuL - Rx\/<oC
- oiLVC 4- L/<uC*].

Therefore RiRtiRi 4- Rt) 4- R,ai«L* 4- (7)

and B - - R^/toC - (L/CXwL - l/a»C) (8)

which values should be used in eqn. (6).

Note that A divided by the denominator (eqn. 6) is the effective resistance of the

total circuits while B divided by the denominator is the effective reactance.

The magnitude of the impedbmee may be obtained moat readily from eqn. (4c)

by lepladni 7^ and Zt in the numerator only by and ZtZ.4« respectively.
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(Ri + R.') -f RioL - l/ioC) (Rx 4- R.) -f yCa*L - l/<oC)

where Zi — V^i*
and Z, =

whence |Z| =

i.e. 4 = tan"

When LCut*
L
C

R/v +j*>*L*:

[(^R4- /?,)* -f-

! is

f?j!iRyK

‘)(/?,* f l/o,*C‘)1i

-t- ( <uL
'

- l7a>C)*

The phase angle is given by tan“' B/A
•wL - (L/C)(wL - l/mC)'

",7co»c*'

1^1

Rf) R%co^L* -f- R\

1, eqn. (10) may be reduced to

11 + (C/L){Rx* + Rt') + (CVL*) Rx^Ri']^

Rx l^ r7
or jZJ {^L./ C){Rx R^
with an error <1% provided Q > 10

where Q = wL/{Rx + /?i).

@
: T 3

>R2 X i

SlNU)t 3 Q sir e-CmSiNut ^ /js

1 i

1 I2__|1 1

(9)

( 10)

( 11 )

( 12)

(13)

Fig. 4.21. (A) Network inc^porating 4 elements for impedance calculations (/?)

Simplified network with 3 elements.

(B) Parmilel tuned circuit with loss in L only (Fig. 4.2 IB)

This is a special case of (A) in which R^ 0.

It may be shown that eqn. (5) becomes
R -ja,[CR^ - Hio^LC -- 1)1

^ ' co*C*/?* 4 (w^LC ~ 1)*

The magnitude of the impedance derived from eqn. (10) becomes

IZl
K* 4 a>»L* li

*'c^> 4 (a>»LC - 1)»

The phase angle derived from eqn. (11) becomes
uj^LC) - CR*]

R
tan I

(14)

(15)

(16)

(a) The effective reactance of eqn. (14) it zero (i.e. the power factor is unity)

when
CR* = L(1 - ai*LC)

i.e. when a,*L*C L CR*

i.e. when 44 R*

LC L*
which can be wrinen in the form

_ » // CR'
when

where

0„\/

1

CR*

L
’

VLC
\I\/LC is the value of ut when the resistance R is zero.

(17)

(18)

This condition, namely that the effective reactance is zero, which may also be
expretaed as the condition of unity power faaor, is one of several possible dehnitiona
of parallel resonance. Thia ia the definition used in Chapter 9. It should be
noted that the expression giving the value of w is not independent of the resistance
in the circuit as is the case with series resonance.
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If LCw* = 1, which is the condition for resonance if the resistance is zero, the

impedance is given very closely, when R is small, by
Z L/CR (19)

The remaining possible definitions of parallel resonance are conditions to give

maximum impedance. The condition of maximum impedance is sometimes called

anti-resonance. Maximum impedance occurs under slightly different conditions

for the variables C, L and w*.

(b) Condition of maximum total impedance when C is the variable

The maximum value of Z which can be obtained is

|2L.. = = i?,(l + Q*) (20)

where Q ^ toL/Ri

L
which occurs when C

R * to^L^

This is also the condition giving unity power factor.

(c) Condition of maximum total impedance when L is the variable

The maximum value of Z which can be obtained is

2R,_^

Vl -f - 1

(22)

which occurs when L (23)

(24)

1 -1^1 4-

2

or when C = ^.jrTr

If L is the variable and Q is maintained constant, the maximum value of Z which
can be obtained is

|ZU,, Q/wC (25)

^ ""
<L*C(1 + Q*)

which occurs when

(d) Condition of maximum total impedance when the applied frequency
is the variable

The maximum value of Z which can be obtained is

L
|2L

2«,-f
+ I - l)’

(27)

which occurs when

cu 2rr/

7
V(2/?,*C/L)4 1

LC
Ri'

(28)

In practice, for all normal values of Q(- wL /R) as used in tuned circuits, these

four cases arc almost identical and the frequency of parallel resonance is approxi-
mately the same as that for series resonance.

We may sununarise the resonance frequencies for the various conditions given
above

:

Series resonance LCcu* — 1

Parallel resonance (a) LCcu* 1 - CR*/L
(b) LCcu* - 1 - CR*/L

T Cf'* - ’
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Note that CR*/L — 1/Q^ under conditicms (a) and (b)

CR^/L \/Q* under conditions (c) and (d).

For further infbmuition on tuned circuits see Chapter 9.

(C) Circuit of Fig. 4.21C
This is a special case of Fig. 4.21A in which

(1/aiC) 0, From cqn. (6)

RtRtiR, + Rt) + Rtio^L* f jwLRt^

From eqn. (10),

From cqn. (11)

|Z| R,

{R, + R,y <o*L*

+ w*L* ]*
(R, ^

ioLRf

R,{R^ ^^R^

(29)

(30)

f3n

(D) Circuit of Fig. 4J21D
Impedance of arm (1) Z, R^ ^ j(wL. l/ a>C,)

„ ,, „ (2) Z{ Rj> j(ioL.^ - 1/ oiCf)

Let Xi = a>Li — l/a>Ci

and Xt — <jnLf — l/oiCj

then Zt = /?, -f >-Vt ; 2^ = -R* t jXt,

7 ^ ZA
__

(R t + jX,)(Rt -f jX^)

Zt 4- Z, (Rt -f R,) +>(X, 4- Xt)

^ (/g»/^t - ATiXt) 4 ;(RtXa 4- R,Xt)

(Rt 4- Rt) 4- y(A’i 4- A’l)

which may be put into the form
4- A't*) 4- R,(R.* 4- Xt*) 4 >lXt(R,*

Xt')*
z = x,») -r X:(R,*-X,*)1

(32)
(Rt 4- Rt)* 4- (X,

The magnitude of the impedance may be derived by the method used for deriving

cqn. (10)—
P/ r» » V 9\/ n • 1 V tx"! i

(33)i7i
Ri?.*

The phase angle may be derived from cqn. (32)

—

^ = tan"
Xt(Rt« ^ X,«) 4- Xt(Rt» -f Xt *)

URt^ + ^t*) 4^ RiRx^ + Xt*)
(34)

(E) Circuit of Fig. 4.21E
1. Eletermine the impedance (Zj) of Li Ci and Rt in series, using eqn. (1)

—

Zi “ Ri - l/ioC^) (35;

2. Determine the impedance (Z,) of LfC, and Rt in parallel using eqn. (2) but

separating the resistive and reactive components^ -

^ ;.L.)
/ i\i 7

(36)

.i.)' QjR— 4)’

3. Determine the combined impedance (Z) by adding the resistive and reactive

components of (14) and (15)~

Z - A -h JB (37)



4.6 (iv) SERIES-PARALLEL L, C AND R 153

The magnitude of the impedance is given by

|z|

The phase angle ^ is given by

^ - tan (B/A)
where and B have the same values as for cqn. (37).

Fig. 4.21
.

(C) (D) (E) Series-parallel networks for impedance calculations.

(38)

(39)

(F) General procedure to find the impedance of a two-terminal network
1 . If possible, divide the network into two or more parallel branches, each of which

is connected to the two terminals but has no other connection with any other branch.

2. Find the impedance of each branch, using the methods described in A, B and C
above.

3. Determine the impedance (Z) of the network from the relation

I I I i

Z Z, ^ Z, Z,
Note : If there are more than two parallel branches it is more convenient to work

in terms of admittance—see Sect. 6(v) below.

Alternatively, if the circuit cannot be divided into parallel branches, treat it as a

series circuit, hrstly determining the resistive and reactive components of each section,

and then adding all the resistive and all the reactive values separately, as in (E).

(v) Conductance, susceptance and admittance
In an arm* containing both reactance and resistance in series, the conductance

(G,) of the arm is given by

R,* V'xi’
where Xi - (wLi l/wCi).
When there are a number of such arms in parallel, the resultant conductance is

the sum of their separate conductances, that is

G — Gi f G, -f Gj f . . .

The ausceptance (B,) of the arm under similar conditions, is given by

B. («'

where Xi {<oLi — l/utCi).

1 Inductive susceptance is regarded as positive. Capacitive susceptance is regarded

as negative.]

When there are a number of such arms in parallel, the resultant susceptance is the

sum of their separate susceptances,

B — JBi 4" Bf 4- B* 4* . . . (43)

When any arm Includei only resistance, the conductance of the arm is 1/Bi
and the susceptance zero,

i.e. G, - 1/B, B, - 0.

*An arm U a distinct set of elements in a network, electrically isolated from all other conductors except
at two points.
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When any arm has only inductance, the conductance of the arm is zero and the

susceptance is 1 / a>Li,

i.e. Gi = 0 Bi = l/tjLi

When any arm has only capacitance, the conductance of the arm is zero, and
the susceptance is — a>C,

i.e. Gi = 0 B| — — toC

The following relationships hold between AT, G and B
G B

R = ; X = (44)
G* + B** G* + B*

The admittance (Yi) of any arm containing resistance and reactance in

series is given by
= Gi >B, (45)

I.e. Y, = G, -jBi = t = R^ + jX^ "" Z,’

indicating that the admittance is the reciprocal of the impedance.

Thus the value of the admittance may always be derived from the impedance

—

1 1 R - jX R - jX
~jX * R - jX

~
B * + X^

1 1 ^ ^^ ^— g*~+“b*
Similerly Z ^ G - jB G + jB

The negative sign in front ofjB in eqn. (45) deserves special attention—

Admittance of inductive arm (B and L in series) :

B — i ioLt

Admittance of capacitive arm (B and C in series) :

Y = r 4. fl ^ ^*C^R 4 jcoC

(46a)

(46b)

(47)

(48.
B* 4^ l/u>*C= a>»C*B* j 1

The admittance of any arm containing resistance, capacitance and in-

ductance in series (Fig. 4.20A) is given by
Y = G - >B (49)

G = ^
where

and B =

B* 4-

(cujL — 1/coC)

X (cjL - l/a>C)

therefore Y =

B> 4- AT* B* + (cuL - f/wC)*
B -jiioL - \/wC)

(50)
B* + (wL - l/a,C)*

Values of admittance for various series combinations are included in the table in

Sect 6(iii).

Admittance of parallel-connected impedances
L and B in parallel ; G — G^ 4- G, = 0 -f 1 /B = 1 /B

B = Bi 4“ Bj “ 1 / uiLt -f- 0 1 / cuf.

therefore Y - G - >B - (1/B) - j{\/u>L)

Similarly

C and B in parallel : Y ^ G ~ jB ^ (1/B) f jtoC
L and C in parallel : Y G ~ jB ^ j(f*>C - l/wL)
L, C and B in parallel : Y G - jB (i/R) j(ajC - l/wL)

See also table of ParaUel Combinations of L, C and B Column 5, in Sect. 6(iit).

Admittance of serles-parallel-connected impedances
When there are a number of arms in parallel, each arm including resistance and

reactance in series.
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Arm (1) : Zi == Ri + jXi or Y, = Gi — jBi
Arm (2) i -f* jX% or Z% — Cjj —
Arm (3) : Z, ^ + jX^ or Ya ^ G, — etc.

where Xi ^ (coLi — l/«*>Ui) etc.

then the total admittance is given by the vector sum
Y“Y -f-Y -f-Y 4-.

= (G, -f Ga + G, V
.*

‘

.) -KB, 4- + B, -f . . .) (51)

The following examples may alternatively be handled by the use of eqn.(46a)

provided that the value of Z is known.

Example (A) : Fig. 4.21A
Arm (D is inductive : Yi G, — jB,

G,
/?,• + a:,*

’
‘ «,« -f- a:,‘

(Xi = wL)

Arm (2) is capacitive • Y, G, + jB,

Rt r. X,
G.

Ri* + a:,*
’

R,‘ + X,*
(X. = - l/wC)

Fig. 4.21 F. Chart for cofwersion between resistance and reactance, and conductance
and susceptance

Z - (B ± jX) 10", y -- (G T jB) 10"".
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On collecting the terms we get

Y - (G, ^ G,) 4- B,)

^ f /?*) - a>*UC^R^

iRi*^ <u*L*Xl ^ cu^C*/?,*)

. rc/?i* - L 4 io^LCiL CRt^f

'"[(R,* + i io^C-Rt*)

Example (B) : Fig. 4.2 IB.

This is a special case of (A) in which R^ — 0. From eqn. (52)

R~jc.[U\-^*LC) CRn
^ R* ^ a>*L*

Example (C) : Fig. 4.2 1C.

This is a special case of Example (A) in which (l/u>C) 0.

Rx (Ri '} Rf) 4 oj*L* — jo}LRf

Ri^ ^ -4 - x.'
A'.

rAT,* 4««•*

R, A-, A
R,* Xr }

4- * A’,* Rz' -

Yx ^ Gx - jBx

Y, - G, ~ jB,

Y =. ---

i?,« rX,‘
+Rd RiXt ‘ + /?,X, • H /J/X, >rX^XAX, * X,)

|

(52)

(53)

(54)

(55)

Chart for conversion between resistance and reactance, conductance and
susceptance.

Fig. 4.21 F can be used in conversions between resistance and reactance, and con-

ductance and susceptance

Example 1 . The impedance of a circuit is 1 : ; 0.3 ; determine its admittance.

Method: Z 1:0 - ; 0.3. Enter the chart on the semi-circle R * 1.0 and

follow it until it meets the arc X 0.3. The corresponding values of G and B are

0.917 and 0.275. Thus Y 0.917 ; 0.275.

Example 2. The admittance of a circuit is 0.000 004 / 0.000 013 ; determine

its impedance.

Method: Y 0.000 004 >0.000 013 (0.4 >1.3)^104
Enter the chart on the lines G 0.4 and B 1.3.

The intersection is at R 0.22, X 0.7. Thus
Z - (0.22 > 0.7)10' 22 000 > 70 000.

At scries resonance, ioL 1/cuC
and X - 0, so that Y - G \ R.

The admittance at any frequency is

given graphically by the Admittance
Circle Diagram (Fig. 4.22) in which
the vector OY represents the admit-

tance, where Y is any point on the circle.

The diameter of the circle is equal to

\/R and the admittance at series re-

sonance, when the frequency is /o, is

represented by OA.

As the frequency of the voltage ap-

plied to the scries tuned circuit (Fig.

4.20A) is increased from zero to in-
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finity, so the point Y moves from O (at zero frequency) through C to A (at resonance)
and thence through E to O again (at an infinite frequency). The angle is the angle
by which the current f leads the applied voltage e ; when ^ is negative the current
lags behind the voltage. Thus when OY hes in the upper portion of the circle the
circuit is capacitive, and when it lies in the lower portion of the circle the circuit is

inductive.

Fig, \.22,A Series form of imped-
ance ; (J3) Equivalent parallel form.

FIG. 4.22A FiG. 4.22ft

When Y is at the point C, the admittance will be represented by OC and will

be 45"*
; the reactive and resistive components of the impedance will therefore be

equal. At zero frequency will be ^ 90^ and the admittance will be zero : at in-
finite frequency

<f>
will be 90 and the admittance will also be zero.

(vi) Conversion from series to parallel impedance
It is possible to convert from the series form Z R, ; jX, as shown in Fig. 4.22A

Fig, 4.22C. Chart for conversion between series resistance and reactance and
equivalent parallel resistance and reactance.
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to the equivalent parallel form (B) and vice versa.

^ RpM ATp* X\

„ _
R,

R,* I X,* X\ R,

/? p
^ X ,

The following approximations hold with an error within 1‘

(1) If R, > iox„ or if R, < 0.1 X.,

then R. X,*/R.i X. X, (58)

and R, x.VR .

;

X, X.. (59)

(2) If R, < 0.1 x„ or if R, > lOX,
then R, R,i X. R,'/X, (60)

and R, R.i X, R.'/X, (61)

Fig. 4..22C can be used to make this conversion.

Example 1. Find the parallel circuit equivalent to a series connection of a 10 ohm
resistor (R,) and an inductor with a reactance of 3 ohms {X,).

Method : Enter the chart vertically from R, ^ 10 and horizontally from X, 3.

These lines intersect at R^ = 10.9 and ATp — 36, so the equivalent parallel connec-

tion requires a 10.9 ohm resistor and an inductor with a reactance of 36 ohms.

Example 2. Find the series circuit equivalent to a parallel connection of a 30 000

ohm resistor and a capacitor with a reactance of -8000 ohms.

Method : Enter the chart on the arcs R, 30 and Xp ^ 8. The interscctioa is

at R, = 2 and X, = 7.5, so the appropriate series elements arc R, ^ 2000 ohms and

X, = -7500 ohms.

SECTION 7 : NETWORKS
(i) Introduction to networks (it) Kirchhoff's Laws (in) Potential Dividers (iv)

Thevemn's Thereom (v) Norton*s Theorem (%n) Maximum Power Transfer Theorem

(vii) Reciprocity Theorem (viii) Superposition Theorem (ix) Compensation Theorem
(x) Four-terminal networks (xi) Multi-mesh networks (xii) Non-linear components

in networks (xiii) Phase-shift networks (xiv) Transients in networks (xv) Refer-

ences to networks,

(i) Introduction to networks
A network is any combination of impedances (*‘ elements ”> -whether resistances,

indtictances, mutual inductances or capacitances. Ohm's law may be applied either

to the voltage drop in any element, or in any branch, or to the voltage applied to the

whole network, involving the total network ctirrent and total network impedance,
provided that the impedances of the elements are constant. Other laws and theorems
which may be used for the solution of network problems are described below.

In network analysis it is assumed that the impedances of elements remain constant

under all conditions ; that is that the elements are linear devices. Some types of

resistors and capacitors and all air-cored inductors are linear, but iron-cored inductors

and amplifying valves are non-linear. Other non-linear devices include granule-

t3rpe microphones, electrolytic condensers, glow lamps, barretters (ballast tubes),

electric lamp filaments, temperature-controlled resistances such as thermistors^,

and thyrite.t However, it is usually foimd that satisfactory results may be obtained

by applying the average characteristics of the non-linear devices under their operating

conditions. Further consideration of non-linear components is given in Sect. 7(xii).

Thtmdeton are resiscort with high negative temperature coefficient. See Sect. 9(l)ii.

fThyrita ia a conductor whoae retiatance in the ratio 12.6 : 1 every time the voluge ia doubled,
over a cufrent ratio 10 000 000 to 1. Sec K. B. Mcfiachron ** Thyrite, a new material for lightning
arrcatcra** General Blcctric Review (U.S.A.) 53.2 (Feb. 1930) 92.
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RectlficrS) whether thermionic or otherwise) are non-linear devices ; they are

frequently represented by an equivalent circuit having a fixed series resistance in the

conducting direction and infinitely high resistance in the other. This approximation
is very inaccurate at low levels where they have effective resistance varying as a func-
tion of the applied voltage, while some rectifiers pass appreciable current in the reverse

direction.

Most elements (resistors, capacitors and inductors) transmit energy equally in either

direction and arc referred to as “ bilateral **, but thermionic valves operate only in

one direction (** unilateral **)
; when the latter form part of a network it is necessary

to exerdse care, particularly if they are represented by equivalent circuits.

Hints on the solution of network problems
A complete solution of a network involves the determination of the current through

every clement (or around every mesh). With simple networks the normal procedure
is to apply Kirchhoff’s Laws— Sect. 7(ii)—until all the currents and their directions

have been determined. The voltage drop across any element may then be derived
from a knowledge of the impedance of the element and the current through it.

As a first stage it is important to simplify the dreuit, and to draw an equivalent

circuit diagram for analysis.

If in any arm there are two or more resistors connected in scries, the equivalent

dreuit diagram should be drawn with
^ R, - . . .

Similarly with induaance L L, -i- L, -r . .

and with capadtance 1

C
^

c; ^ c.
^ •

If in any part of the dreuit there are two or more elements of the same kind in

parallel (whether jR, L, or C) the resultant should be determined and applied to the

equivalent dreuit diagram.

An exception to this rule is where it is merely required to calculate the output

voltage from a passive resistive 4-tcrminal network. In this case it is sometimes

helpful to arrange the network in the form of a potential divider, or sequence of

dividers, and to use the method of Sect. 7(iu).

It is very important to mark on the equivalent circuit diagram the directions or

polarities of the applied voltages (whether direct or alternating) and the assumed direc-

tions of the currents ; if any one of the latter is incorrect, this will be shown by a

negative sign in the calculated value. A clockwise direction for the flow of current

around any mesh is conventional.

In some cases it may be found simpler to reduce a passive 4-terminal network to

an equivalent T or tt section -sec Sect. 7(x) -than to analyse it by means of Kirch-

hoff's Laws.

Definldons
An clement is the smallest entity (i.e. a distinct unit) which may be connected

in a network—c.g. L, C or R.

An arm is a distinct set of elements, electrically isolated from all other conductors

except at two points.

A aeries arm conducts the main current in the direction of propagation.

A shunt arm diverts a part of the main current.

A branch is one of several parallel paths.

A mesh is a combination of elements forming a closed path.

A two-terminal network is one which has only two terminals for the application

of a source of power or connection to another network.

A four-terminal network is one which has four terminals for the application of

a source of power or connections to other networks. The common form of four-

terminal network has two input and two output terminals ; this term is used even

when one input terminal is directly connected to one output terminal, or both earthed.
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A passive network is one containing no source of power.

An active network is one containing one or more sources of power (e.g. batteries,

generators, amplifiers).

The input ^rcuit of a network is that fix>m which the network derives power.

The output circuit of a network is that into which the network delivers power.

Impedance matching—two impedances are said to be matched when they have

the same magnitude and the same phase angle.

Reference may also be made to I.R.E. Standard 50IRE4.S1 published in Proc.

I.R£.39.1 (Jan. 1951) 27.

Examples
An amplifier is a four-terminal active network.

An attenuator is a four-terminal passive network.

A conventional tone control is a two-terminal passive network.

Differentiating and Integrating Networks
Based on the fundamental mathematical analysis of the circuit, the following terms

are sometimes used in connection with 4-terminal networks.

Differentiating Netw’orks—(1) Series resistance and shunt inductance

or (2) Series capacitance and shunt resistance

Integrating Networks —(1) Series inductance and shunt resistance

or (2) Scries resistance and shunt capacitance.

(Uj. Kirchhofr^s Laws
(1) The algebraic sum of all the instantaneous values of all currents flowing

towards any junction point in a circuit is zero at every instant.

This is illustrated for d.c. in Fig. 4,23. It will be seen that all junctions and comer
points arc lettered for reference. The polarities of the two batteries and their voluges
arc marked. The currents arc marked in the obvious directions or, if this is not clear,

then arbitrarily in either direction (clockwise around each loop is preferred). Both
ctirrents and voltages arc referred to by the point lettering,

e.g. is the current flowing from a to b

is the current flowing from ^ to a

is the potential of point b with respect to point c.

Applying Kirchhoff’s first law, at point b

- i/t> ” ibc =- 0
or tab -f i/ft ibc which is really obvious.

Positive current is taken as flowing towards the junction point
\

negative current as

flowing away from it.

Pig. 4.23. Network incorporating 3 elements and 2 d.c. voltage sources.

Pig. 4.24. Network incorporating 4 elements and one a.c. voltage source.

This law is illustrated for a.c. in Fig. 4.24 which follows the same general rules as

for d.c. The instantaneous generator voltage e is shown in an arbitrary direction and
the directions of the currenu are then determined.
At point b,

i«* -- ibf — i»* «= 0
following the general procedure as in the d.c. case.
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(2) The total rise or fall of potential at any instant in going around any closed
circuit is zero.

This is illustrated for d.c. in Fig. 4.23, taking each closed circuit in turn and pro-
ceeding clockwise in each case. Any voltage source is here regarded as positive if it

assists in sending current clockwise around the closed circuit (i.e. voltage rise). The
voltage across any impedance is regarded as negative if the current arrow is in the same
direction as the direction of travel around the closed circuit (i.e. voltage drop).

Circuit d a b c d \ + 6 - 16 fa6 - 10 1 .. - 0 (1)

Circuit d a b f g c d : + 6 - 16 fa6 1 8 i,i,
-4-0

(2)

Circuit f b c g f \ -f 4 - 8 */6 - 10 n. - 0 (3)

Applying Kirchholf’s first law to point by

*0 6 ^ */6 = *6 f (4)

To find the values of the three unknown currents, it is necessary to apply three

suitable equations.

[ Similarly for all other cases— the total number of equations must be equal to the

number of unknowns. The number of equations based on Kirchhoff*s first law should

be one less than the number of junction points ; those based on his second law should

equal the number of independent closed paths.]

Equations (1), (3) and (4) would be sufficient, since (2) merely duplicates parts of

(1) and (3).

From (4) : 1^6 u ,
- iVb

Applying in (1) : r 6 16(15 , i/0 10 * 6 ,
0

Therefore 6 16 i^^ t 161,5 - 10 i^^. 0

Therefore * 6 - 26 i* 16 1,5 0 (5)

Adding twice (3); - 8 - 20 i^^. 161,5 0

Therefore t 14 - 46i5, ^ 0
Therefore 15 , 14/46 ampere.

The other currents may be found by appl>4ng this value in (5) and then in (4).

Kirchhoff’s Second Law is illustrated for a.c. in Fig. 4.24. Here again, as in all

cases, it is assumed that we move around each loop of the network in a clockwise

direction.

The voltage across

a resistance is Ri ^ where i is in the clockwise direction around

an inductance is juiLi > the loop,

a capacitance is ;(1 J
Circuit d a b c d : e j / ***Ci)i „ t 0

'rherefore cuCOu, — e (6)

Circuit b f g c b \ R^it^f /(l/wCOi^, ^0
Therefore Ri)it,f < ;(1 <^C,)i 5 ,

- 0 (7)

Applying KirchhofT’s first law to junction b :

*<i 6 * 6' * 6 r
“ 0

Therefore i„t, itr i *6r (®)

Adding (6) and (7)

R\*ab t (^JOiLx -f- Rt)^bf ^

Applying (8), R^ibr \ Rxibc t (;aiL| t Rt)ib/ - c'

Therefore R\ibc {Ri I Rt W
Multiplying (7) by ( jRi<t}Ci)y remembering that - — 1,

Riibr \ iRxu>'LxCx jRxR^u>Cx)ib’ -0 ( 10)

Subtracting (10) from (9),

[{Ri I Rf /?icii^L|Ci) I jfwLi i' ] I5/ e ( 11 )

which gives the value of 15, when e is known.

The value of 15 , may be found by substituting this value of * 5/ in cqn. (7) ;

may then be determined by cqn. (8).

(iii) Potential Dividers
The fundamental form of potential dtWder (also known as aoltage divider or poten-

tiometer) is shown in Fig. 4.25. Here a direct line voltage E is “ divided ** into two
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voltages El and where E — Ex If no current is drawn from the junction
(or tap) By the volage across BC is given by

and Ii - /, E/{Ri -f B,)

A

ij Is. E,

.1
^ LOAD—

2 0"E2

c
'

riC 4 24

( 1 )

(2)

Fig. 4.25. Potential divider across

a d.c. line.

On load
When a current /, is drawn from B, the simplest analysis is to consider the effective

load resistance B, which will draw a current I3 at a voltage B,', i.e. Ba Ef //,.
We now have resistances B, and Ba in parallel, and their total effective resistance is

therefore

B “ BjBa/(Ba B3).

In this case the voltage divider is composed of B^ and R' in series, and the voltage at

the point B is given by

(3)

The first term on the right hand side is the no-load voltage B, ; the second term is the

further reduction in voltage due to 1^- this being a linear equation.

V<XT5

Fig. 4.26. Graphical method for determining the output voltage from a potential
divider.

Pig. 4.27. A potential divider with a load in the form of another potential divider.

Eqn. (3) may be plotted* as in Fig. 4.26 where, as a typical example, E -- 250 V,
B t

^ 10 000 and g 15 000 ohms, so that (B, f B,) - 25 000 ohms. B„ for

^Cuiidy, P. F. ** PotentUl Divider Detifn,” W.W. 50.5 (May 1944)^Tm^
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no load> is obviously 150 volts (point B) while point C is for the condition of maximum
current {In,a x) and zero voltage. The latter may be determined by putting E,' = 0
in eqn. (3) which gives

/.n«x - E/R, (4)

In this condition we have, effectively, a resistance only, in series with a load of
zero resistance.

If points B and C in Fig. 4.26 are joined by a straight line, we may then determine
the voltage for any value of load current (/a) between zero and maximum. For
example, with a load current of 10 mA, the voltage will be 90 V (point D).

It is sometimes useful to calculate on the basis of a drop in voltage (based on the

no>load voltage F,) of so many volts per milliamp of load current ; in this case the
drop is 150 volts for 25 mA, or 6 volts per milliamp. This rate of voltage drop is

actually the negative slope of the line BC.

The equivalent series source resistance {R,) is given by
150

25 -y ^
This may be put into the alternative form

R. -

** Regulation ’

R,R,

Ry - Rt

is defined differently in American and British practice.

(5)

American definition : The percentage voltage regulation is the difference be-

tween the full-load and no-load voltages, divided by the full-load voltage and multi-

plied by 100

British definition : The percentage voltage regulation is the difference between
the full-load and no-load voltages, divided by the no-load voltage and multiplied by
100 .

In the example above for a current of 10 mA,

Regulation
150 90

150
100 40^0 by British definition.

The line BD in Fig. 4.26 may be called the “ regulation characteristic for the

conditions specified above.

To find the load current corresponding to a specified value of Fj', eqn. (3) may be

re-arranged in the form

or

(6)

(7)

Special Case 1

If it is known that the voltage drops from F, at no load to F,' for a load current /,,

then the voltage F, corresponding to a load current /, is given by

F, - F, (F, - F.'X/x/Za) (8)

Special case 2
If the voltages across the load (F„ Ef) for two different values

(/,, /y) arc known, the voltage at zero load current is given by

F,/„ Eyfift
-

7 rT

—

if, A ft

of load current

(9)

This is often useful for determining the no load voltage when the voltmeter draws

appreciable current. A method of applying this with a two range voltmeter has been

described*, and the true voltage is given by

•Lafferty, R. B. " A correction formula for voltmeter loading** (letter) Proc. I.R.B. 34.6 (June 1946)
358.
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{S - 1 )

( 10)5 - (EJE,)
where 5 — ratio of the two voltmeter scales used for the two readings £, and E^,

Eg — voltmeter reading on the higher voltage scale,

and Eg voltmeter reading on the lower voltage scale.

If 5 =2, then

Eg
Et =

{Eg/Eg) ( 11 )

Complicated divider network
When a voltage divider has another voltage divider as its load (Fig. 4.27) the best

procedure is to work throughout in resistances and voltages, and to leave currents

until after the voltages have been determined. The final equivalent load resistance

(Rj) must be determined before commencing calculations, then proceed

—

in parallel uith : R R^R-^ (R^ • R^)
Ry in series with R' : R R^ t R'

R '
in parallel with R^ : R "

-- R.,R'' (Rn ‘ R")

Then E, - ( 12)

(13)

A somewhat similar procedure may be adopted in any divider network.

(iv) Th^venin’s Theorem (pronounced “ tay-venin’s ”)

This theorem* may be expressed in various ways, of which one is :

@

1
1

ric 4 28

/V. 4.28. (A) An im-

pedance connected to two
terminah of a network
(B) Thevenin's equivalent

circuit.

5
4.29. {A) an im-

pedancey carrying a current

1
1 , connected to two ter-

minals of a network ; (/?)

Norton s equivalent circuit.

The current in any impedance, connected to two terminals of a network
consisting of any number of impedances and generators (or voltage sources)

is the same as though were connected to a simple generator, whose gen>

erated voltage is the open-circuited voltage at the terminals in question^

and whose impedance Is the impedance of the network looking back from the

terminals, with all generators replaced by impedances equal to the internal

impedances of these generators.

In Fig. 4.28, (A) shows an impedance Z, whose two ends are connected to the ter-

minals 1, 2 of any network. Diagram (B) shows Thevenin*s equivalent circuit, with

a generator E' and series impedance Z,, where :

E' is the voltage measured at the terminals 1, 2, with Z, removed,

and Zn is the impedance of the network measured across the terminals 1, 2, when
looking backwards into the network, with all generators out of operation and each

replaced by an impedance equal to its internal impedance.

•For tbs proofs of this and subsequent theorems, see W. L. Everitt, Ref. 1 pp. 47-57.
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(v) Norton’s Theorem
This is similar in many ways to Thevcnin’s Theorem, but provides a constant cur-

rent generator and a shunt impedance.
The current in any impedance connected to two terminals of a network,

is the same as though were connected to a constant current generator
whose generated current is equal to the current which flows through the two
terminals when these terminals are short-circuited, the constant-current
generator being in shunt with an impedance equal to the impedance of the
network looking back from the terminals in question.

In Fig. 4.29, (A) shows an impedance Z^ through which flows a current /^, connected

to a network. Diagram (B) shows Norton’s equivalent circuit, with a constant current

generator delivering a current V to an impedance Z,. in shunt with Z^. As in dia-

gram A, the current through Z^ is I j.

Here r
where E' and Z,, are the same as in Fig. 4.28B CThevenin’s Theorem).

(vi) Maximum Power Transfer Theorem
The maximum power will be absorbed by one network from another joined

to it at two terminals, when the impedance of the receiving network is varied,
if the impedances (looking into the two networks at the junction) are con-
jugates* of each other.

This is illustrated in Fig. 4.30 where E is the generated voltage, Z, the generator

internal impedance and Z^ the load impedance. In the special case where Z^ and Z

^

arc pure resistances,

Z, will become Rg
Zj will become Rj

and maximum power transfer will occur when Ri - Rg,

In the general case, Z„ Rg - jXg and Z
j

Rj • jX

^

while for maximum
power transfer Rj Rg and X/ -A%.

In other words, if Zg is inductive, Z^ should be capacitive, and vice versa.

If the magnitude of the load impedance may be varied, but not the phase angle,

then the maximum power will be absorbed from a generator when the absolute value

of the load impedance is equal to the absolute value of the impedance of the supply

network
See Ref 3 (References to networks). Sect. 7(.\v).

(vii) Reciprocity Theorem
In any system composed of linear bilateral impedances, if an electromotive

force E is applied between any two terminals and the current I is measured
in any branch, their ratio (called the transfer impedance ”) will be equal
to the ratio obtained if the positions of E and I are interchanged.

In Fig. 4.31 a generator supplies a voltage E to a network, and an ammeter A reads

the current Ij. The transfer impedance is E L. If now E and A arc reversed, the

new transfer impedance will have the same value as previously. In other words,

E being unchanged, the ammeter reading in the new’ position will be the same as

previously.

This theorem proves that a netw'ork of bilateral impedances transmits with equal

effectiveness in both directions, when generator and load have the same impedance.

(viii) Superposition Theorem
In any network consisting of generators and linear impedances, the current

lowing at any point is the sum of the currents which would flow if each
generator were considered separately, all other generators being replaced
at the time by impedances equal to their internal impedances.

This theorem considerably simplifies the analysis of any network containing more
than one generator. It is important to note the linearity requirements, as the theorem

*Two tmp«dancet tre conjuaates of each other when their retistive components arc equal, and their
reactive componenia are equal in magnitude but opposite in sign.
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breaks down under other conditions. It is therefore only applicable to valves when

these are being operated to give negligible distortion.

Fig, 4.30. A generator i with

internal impedance Z«, connected

to a load Z,, to illustrate the

maximum power transfer.

Fig. 4.31. A generator E supply-

ing voltage to a network^ with

an ammeter A to read the current

/j. The reciprocity theorem

states thaty when A and E are

reversed^ the transfer impedance

Eflx will he unchanged.

Fig. 4.32. {A) An impedance Z
in a lutwork with current I and voltage drop ZI (B) Equivalent circuit having
identical results so far as current and voltage drop are concerned^ with a generator

developing a voltage E - Z/. This illustrates the Compensation Theorem.

(ix) Compensadon Theorem
An impedance in a network may be replaced by a generator of zero internal

impedance, whose generated voltage at any instant is equal to the instan-

taneous potential difference produced across the replaced impedance by the

current flowing through it.

This is illustrated in Fig. 4.32 where in (A) a current I is flowing through an im-

pedance Z with a voltage drop /Z. This is equivalent to an identical network, as

in (B), where Z has been replaced by a generator of zero internal impedance, whose
generated voltage (E) is equal in magnitude to /Z, and is in a direction opposing the

flow of current.

(x) Four-terminal networks
The most common fundamenul types of four terminal networks are illustrated

in Fig. 4.33, where (A) is a T section, (B) is a 11 section and (C) a Lattice section.

Both A and B are called 3 element networks, and C a 4 element nctw'ork, from the

number of arms containing impedances. In conventional operation, the left-hand

terminals 1, 2, are regarded as the input terminals, to which is connected some genera-

tor, or other network containing a generator. Terminals 3, 4, arc normally regarded

as the output terminals, aerbss which is connected a load impedance Z^ .

If we arc concerned only with the observable impedances between terminals, it is

possible—by selecting suitable values to convert a T section to a 11 section, and
vice versa, but only for one particular frequency. This equivalence is independent
of the character of the generator or load.

Equivalent 11 section

Z|Zs t Z|Zs I ZjZs

Equivalent T section

Z, =
*.

ZgZc
^ + ^C

Zb
Z\Z\ f Z%Z% *f' Z^Z\

z.

(14)

Z,
ZaZc

Zc
Z,Z, f Z,Z, I z,z,

z,

The bridged T section of Fig. 4.33E may be reduced to the equivalent T section

of Fig. 4.33F, or vice versa, by using the same equivalent values as for equivalent T
and n sections (above).
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Any complex four-terminal network can be reduced, at a single frequency, to a

single T or 77 section. The procedure is to measure (or calculate) the three constants :

Zoi - the impedance at the input terminals when the output terminals are open-

circuited.

Zoj ^ the impedance at the output end looking back into the network with the input

terminals open-dreuited.

Z,i - the impedance at the input end with the output terminals short-circuited.

When these arc known, the constants for the equivalent T and 77 sections are :

Equivalent T section Equivalent fl section

Z\ — Zoi

Z\ — Zo2 — Z,i)

Z\ — V ^i|)

It would also be possible to

derive expressions for the equi-

valent sections, using Z,, in

place of Z,,, where Z„ ~ im-
pedance at the output end with

the input terminals short-dr-

cuited.

A lanicc network may be re-

duced to an equivalent T or 77

network (see any suitable text-

book) but it is interesting to note

that it is essentially a “ bridge
”

dreuit. Fig. 4.33 (C) may be

re-drawn as in (D) without any

change being made.
Four-terminal networks arc

considered further in Sect. 8 ;

they may also be treated as

multi-mesh networks as in Sect.

7(xi) below.

(xi) Multi-Mesh Networks
A typical flat multi-mesh net-

work is shown in Fig. 4.33G.

A “ flat ** network is defined

as one which can be flattened

out without having any lines

crossing over each other ; the

treatment in this handbook is

limited to flat networks. ]unc-

flC. 4 . J3

Fig, 4.33. Four Terminal Settvorks (^) F Section

(il) 77 Section (C) Lattice Section (D) Lattice

Section redrawn in the form of a bridge (F) Bridged

T Section (F) T Section equivalent to Bridged T.

tions at which the current can divide are called branch points (A, B, C, D, E). In Fig.

4.33G there are 5 meshes, and the drculating mesh current of each is marked (7i, /»,

etc.) in the conventional clockwise direction. The simplest form of solution is by means

of the Mesh Equations, The basis for the use of these equations is given in Ref. 4,

Sect. 7(xv). Impedances in the network are numbered Zio> Zto> etc., when they form

part of one mesh only (mesh 1, mesh 2, etc.). Impedances which are common to

two meshes are numbered Z^, Z,„ etc., and are called mutual Impedances, the
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siiffixes indicating the meshes to which they are common. The applied alternating

voltages are also numbered E*, etc. where the suffix indicates the mesh number.
If there is more than one voltage source in any mesh, E, etc. will indicate the vector

sum of these voltages.

There must be the same number of mesh equations as there are meshes in the net-

work. The mesh equations are written in the general form for n meshes as

Ziil\ Zxtl\ *1* -f- ... Zy^l ^ — El
Z\il\ -}- Zx-X^t -f- Zxzl% -h ... Zxnl n — Ex I (16)

Zn\^\ Z^x^t "i“ Z^x^t ... Zf^fJn — E„ J
where each Z is of the form R ^ j{oiL — l/a>C) and Z,,, Z22, etc. is called the self-

impedance of the individual mesh, i.e., the impedance round the mesh if all other

branches of the network other than those included in the mesh in question were open-

dreuited.

For example, in Fig. 4.33G -

Zii Zit + Zij -f Zix
— Eio +7-^10 + El, ^ jXix + El, \ jXix
= Eio ^ ji.^EiQ l/a>Cio) + El, 1 j{u}L.ix — 1/ a>Ci,)

4* El, ~~ 1/^Uij)
i.e. Zii = (Eio -f E,, -f Rii) ^ j{(<^Eio f ojEi, -f toEi,)

- {I/ojCio ^ l/oxCix f l/coCix)] (17)

Note that Z,, is the same as Zi, etc. and that the signs of the mutual impedances

may be positive or negative (sec below).

An impedance that is common to two branches is considered to be a positive mutual
impedance when the arrows representing the corresponding mesh currents pass

through the impedance in the same direction ; or a negative mutual impedance if

the arrows pass through the impedance in opposite directions.

Thus in Fig. 4.33G the arrows representing the corresponding mesh currents pass

through the impedances Zi„ Zi,, Z,4 and Z,, in opposite directions, so that these

constitute negative mutual impedances, and have negative signs in eqn. (16).

A mutual inductance may be defined as positive or negative according to whether

it acts with a polarity the same as, or opposite to, that of a corresponding conunon

inductance^.

Fig. 4.33G. Typical multi-mesh net-

work.

Fig. 4.33H. Simple 2-

mesh network.

A simple example is the 2-mesh network of Fig. 4.33H. Applying eqn. (16) we
have

Zn Eio +>[a,L,o - l/a>Ci,l ( 18)

Zf, — E,o " 1/‘*'U|,1 (19)

^
1 , ^ ^ai -=K\/o»Cix) (20)

Since there are two meshes, there will be two mesh equations -

Z|i/, -f Z,,/, — El \
Z,i/i + Z,,/, —

- 0 j
(21 )

*Thc oppofite dcflnicioo is also used.
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These linear simultaneous equations may be solved by elimination, but any more
complicated network would have to be solved by the use of Determinants, for which
see any suitable mathematical textbook.

The total current in any common branch may be determined by the difference

between the two mesh currents.

The method of handling mutual inductance is illustrated by the 2-mesh network
of Fig. 4.331. Here

Zii -- (^10 ^it) f- uiLit “1/ (22)

Ztt {Rit i ^to) +j(coLit + oiLtt) - (23)

Zi-i - Zfi = Ri^ -f (24)

and the two mesh equations will be as eqn. (21).

The polarity of Afi, in eqn. (24) must be determined in accordance with the accepted

convention, as described in connection with eqn. (16).

A solution of eqn. (16) by means of Determinants shows that in the general case

the Determinant D is given by

D ~ ^ZtiZjt •

j

. Z-..
\

(25)

. 2 .'.,
>

and the current //t in the mesh that flows as the result of the voltage E, acting in

the mesh is

Bik
B, (26)

where is the principal minor of D multiplied by (— l)^"^*. This minor is

formed by cancelling the row and the column
and then moving the remainder together to form a new
determinant with one less row and column than D,
where D is the determinant defined by eqn. (25).

The row cancelled corresponds to the mesh containing

the input voltage, the column cancelled to the mesh
containing the required current.

The input impedance of a passive network with
a single applied voltage (Fig. 4.33J) is given by

Input impedance E, //i = D/Bu (27)

where E, voltage applied to input terminals

/, input current

D determinant defined by eqn. (25)

and E„ is the minor of D obtained by cancelling the

first row and column.

The transfer impedance of a 4-tcrminal network (Fig. 4.33K) is defined as the

ratio of the voltage applied to the input terminals to the resulting current through

the load impedance connected to the output terminals (i.c , the mesh).

3

FIG. 4.33 J FIG. 4. 33 F

Fig. 4.33J. Illustrating input impedance of network.

Fig. 4.33Ar. Four terminal network illustrating input and transfer impedances.

Transfer impedance E,//^ D/E,„ (28)

where D — determinant defined by eqn. (25)

lj

PASSIVE 4
FOUR

TERMINAL

NETWORK
I

PASSIVE
NETWORK

Ei^. 4.33 1. Two-mesh net-

work incorporating mutual
inductance.
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anii IS the minor of D obtained by cancelling the first row and column,

and applyin^^ the factor (— 1)"'*'^

Reicrences to multi-mesh networks : Refs. 1, 2, 4, 5, 6, 7. Sect. 7(xv).

(xii) Non-linear components in networks
In radio engineering the principal non-linear components in networks are valves,

although certain resistors and iron-cored inductances arc also non-linear. The non-

linearity can only be neglected when the voltage swing across any non-linear com-
ponent is so limited that the characteristic is substantially constant over the range of

operation.

In a non-linear component the impedance is not constant, but varies with the

applied voltage*. Each such impedance must be treated as having an impedance which

is a function of voltage,

i.c. Z - F(e).

I'he mathematical theory of circuits containing non-linear components is com-
plicated and, m the general form, outside the scope of this handbook. Those who arc

interested are referred to the list at the end of this subsection.

I'he treatment of non-linearity in valve characteristics is covered in Chapter 27 for

detection and Chapter 25 for frequency conversion. Distortion through curvature

of valve characteristics is covered in Chapter 2 Sect. 9 and Chapter 13.

References to non-linearity
(other than those covered elsewhere)

Chaffee, E. L. “ Theory of Thermionic Vacuum Tubes ** (McGraw-Hill Book
Company, New York and London, 1st edit. 1933) Chapter 21.

Llewellyn, F B., and L. C Peterson. “ Vacuum tube networks Proc. I.R.E. 32.3

(March 1944) 144.

(xiii) Phase-shift networks
The bridge type phase-shift network of Fig. 4.34 has the advanwge of providing

full range phase shifting from 0 to 180°, with constant attenuation (6db) for all degrees

of phase shift

Ft^. 4.34 ^ A) A phase-shift network providirtg full range phase shifting from 0 to 180*
zvirh ^ Jh at tcTitNation for all degrees of phase shift (D) vector diagram of voltage

relationships.

It miy be shown, when /?» R,' l/wC, that

£•; * and ^ tan
K.-

which ?s illustrated by the vector diagram Fig. 4.34B, where Effi and arc equal,
an ? h' rh equal to and E

,

arc at right angles, but their vector sum is E.
Ptunf P IS therefore on the circumference of a semi-circle.

*
t < here that the impedance ia not a function of time ; this occurs in the caac of barretters

ar,’ ‘ Ijmp rilaments.

L^Mcrty, K. ii.
** Fhese-shiftcr nomograph,*' Elect. 19.5 (Mey 1946) 458.
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(xiv) Transients in Networks
The treatment of networks earlier in this Section has been on the basis of a steady

applied direct voltage, or a steady alternating voltage, or a combination of the two.

It is also important to know the transient currents which may flow during the period
from the application of a yoltage until the steady state has been reached or during

the period from the disconnection of the voltage until a steady state has been reached,

or due to some sudden change in operating conditions after the steady state has been
reached.

The simple cases of a capacitance and inductance each in scries with a resistance,

on direct charge and discharge, have been covered in Sects. 4 and 5. These charge

and discharge characteristics are of a logarithmic form, and non-oscillatory. How-
ever, in any network including L, C and R, the transient characteristics tend to be
oscillatory. These oscillatory transients may be more or less heavily damped, and
normally become of negligible value after a short period of time. On the other hand,

they may continue as sustained oscillations.

Amplifiers, particularly those with feedback, should have a sulficiently damped
oscillatory transient in the output circuit when the input is increased instantaneously

from zero to some predetermined steady voltage (this is called “unit step ” input). In
practice it is more convenient to use a periodic rectangular wave input, with the time
period of the “ flat top sufficiently long to allow for the decay of damped oscillatory

transients. A C.R.O. is commonly used for observation of such a waveform.

Alternatively, an impulse having very short time duration may be applied to the

network or amplifier. This differs from unit step input in that the input voltage re-

turns to zero almost instantaneously.

The complete mathematical analysis of all but very simple networks is very com-
plicated and specialized, and outside the scope of this Handbook.

For further information see Refs. 4, 7 and 8.

(*v) References to Networks
1. Everitt, W. L. (book) “ Communication Engineering.** (McGraw-Hill Book

Co. Inc., New York and London, 1937).

2. Shea, T. E. (book) “ Transmission Networks and Wave Filters ** (D. Van
Nostrand Co. Inc., New York, 1943).

3. Ellithorn, H. E. “ Conditions for transfer of maximum power ’’ Comm. 26.10

(Oct. 1946) 26.

4. Guillcmin, E. A. (book) “ Q^mmunication Networks” Vol. 1. (John Wiley

and Sons Inc. New York ;
Chapman and Hall Ltd., London, 1931).

5. Terman, F. E. (book) “ Radio Engineers’ Handbook ** (McGraw-Hill B«.'ok Co.,

New York and London, 1943).

6. Johnson, K. S. (book) “ Transmission Circuits for Telephonic Communication
’*

(D. Van Nostrand Co. Inc. New York, 1931).

7. Valley, G. E., and H. Wallman (book) “ Vacuum Tube Amplifiers ” (McGraw-
Hill Book Co. New York and London, 1948).

8. Gardner, M. F., and J. L. Barnes (book) “ Transients in Linear Systems
’*

(John Wiley and Sons, Inc. New York, 1942),

Sec Supplement for additional references.
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SECTION 8 : FILTERS

(i) Introduction to filters («) Resistance-capacitance filters^ high-pass and low-pass

(im) Special types of resistance-capacitance filters (iv) Iterative impedances of four-
terminal networks (v) Image impedances and image transfer constant offour-terminal

networks (w) Symmetrical networks (vit) “ Constant k ** filters (viii) M Derived

filters (ix) Practical filters (x) Frequency dividing networks (xi‘) References to

filters.

(i) Introducdon to filters

A filter is any passive* network which diseximinates between different frequencies,

that is to say it provides substantially constant ** transmission *’ over any desired

range of frequencies and a high degree of attenuation for all other frequencies.

Filters are conveniently grouped as under :

Low pass filters—transmission band from zero (or some very low) frequency to

a specified frequency. Anenuation for all higher frequcndcs.

High pass filters—transmission band from some specified frequency to very high

frequencies. Attenuation for all lower frequencies.

Band pass filters—transmission band from one to another specified frequency.

Anenuation for all lower and higher frequencies.

Band elinodnation filters—“ traps.”

Practical filters, particularly of the simple variety, have only a gradual change in

anenuation. The sharper the required change in anenuation, the more complicated

becomes the filter.

Some very simple filters are :

1. The grid coupling condenser and grid resistor of an amplifier (high pass resist-

ance*capacitance filter).

2. The series condenser and variable resistor of a conventional tone control (low

pass resistance-capacitance, with adjustable anenuation).

3. The smoothing filler of a power supply, including one or two inductances and
two or three capacitances (low pass filler),

4. An overooupled i-f transformer (tuned band pass filter).

5. A tuned aerial coil or r-f transformer (tuned narrow band pass filter).

See Chapter 6 for mathematics.

(ii) Resistance—capacitance filters

Fig. 4.35A shows a r.c. high pass filter as for grid coupling in an amplifier. This
is essentially a voltage divider in which C forms a reactive, and R a resistive, arm.

If the generator has zero resistance and if there is no loading on the output, the ratio

of output to input voltages is given by

Therefore

El
Ei " R jX,

R

where - — \l2yrfC,

1

* r a:* Vi -f- (A'//?)* ( 1 )

If we select a frequency (/J at which \X t\ P* then |£’»/E,| =* 0.707 which it

practically equivalent to an attenuation of 3 db. This frequency is the reference

point used for design ; it is called the theoretical cut>off frequency. Its value it

given byt
/, - l/(2irRC)c/8 (2)

where R and C are in ohms and farads (or in megohms and microfarads). The value

RC it called the time conaUmt and it meatured in seconds (see Sect. 4(tv)) so that

*i.e. not iocludint • valve or generator.

tA nomognun to dctgrminc the value of /t h given by B. Fnmk Retiitancc Capadtance Filter Chart
Elect. la.UCNov. 1945) 164.
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r<c 4

Fig. 4.35. {A) is a resistance capacitance

high-pass filter ; (B) is a two section filter ;

(C) is a modifiedJorm of providing attenua-
tion within top and bottom limits ; (D) is the

vector diagram of A.

the low frequency response of an
amplifier is sometimes defined by
specifying a time constant of so many
microseconds. If the time constant

is, say 3000 microseconds,

RC — 3000 X lO * seconds,
so that

fi - l/(2rr X 3000 X 10 •) - 53 c/s.

Fig. 4.36 shows the attenuation in

db plotted against frequency for R — 1

megohm and selected values of C.

It will be seen that the slope of the

attenuation characteristics approaches

6 db per octave (i.e. the attenuation

increases by 6 db every time the fre-

quency is halved), and is very close

indeed to this value for attenuations

beyond 10 db. Each of these charac-

teristics is exactly the same shape as

the other, only moved bodily sideways.

lUUMur'i" tMKtW
tossssststft:::::;:

,HII i

jKti

autsK'u:

SCSI

aKwwSrm

rUCQUCNCY IN CYCLCS SECOND

Fig. 4.36. Attenuation in decibels versus frequency for a resistance-capacitance

coupling or filter {Fig. 4.35A) in which the total resistance (R) ^ 1 megohm, if

applied to a resistance-coupled valve amplifier ^ R R, f U
T is less than 10 000 ohms, the error in neglecting the second term is less than 1%.

the valve is a pentode, R may be taken as {R^ H Rj) with a sufficient accuracy

for most purposes.

ifR •r-j 0.5 megohm, multiply values pf C by 2 and similarly in proportion for other

resistances.
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One of these attenuation characteristics is shown in Fig. 4.36A together with the
straight line AB which is the tangent to the curve and has a constant slope of 6 db/
octave (or 20 db/decade). The point of intersection between AB and the zero db
line is point A which corresponds to the theoretical cut-off frequency fi. For ease
in calculation^ the “ straight-line approximate charaaeristic CAB is sometimes
used in calculations in place of the actual attenuation characteristic, the maximum
error being 3 db.

In Fig. 4.35(B) there are two such filters in cascade and further sections may also

be added. A two-section filter in which and Ci Ct will have somewhat
more than twice the attenuation in decibels of a single section filter, and the ultimate
slope of the attenuation characteristic will approach 12 db/octave.

A

FIC. 4.36A

Fig. 4.36/1. Actual and approximate attenuation characteristics
^ using the theo-

retical cut-off frequency /» as the reference frequency.

If C in diagram (A) is shunted by a resistance R\ as in Fig. 4.35(C), the effect is
to limit the attenuation to that given by R' and /? as a voltage divider, i.e.,

Ea/Ei — R/{R 4- R'). Tile shape of the attenuation charaaeristic at low values
of attenuation is very little affcacd by R'.

The reactance of C in Fig. 4.35A causes a phase difference between Eo and £<,
as shown by the vector diagram (D). The phase angle is given by

cos 4> - Eo/Ei (3)
For an anenuation of 3 db, EJE, - 0.707 and ^ - 45"

; thus Eo leads E, by 45".

Fig. 4.37 shows a typical r.c, low-pats filter, as used
for tone control, decoupling in multistage amplifiers, or
smoothing filters for power supplies when a large voltage

drop in the filter is permissible. It is readily seen that

this is the same as Fig. 4.35A except that R and C have
been interchanged. The theoretical cut-off frequency

/„ at which X c R, is therefore unchanged and equal
to l/{2vRC). Provided that the generator impedance
is zero, and that there is no load aaoss the output ter- pig^ /, ^
minals, the ratio of output to input voltages is given by resistance-capacitance filter

B. jX,
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Fig. 4.38. Shows the attenuation characteristics for the low-pass filter of Fi^. 4.37

for the values of R and C shown below :

R (ohms) C ( fA fiF)

r
1 Curve A B C D F

400,000 10 20 40 80 160
200,000 20 40 80 IhO 320
100,000 40 80 160 320 640
50,000 1 80 160 320 640 1280
20,000 200 400 800 1600 3200
10,000

i

400 800 1600 3200 6400

'F
*

Therefore i

’

IF.,

A'r

\ R^ rXA ^
\ 1

1

-T- (F aV)*’
(4)

If the generator has a resistance R^y then R in the eqn. (4) should include R„.

Attenuation characteristics derived from this equation arc given in Fig. 4.38 in a

form capable of adaptation to most problems involving limited attenuation.

The rate of attenuation approaches 6 db/ octave, and the shape of the cur\'e is a

mirror-image of that for the high-pass filter (Figs. 4.35A and 4.36).

If the filter is used as a smoothing filter, the ratio Fr/F, is frequently 0.1 or less

and under these conditions (with a maximum error of 1 %)

—

ric. 4 r»c 4 40

Fig. 4.39 is a two section low pass resistance-capacitance filter.

Pig. 4.40 is a Parallel T Network for the complete elimination of a particular input

frequency from the output voltage.
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If additional filtering is required, it is possible to use two or more filter sections

(Fig. 4.39). Provided that R, • lOX., ;
' lOAT,, and R^ > lOAT.j, the

voltage ratio is given (with a maximum error of by
\E,: I

^ 40/* X R,/?,C,C,

(iii) Special types of resistance-capacitance filters

An important method of eliminating a particular input frequency from the output

voltage is the Parallel T Network as in Fig. 4.40. In the usual symmetrical form*,

R, - R. 2Ro; C, C, JC,. ; and R^ 1 {2nfC^) ;

infinite attenuation is obtained at a frequency / where

/ 1 (2rrR,C,) (7)

provided that the output is unloaded.

The mathematical analysis of the general case has been publishedt, showing that

the unsynunetrical case provides an improvement in the discrimination.

The case with finite generator resistance and terminated into a resistive load has

also been analysed^

(iv) Iterative impedances of four-terminal networks

A four-terminal network or filter is shown in Fig. 4.41 with a generator E,, having

a series generator impedance applied to the input terminals, 1, 2, and a load im-

pedance Z

f

across the output terminals 3, 4. The input impedance under these

conditions, looking into the network from terminals I, 2 is shown as Z*.,. The output

impedance, looking into the network from terminals 3, 4 is shown as When Z
j

is adjusted to be equal to Z*, we have a special case which is of interest when similar

filter sections are to be connected together in a chain so that each section is a load

on the one preceding it. Under those conditions we call Z*, an iterative impedance
of the network
We must also adjust Z

.

to be equal to Z*,, this biing the second iterative impedance.
If the network is a single T section, as in Fig. 4.42, and if Z, Z^, then

Zfci Zkj \ Zi(Z| t 2Z3) (8)

and the two iterative impedances are equal

If the network is a single L section (as in Fig. 4.42 but with Z, O') then the

iterative impedances are given by

If we now define a quantity P, called the iterative transfer constant, such that

P log, (/,//,) (9a)

where /, input current

and /, ^ output current

the formulae for the L section may be wrinen in the alternative forms

~ - Z/.'* 1) (9b)

Z„ z...

u u D 1 I

Zj -f 2Z,
where cosh P ^ 1 + '

(See Chapter 38 Sect. 21 Table 73 for h3rperbolic sines, cosines and tangents.)

•Scon, H. H., " A new type of telective dreutt and tome applications." Proc. I.R.E. 26.2 (Feb.
1938) 226.

tWolf, A. " Note on a parallel-T reaistance-capadtance network," Proc. I.R.E. 34.9 (Sept. 1946) 659.
See also Haatinn, A. E. ** Analysis of a rctistance-capadtance piuidlel-T network ani applications,"
Proc. I.R.E. 34.3 (March 1946) I26P ; McGaughan, H. S. " Variation of an RC paralJel-T null net-
worlu" Tele-Tech. 6,8 (Auf. 1947) 4S.

tCowIcs, L. C. " The panaki-T rcaistancc-capadtancc network '* Proc. I.R.B. 40.12 (Dec. 1952) 1712.
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For a T network with iterative impedances,

P = cosh-M(Z, -f Z, 4- 2Z,)/2Z,] (10)

If a number of networks are connected in a chain, with each section having the same
two iterative impedances Zui and Z^j as Fig. 4.43, we may regard the combined net-

works as equivalent to a single network having iterative impedances Zjti and Z*,
respectively. The iterative transfer constant (P) is then given by

P = -f y4,) 4-y(P, 4^ P, f Ba) (11)

where Pj — propagation constant of the first section of the network
= A, jB,

P, - At I jBt etc.

- attenuation constant (nepers)

and Bi ^ phase constant (radians).

(v) Image impedances and image transfer constant of four-terminal
networks

An alternative way of expressing the constants of a network is by the use of image
impedances. A T network is shown in Fig. 4.44 with generator and load impedances

Z;i and Zjt respectively. It is possible to adjust Z^, Z

g

and Z^ to give an input

impedance (looking into the network from terminals 1, 2 with load connected) equal

Fig. 4.41 shows a four terminal network

with generator and load.

rfG.4-4l

Fig. 4.42 is a single T section network

applicable to Fig. 4.41.

Fig. 4.43 is a combination of three

networks in cascade^ with iterative

impedance relationships.

no 4 43

Fig. 4.44 is a single T section network

terminatid in its image impedances.

to Z;i, and at the same time to give an output impedance (looking from terminals

3, 4 \^th generator connected) equal to Zj^ Under these conditions the impedance
OQ each side of terminals 1 , 2 is an ** ima^e ** of the other (since they are both identical)
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and similarly with the impedances on each side of terminals 3, 4, The two image

impedances are given by

Z ~ .
Z(^){Z ^Zg -f Z ^Z 4 Z ffZf^)

Jt
1

*7 \

(12a)

(12b)
(Z, + Z,)

Similarly a 77 network as shown in Fig. 4.44A may have the values of the elements

adjusted so that the network is terminated in its image impedances. The two image

impedances are then given by

•= a /Zyi

^.v/.

Zi\)(Zi

(Z| Z;|)Z;

Z2 ^ Zs)
(13a)

(13b)
(Z2 T Z,)(Z, - Z2 r Z3)

The two image impedances may also be expressed in terms of the open-circuit

and short-drcuit impedances (Sect.7(ix))

Z.

- ZqiZ,

I

\ Z,,2Z,J

(14)

(13)

f\G. 4.44A FIG. 4.446

Fig. 4.44y^ is a single 11 section network terminated in its image impedances.

Fig. 4A4B is a single L section network terminated in its image impedances.

The transfer of power is indicated by the Image transfer constant 0 whose value

is given by

provided that the network is terminated in its image impedances,

where Ey and /j are voluge and current at terminals 1, 2

Ex and /* are voltage and current at terminals 3, 4

// and Ix are currents at terminals 1, 2 and 3, 4

respectively with transmission in the reversed direction.

(16)

Fig. 4.45 is a combination of three

networks in cascade^ with image
impedance relationships.

rfC.4-45

When every section of a filter is working between its image impedances, there are

•no reflection elTects. Fig. 4.45 shows a three section group connected on an image

impedance basis. This is equiv^ent to a single network having image impedances

Z;i and Zy4 respectively,

and B = («i f *1 + ^tj) -f 4 ^*) ~ ^ (16a)

where B^ —
-f etc.

The r^ part (a, -f- *1 f «! « «) of the image transfer constant B is called the

image attenuatiofi constant, and the imaginary part 4 /?• + /9t /Q it called

the Isnage phase constant*
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Where the values of the elements of the T and fl networks are known, the value
of the image transfer constant is given by
T Network (Fig. 4.44) :

tanh d -----

n Network (Fig. 4.44A) :

^A^C ' ^^ (z; I z^)(z^ 4- z,;)
a6b)

tanh e ^
^ {Z, ^ Z,)(Z, -t 2,)

(16c)

If the image impedances and transfer constant arc known, the impedances of T,
n and L networks are given by
For T Section (Fig. 4.44) :

2 ,

Vz„z„
sinh 6

(17a)

y
tanh 0 " ^ (17b)

- 2 .

tanh 0 ^
(17c)

For a n Section (Fig. 4.44A) :

V J^ioh d (17d)

1

1 r (17e)

.Z yj tanh 0 Zj
1

1 1 (17f)

tanh d Z,

For an L Section (Fig. 4.44B) :

Z, \ 2„(2„ 27.) {I7g;

/ 2 /'n\l .. .. 1 7h

!

civsh d

Z-n 2 ,,

\ iz], Z,,) (17i)

(vi) Symmetrical networks

W^hen a network is symmetrical, that is when it may he reversed in the circuit with

respect to the direction of propagation without alterations in the voltages and currents

external to the network, the two iterative impedances become equal to each other and
TO the two image impedances :

Za ^a. - ^/l -

(this is sometimes called the characteristic impedance)

Also P e a 1 jp (19)

where a image attenuation constant

and p image phase constant.

(vil) Constant k ” filters

A ** constant k filter is one in whidi
Z,Z, - (20)

where Z, and Z* arc the two arms of a filter section, and k is sl constant, independent

of frequency. Fig. 4.46 shows a symmetrical T type section terminated in its image

impedances, which is a constant k
**

filter provided that ZjZ, k^. The constant

k* has the dimensions of a resistance squared, so that we replace by /? • in the follow-

ing analysis. This requirement is fulfillc<j when Z, and Z, are reciprocal reactances ;

the simplest case is when Z, is a capacitance with zero resistance and Z, an inductance
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with zero resistance or vice versa.

Original (Zi)

L
L -f r in series

C -f r in scries

L + C inseries

r -f L -I C in series

Some popular combinations arc given below :

Reciprocal (Zj)

C - L/R*
C ^ L/R* in shunt with R*/r
L in shunt with R*/r
C' - L/R* in shunt with L' R^C
R*/r in shunt with C' - L/R*

and with L' R^C

Fig. 4.46 is a symmetrical T section terminated in its image impedances.
Fig. 4.47 is a symmetrical fJ section terminated in its image impedances.

Zj is called the fnid-scries image impedance in a symmetrical T section (Fig.

4.46) while Z/ is called the mid-shunt image impedance in a symmetrical II section
(Fig. 4.47):

T section : mid-series image impedance

Zj - VZ,Z, . (Zi*/4) RVl -t- {ZJ2Ry
n section : mid-shunt image impedance

' ^ 1 ^ Zp 4Z,

Therefore Z/Z/ ~ /?* Z,Z,
If Zi is a pure rcaaance {X^),

\ 1

R

(Zx 2Ry

then Z,

and

RvT - 2Ry
R

(21 )

(22 )

(23)

(24)

(25)

(25a)

VI {X,^2Ry
The image transfer constant 0 for either T or /7 sections is given by

cosh 8 1 - (Z,/2Z,)
Half sections have exactly half the image transfer constant of a full section.

In the pass band : a - 0 (25b)
cos ^ - 1 T (Zi/2Z,) (25c)

In the stop band ; cosh a =--•
I

1 + (Zt/2Z,) I (25d)
Phase shift = 0 or ± 180'’ (25e)

Fig. 4.48 ts a half section terminated
in its image impedances.

Fig. 4.48 is a half-section terminated in its image impedances, which in this case
are unequal. Two such half-secuons, with the second one reversed left-to-right, are
equivalent to a tingle T section.

Z/

. +-(2’,V4)

f
z,z.

+ (^,/4Z,)

(250

(25g)

An ideal filter in which the reactances have lero lost has aero attenuation for all

frequendet that make (Zi/4Z«) between 0 and -
1 ; this range of frequencies is
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the pass band. All other frequencies are attenuated and are said to lie in the atop
band (or attenuation band) of the filter.

Low pass filter—constant k type
Fig. 4.49 shows three forms of simple low-pass filters of the constant k type. In

each case

- jcjL

and Z, - \ljoiC.

Now Z,Z, ^ R*, therefore L/C = /?*, where R may have any convenient value.

The mid-series image impedance is

z, -- R\/i~^^i2ky = -(J/jT)*' (26)

where /, — \/n\/LC), /, — cut-off frequency.

When/ ^ /o, and there is infinite attenuation if L and C have no resistance.

The mid-shunt image impedance is

Z,' - - =r (27)
v/(l - (wL/ZRV Vl - (J/h)*

When / = /o, Z/ becomes infinite.

©

21
c/2:

©
-'TIRP-

^c/? c/2:

Fig. 4.49. Three varieties of low-pass constant k filters: (A) T section (B) Half
section (C) n section.

With both T and fJ arrangements, the ideal filter has zero attenuation for frequencies

less than fo> a sharp cut-off at /„, and a very rapid anenuation immediately above /«.

However the rate of attenuation gradually falls as the frequency is increased, and
approaches 12 db/octave for the single section at frequencies much greater than f^.

Both image impedance characteristics arc purely resistive below /© and purely re-

active at higher frequencies.

The phase shift varies from zero at zero frequency to 180'" at /©, but is constant

at 180 ’ for all frequencies higher than /o.

ric 4 V)

-He

20-

Fig. 4.50. Three varieties of high-pass constant k filters {A) T section (J3) Half
section (C) 77 section.

High-pass filter eonstant k type

Fig. 4.50 shows three forms of simple high-pass filters of the constant k type

In each case

Z» l/;a>C

Z| ji**L.

Now Z,Z| R*, therefore L/C = K*, where R may have any convenient value.

The mid-series image impedance is

Z, - R\/\ - (\/2RuC)* = R\/\ - u*/f)* ^28)

where /, »= l/(4ir\/iC),/, - cut-off frequency.
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Low pass High pass

/« = /./(vr /* - /.Vi - »»« (33)

m = Vl - (/o'//*)* m - Vl - (/* //»)* (34)

The frequency of “infinite” anenuation (sometimes called the peak attenuation

frequency) may be controlled by varying the value of m, which variation does not
affect the image impedances.

It is generally desirable, for good attenuation characteristics, that the ratio of the

cut-off frequency to the frequency of peak attenuation in a high-pass filter should be as

high as possible, and not less than 1 .25, and in a low pass filter it should be as low as

possible and not greater than 0 8. The value of m as given by eqn. (34) is 0.6 when the

ratio is 1.25 or 0.8 respectively.

The equivalent H section series m-derived filter is shown in Fig. 4.51B but here the

mid-shunt image impedance is different, and this section cannot be connected at

either end to a constant k or m-derived T section except through a half-section to

match the respective image impedances.
- Z/ (1 : (1 - m^){ZJ2R)^\ (35)

In other respects (B) has the same characteristics as (A). An m-iype half-section for

matching sections having different image impedances is Fig. 4.5 IE, the values shown
being for matching a constant k section on the left and a series m-derived 77 section

on the right. The value of m should be approximately 0.6 to provide the most nearly

constant value of image impedance in the pass band.

Fig. 4.52. (/j) T
section (B) fl sec-

tion shunt m-derived
filters.

F IG 4 iZ

Two forms of shunt m-derived filters are shown in Fig. 4.52. The fl section (B)

may be joined at cither end to a constant k section or half-section of mid-shunt image

impedance Z/. 1 he T section requires the medium of a half-section to match' the

impedances before being so connected.

(A) Z,
(1 m>)(Z,;4Z,)

(36)

(B) Z/ is as for Fig. 4.47 (Eqn. 22)

Therefore Zi^Z,„ - Z,Z,' R' (37)

*The design of multiple-section filters

A multiple-section filter is made up from any desired number of intermediate
j

sections (cither T or //), and usually of the m-derived type, together with a terminal ’

half-section at each end. All sections in the filter arc matched at each junction on an

image-impedance basis. The intermediate sections usually have different values of m
such that frequencies which are only slightly attenuated by one section arc strongly

attenuated by another. The image imi>edanccs of these sections arc far from constant

over the pass band of the filter ; hence the necessity for using suitable terminal half-

sections

The terminal half-sections should be designed with a value of m approximately

equal to 0.6 to provide the most nearly constant image impedance characteristics in
j

the pass band ; with this value of m the image impedance is held constant within 4%
|

over 90% of the pass band. Each of the terminal end sections should, however, be
|

80 designed that its frequency of peak attenuation is staggered with respect to the f

other, and the intermediate sections should then be staggered for the best overall
j

attenuation characteristic.
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The total attenuation or phase shift of the combined multi-section filter would be
given by the sum of the attenuations or phase shifts respectively of the individual

sections or half-sections.

When the design has been completed for all the sections in the filter, the practical

form will be obtained by neglecting the junction points between sections and by
adding together the values of the inductors in series in each arm, and those of the

capacitors in parallel in each arm. If capacitors are in series, or inductors in parallel,

the total effective value should be calculated and used in the practical form of the filter.

Fig. 4-52. (C and D) Method of buildtng up a multi-section filter using T or II
intermediate sections.

For further informadon on the design of m-dcrived filters, reference may be made to

Shea (Ref. 1) pp 244-285 ; Guillemin (Ref. 4) Vol. 2, pp. 324-338 ; Johnson (Ref. 6)

pp. 192-195, 204-228, 293-303 ; Terman (Ref. 2) pp. 226-238 ; Everin (Ref. 3)

pp. 194-214 ; (Ref 6) pp, 130-152 ; (Ref. 7) pp. 6-33 to 6-62. References are listed

in Sect. 8(xi).

(ix) Practical filters

In praedee a filter network is usually terminated, not by its image impedance which

is a fiincdon of frequency, but by a resistance of fixed value R where

R - (38)

As a result, the impedance mismatching causes some attenuation in the pass-band,

which is increased further by the unavoidable losses in the inductors. Moreover,

the attenuadon in the attenuadon-band is less than for the ideal case, and of course

never reaches infinity except in the case of a null network.

(z) Frequency dividing networks
Frequency dividing networks are of two types, the filter type (which has only ap-

proximately constant input impedance) and the constant-resistance type.

With either type, the cross-over frequency (Jt) is the frequency at which the

power delivered to the two loads is equal. This occurs with an attenuation of 3 db
for each load, with an ideal dividing network having no loss.

The nominal attenujidon per octave beyond the crossover frequency may be :

6db : available with constant-resistance, but attenuadon not sufficiendy rapid for

general use with loudspeaker dividing networks (Fig. 4.53A)

Lq - R,/(2^/,) C. = l/(27r/^,)

12db : available with either type, and very suitable for general use with loudspeaker

dividing networks. Fig. 4.53B shows the constant-resistance type. This

is a very popular arrangement.

L, = R,l{2V2nf,) L, = R,/(V2n/,)

C, = l/(V'2»r/.K,) C, - l/(2V2n/Ji,)
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The filter type has identical circuit connections but the condensers and inductors
are unequal (see Chapter 21 Sect. 3).

18db : available with filter type. This is the maximum rate of attenuation normally
used with loudspeaker dividing networks (Fig. 4.53C).

L. - Ro/(2nf,) L, = (1 4- m)R,!(2n/,)
L, - 2i?./(2n/,) £*4 = Rfif(^2nf f)

L-. = /««/(! t- m)(2w/,) 1,4 /?./(4^/,)
C. =- l/(2n/,/?.) C, - l/(»r/^o)
C. = l/(4n/,R,) C. = 1/(1 + m){2^fJto)
c, = (1 t C, = 1/(2it/,/?,)

(L in hcnrys ; C in farads')

See also Chapter 21 Sect. 4.

@
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4.53. Frequency dividing nettoorks {A) 6db (B) i 2dh (C) iSdb for the octave
beyond the cross-over frequency. L.F. indicates low frequency^ H.F. indicates high

frequency speakers.

(xi) References to filters

Many textbixiks including

—

1. Shea, T. K. “ Transmission Networks and Wave Filters ” (D. van Nostrand Company, New York,
1943).

2. Tcrman, F. E. “ Radio Engineers* Handbook ’* (McOraw-Hill Book Oimpany, New York and
I ondon, 1943).

3. Everitt, W'. L. ” Communication Engineering ” (McGraw-Hill Book Co. Inc. New York and
London. 1937).

4. Guillemin, E. A. *• Communication Networks *’ Vols. 1 and 2 (John Wiley and Sons Inc. New
York ; Chapman and Hall Ltd. London, 1931).

*5. Johnson, K. S. “-Transmission Circuits for Telephonic Cx^mmunication ’’ (D. van Noatrand Co.
Inc. New York, 1931).

6. “ Reference Data for Radio Engineers ** (Federal Telephone and Radio Corporation, 3fd ed. 1949).

7. Pender. H., and K. Mcllwain “ Electrical Engineers’ Handbook : Electric Commurucadon aisd
Electronics *^ (John Wiley and Sons, Inc. New York ; Chapman and Hall Ltd., London, 1950).

Charts for the prediction of audio-frequency resporue :

Crowhurst, N. H. “ The prediction of audio-frequency response ” Electronic Eng. No, 1—Circuits
with single reactance element, 23,285 (Nov. 1951) 440. No. 2—Circuits with two reactive elemenu,
23.284 ^ec. 1951) 483 ; 24.287 (Ian. 1952) 33 ; 24.288 (Feb. 1952) 82. No. 3—Single complex
impedance in resistive network, 24.291 (May 1952) 241. No. 4—Step circuits 24.293 tjuly 1952) 337.

See Supplement for additional references.
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SECTION 9: PRACTICAL RESISTORS, CONDENSERS AND
INDUCTORS

(/) Practical resistors (ii) Practical condensers (iii) Combination units (iv) Prac~

tical inductors (v) References to practiced resistors and condensers,

(i) Practical resistors
Resistors are in two main groups, wire-wound and carbon, although each group is

subdivided. Wire-wound resistors are available with ordinary and non-inductive

windings. Nichromc wire is suitable for operation at high temperatures but has a

large temperature coefficient ; it is suitable for use with ± 5°o or 10% tolerances.

Advance (or constantan, or eureka) is limited in its operating temperature, but is used
for tolerances of about ± 1 %. Wire-wound resistors are also graded by the type of

coating material.

Carbon resistors are divided into insulated and non-insulated types, while the

resistance material may be composition or cracked carbon (high stability). The re-

sistance material may be cither solid (c.g. rod) or in the form of a film.

For American and English standard specifications on resistors sec Chapter 38

Sect. 3(i) and (ii), including standard resistance values. For Colour Codes sec

Chapter 38 Sect. 2.

(a) Tolerances
Every resistor has tolerances in resistance, and the price increases as the percentage

tolerance is made smaller. Composition resistors are usually obtainable with the

following tolerances :

:r 5% For critical positions only

It 10% Desirable for semi-critical use in radio receivers and amplifiers (c.g.,

plate, screen and bias resistors)

rr 20% For non-critical positions only (e.g. grid resistors).

“ High stability *’ carbon resistors are available with resistance tolerances of 5%,
± 2% and -r. 1% (Ref. A26).

Wire-wound resistors are available with almost any desired tolerances in resistance

(it: 5%, 10®^, arc usual values in radio receivers).

Comment on tolerancea in components
When a manufacturer of resistors or capacitors selects simultaneously for large

quantities of each of three tolerances, r 5%, i 10*^0 and ‘ 20?;,, there is a distinct

possibility that the 10?;, tolerance group may be nearly all outside the ± 5%
tolerances, and therefore in two “ channels ** differing by more than 10?o. Similarly

with ± 10% and ± 20% tolerances. It is therefore good engineering practice to

design on the expectation of a large percentage of components lying close to the two
limits.

(b) StabiUty
The resistance of carbon resistors tends to drift with time. Ordinary composition

resistors may drift as much as li 2?o during storage for 3 months at 70'’C and normal
humidity (Ref. A27). Sec also Ref. A35.
Some high stability carbon resistors are limited to a maximum change in resistance

of ± 0.5% after 3 months’ storage at 70'’C (Ref A26).

(c) Dissipation
Composition resistors are usually available with nominal dissipation ratings of

i, i, 1, 2, 4 and 5 watts (JAN-R-11). The English RIC/113 standard (Ref. A27)
includes ratings of 1/10, i, i, {, 1 and 2.5 watts. Other manufacturers produce I,

i, 14 and 3 watt ratings.

English high stability resistors are available with 1/10, 1, I, 1, }, 1, 1| and 2
wan ratings (Ref. A26).
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In accordance with the American R.M.A. Standard and JAN-R-11 characteristics

A, By C and D (see Chapter 38 Sect. 3(i)], composition resistors may be used at their

maximum ratings with ambient temperatures up to 40 C.

I'he JAN-R-11 characteristic G and some English resistors (Refs. A3, A26, A27)
may be used with maximum ratings up to an ambient temperature of 70 C. In

one case (Ref. A27) higher ratings than the nominal value are permitted below 70'C
ambient temperature (see below).

At ambient temperatures greater than the maximum rating, resistors may only be
used w'ith reduced dissipation and maximum voltage, in accordance with derating
curves.

The following is a typical power dissipation derating curve for the temperature

limits 40 C: and 110 C (JAN-R-11 types, Ay By C, D) :

'I'emperaiure 40 50 60 70 80 90 100 110
Dissipation 100';;, 83«o 06% 50^'o 33% 17% 5% 0

The following is the English derating curve for high stability Grade 1, RIC/112
(Ref. A26) :

Temperature 70 80 90 100 110 120 130’ 140 150^

Dissipation 100^\', 87.5‘\, 75‘'o 62.5% 50«;, 37.5 25 12.5% 0

The following is the English rating and derating curve for Grade 2, RIC/113
(Ref. A27) :

'remperature 40 50 60 70 80 90 100 110"

Dissipation 175';,, 150«;, 125'\, 100'\, 75«„ 50% 25% 0

A typic^il voltage de-rating curve is the American R.M.A., see Chapter 38 Sect.

3(i).

It is good engineering practice to select a composition resistor, for any particular

application, such that the actual dissipation is about 60^^, of the resistor rated dis-

sipation, after making allowance for any de-rating due to high ambient temperature.

Wirewound resistors arc usually available with nominal dissipation ratings of

J, }, 1, 2, 3, 5, 8, 10, 12, 16, 20 watts and upwards. These are also normally available

with tappings.

Wirewound resistors, vitreous enamelled, are usually available in dissipation

ratings of 5 or 10 watts and upwards. These are also normally available with tappings.

Adjustable voltage dividers are manufactured in 8 or 10 W’att dissipation ratmgs,

together with larger sizes.

“ Radio ” voltage dividers usually have resistances of 25,000 and 15,000 ohms
suitable for connection across 250 volts The maximum dissipation is something
like 5 watts.

(d) Voltage ratings

With low resistances, the applied voltage is always limited by the permissible dis-

sipation. W'ith high resistances there is an additional condition to be met in the

maximum voltage rating. In general the maximum voltage is between 250 and 500

volts for 1 to 1 watt ratings, although there arc a few below 250 volts, some (i watt

and over) with maximum voltages of 700 volts or more, and some (J watt and over)

with maximum voltages of 1000 volts or more.

(e) Temperature rise

A temperature rise of from 40 C to 62 C (with 40 C ambient temperature) is to be

expected with ordinary composition resistors at maximum ratings. English resistors

which arc rated at an ambient temperature of 70 C have a maximum surface tempera-

ture not greater than 120 'C (Grade 2) or 150 C (Grade 1, high stability) (Refs. A26,
A27).

A typical small wire-wound resistor may have a maximum temperature of llO'C
for 1 watt or 135 C for 2 waits dissipation.

A typical large bare or organic-coating wire-wound resistor has a maximum surface

temperature from 170 C to 220 C.

A typical lacquered wire-wound resistor has a maximum surface temperature of

about 130' C.



188 (i) PRACTICAL RESISTORS 4.9

A typical vitrcous-cnamcllcd resistor normally has a maximum surface temperature

from 200®C to 270 ^C, but even higher temperanires are sometimes used.

High dissipation resistors should be mounted vertically to allow good air circulation,

and should be spaced well away from other resistors or components. When mounted
in a confined space they should be used at about half the rated maximum dissipation.

(f) Effect of temperature on resistance

The resistance of composition resistors always tends to rise as the temperature is

reduced below 20 "" or 25 'C, but at higher temperatures the resistance may either rise

or fall, or may fall and then rise (for curves see Ref. A 14).

For a temperature rise from 25 to 80 "C, the change of resistance is usually under

±7% for low values of resistance.

For the same rise of temperature, high stability resistors have a change of resistance

not greater than -f 0 ~ 2.2% for resistances up to 2 megohms (1 and 2 watts. Ref.

A26). See also Ref. A36.
The resistance of composition resistors is also affected by a temporary severe change

in ambient temperature, followed by return to normal (Ref. A35).

The resistance of a wire-wound resistor generally increases as the temperature is

increased, the change being usually not more than 0.025 P^r C in the case of low
temperature units.

See also Chapter 38 Sect. 3(i) and (ii) for standard specifications.

The effect of soldering
Small (i wan) composition resistors are subject to as much as 3^o change in resist-

ance, approximately half of which may be permanent, due to soldering ; larger dis-

sipation resistors are usually not affected more than 1% (Ref. A24). The maximum
permissible change in resistance due to soldering is i 2% (Class 2) or t 0.3%
(Class 1, high stability) for resistors coming under the English RIC Specifications

(Refs. A26, A27).

(g)

Effect of voltage on resistance

The resistance of a composition resistor decreases when the voltage applied across

it increases. The percentage change increases as the resistance increases. For a

1 megohm resistor, a typical percentage fall in resistance is given by (Erie Resistor

Co.) :

Size i i I 2 watts

Voltage from zero to 200 350 500 500 volts

Fall in resistance 2.1 2.5 1.3 1.5 %
The voltage coefficient is defined as (Ref. A27) :

Voltage coeffiaent == d
(lij — Cf)

where Rt ®®d F, arc the resistance and voltage respectively at the normal maximum
rating, and R, and F, are the values at one-tenth of F|. Limiting values of the voltage

coefficient are (Ref. A27) :

0.025% per volt for values below 1 megohm
0.05% per volt for values above 1 megohm.

This effect is much reduced by the use of “ high stability ** resistors, a typical value

being 0.4% fall in resistance for 1 megohm, with voltage change from zero to 500 volts

(Dubilier). Tlie limiting value of the voltage coefficient for Specification RIC/112
(Ref. A26) is 0.002% pci volt.

Some applications require a resistor whose resistance falls as the applied voltage is

increased ; a wide range of characteristics is available (e.g. Carborundum ** Globar"
ceramic resistors).

See Chapter 38 Sect. Xi) for standard specifications.

(h) Effect of humidity on retiauuice
The effect of humidity is to increase the resistance by up to about 3% under normal

conditions. Extreme tropical humidity may cause an increase in resistance generally

less than 10%. Some insulated resistors have less than 1% change in humidity due



4.9 (i) PRACTICAL RESISTORS 189

to humidity tests (e.g., I.R.C. type BTA). See Chapter 38 Sect. 3(i) for humidity

tests and limits.

(i) Capacitance of resistors

Every resistor has a capacitance which, at the lower radio frequencies, may be con-

sidered as a capacitance between the two ends of the resistor (usually between 0.1 and

1.0 /x/xF for composition resistors). This capacitance may usually be neglected in

normal applications in radio receivers. At higher frequencies »t is necessary to con-

sider the capacitance as being distributed along the resistance element. This leads

to a reduction in resistance which, unlike the end-to-end capacitance, is not removable

by tuning |sec (k) below]. References A5, A6, A7, A8, A9, A 14.

()) Inductance of resistors

Every resistor has an inductance, partly due to the inductance of the resistor itself

and partly due to the leads. However, experience shows that at high frequencies

the effect of the inductance is negligible compared with the effects of capacitance.

Typical values of inductance of composition resistors (Dubilier) are given below :

Resistance 100 ohms 1 megohm
Inductance 1 watt 0.0007 0.06

1 watt 0.017 2.0 /xH

Wire-wound resistors have much greater inductance than comp>osiuon types, but

where they must be used it is possible to adopt a “ non-inductive ” winding which

reduces the inductance to a low value

(k) Effect of frequency on resistance

Largely as a result of the distributed capacitance effects, the effective resistance of

a rod type carbon or composition resistor falls as the frequency is increased. With
resistances up to approximately 1 megohm, the theoretical curve of effective resistance

plotted against frequency is given in Ref. A29 (Fig. 5). The effective resistance drops

to 90‘\> of the d.c. value

0.3
when / cycles per second where Cj total distributed capacitance of rod ;

rtf' d <

or as an approximation, assuming C' ^ Cd/3, when / 1 10C'/?d ^ cycles per second

where C equivalent shunt capacitance at low frequencies (this is usually the pub-

lished capacitance of the resistor).

If C' is measured with the resistor in its operating position in relation toother com-
ponents and metal parts, the proximity effects will be included.

C' is constant below 4 Me s (Ref. A29).

References A4, A5, A6, A7, A8, A9, A14, A29.
We give below some experimental values :

Ratio of effective resistance to dx. resistance

R (megohms d.c.) > / (Mc/s)^ 0.1 0.5 1.0 5 10 20

I.R.C. type BTR (iW) 0.98 0.93 0.89 0.62 0.46 0.30

I.R.C. type BTA (IW) 0.95 .80 .71 .48 .37 .24

I.R.C. type BT-2 (2W) 0.80 .53 .40 .19 .14 .11

I.R.C. type BTS 1.00 .89 .79 .61 .57 -

I.R.C. type F (lower limit) — — .84 .80 .75

Allen Bradley GB-1 0.85 .60 .48 .24 .17 .12

Allen Bradley EBi 0.90 .68 .57 .46 .23 .15

Speer SCT * 0.92 .70 .60 .35 ,27 .20

Reference A 14.

(1) Noise of resistors

All resistors have an inherent minimum noise voltage due to thermal agitation
(“ Johnson noise **) which is given at 30‘'C (80^F) by

£ - 1.29 X 10 aV X iR
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where e = r.m.s. noise voluge

A/ == bandwidth in c/s of the noise measuring instrument

and R = resistance in ohms.

Tbe thermal agitation noise of ideal resistors at 30 C is tabulated below for a band-

width of 5 000 c/s.

Resistance 1000 10 000 100 000 1 Meg 8 Meg ohms
Noise 0.29 0.91 2.9 9.1 25.7 ^xV

When a current flows through the resistor, there is a small increase in the magnitude

of the thermal agitation noise.

In addition to the thermal agitation noise, carbon and metallized resistors also have

a noise voltage which is approximately proportional to the direct voltage applied across

the resistance. This has been called current noise or resistance fluctuation noise

(Ref. A25). The frequency distribution of this additional noise component, unlike

thermal agitation noise, is not uniform but its value decreases with increasing frequency

from 30 c/s upwards. The amount of noise varies according to the material and
construction of the resistor, and even varies considerably from one resistor to another

equivalent type. The current noise voltages of some typical English composition

resistors (Ref. A3) arc given below :

Resistance 1000 10 000 100 000 1 Meg 8 Meg ohms
Average noise 0.03 0.18 0.35 0.5 0.6 AxV/V
Max. noise 0.13 0.62 1.3 1.8 2.2 ^V/V
Noise values up to 20 /xV/V have been measured in commercial radio resistors (Ref.

A25). The English Spedfleation RlC/113 (Grade 2) issued June 1950, gives the

limit of noise as logj* RpiV/V ; this is equivalent to 6#xV/V for 1 megohm.

Lower “ current noise ** voltages are produced by high stability cracked carbon

resistors (see below) and also by palladium film resistors (Ref. A21).

In addition to the steady current noise '' fluctuations, all carbon composition
resistors show abnormal fluctuations which do not appear to bear any simple re-

lationship to the steady “ current noise ** (Ref. A21).

References A2, A3, A4, A13, A14, A15, A16, A17, A18, A19, A20, A21, A25, A32.

(m) High stability cracked carbon resistors (Refs. A 10, A26, A28)
These not only have high short and long period subility and close tolerances (up

to ± 1%) but also have low noise, low voltage coefficient and low temperature co-

efficient. They have practically no non-linearity of resistance and the inductance

is very low except for the higher resistance values. They are manufactured in Eng-
land with resistances from 10 ohms to 10 megohms and dissipadbns from i to 2 watts.

The extremely high resistance values are only obtainable in the higher wattage ratings.

See also (b), (e), (f) and (g) above, and Chapter 38 Sect. 3(i) for standards.

The historical development, constructions and special features of cracked carbon
resistors, with a very extensive bibliography, are given in Ref. A28.
These resistors are partictiiarly suited for use in low-level high-gain a-f amplifiers,

and in r-f applications up to 100 Mc/s. The inductance varies from 0.001 /xH for

a small 100 ohm resistor to 2/xH for a large (spiral element) 1 megohm resistor.

The I.R.C. deposited carbon resistors have tolerances of i: 1 %, h 2% and ±5%.
The voltage coefficient is approx. 10 parts per million per volt. The temperature
ooeffident varies linearly from — 0.025 to — 0.05 (10 MQ type DCH) or ~ 0.065

(10 MQ type DCF). Maximum dissipations for high stability are i and } watt

;

when high subility is not essential the values are i and 1 watt.
' 1

(b) Negative temperature coefBcient realatorm (Thermiatora)
Negative temperature coeffictenc resistors are sometimes used in a.c./d.c. receivers

to safeguard the dial lamps when the set is first switched on. For example, one
such NTC resistor has a resistance of 3 000 ohms cold and only 200 ohms when
the heater ctirrent of O.I ampere is passing through it. By its use the initial surge

on a 230 volt supply may be limited to 0.12 ampere. See also page 1267,

They are also known as “ Varistors.*’ Refs. A22, A28, A31, A34.
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(o) Variable composition resistors (** potentiometers ’*)

Standard variable composition resistors are described in Chapter 38 Sect. 3(viii).

In radio receivers and amplifiers these are commonly used as diode load resistances

and as volume controls (attenuators). In general it is desirable to reduce to a mini-

mum or eliminate entirely any direct voltage across them, and any current drawn by
the moving contact. Whether or not a current is passed through the terminations,

noise voltages appear across any two of the three terminations and, so long as the rotor

is stationary, the noise does not differ from that of a fixed resistor of equal resistance.

However, when the rotor is turned, additional noise is produced which is of the order

of 1 or 2 millivolts per volt applied across the extreme terminations for a speed of

rotation of one full rotation per second. The noise produced at any point of the track

is approximately proportional to the voltage gradient at this point ; consequently
the rotation-noise is greater over that portion of a logarithmic resistance characteristic

where the most rapid change in resistano; occurs, than for the other end of the same
characteristic or for a linear characteristic. When a logarithmic charaaeristic is

used for volume control, the rotation noise will therefore be much lower at settings

for low volume where noise would be most noticeable (Ref. A30).

Some receiver manufacturers avoid the increased rotation noise caused by direct

diode current in a volume control by using a fixed diode load resistor with capacitance

coupling to a separate volume control having at least four times the resistance of the

diode load resistor.

Variable composition resistors are available with a choice of up to 6 tapers ; tappings

may be provided at 38% and 62 effective rotation (Mallory). They are also avail-

able, if desired, with a switch.

(ii) Practical condensers
(a) Summary of characteristics

A condenser has tolerances in the value of its capacitance. For most radio receiver

applications, tolerances of i 20 or even higher may be used. The closest toler-

ances available with paper dielectric condensers are :i lO^o [sec Chapter 38 Sect.

3(iii)]. Where closer tolerances are required it is necessary to adopt mica dielectric

condensers in which the tolerance may be any standard value between - 20*^0

± 2% [Chapter 38 Sect. 3(v)].

I'hc capacitance changes with frequency, with temp>eramre, and with age.

A condenser has inductance, so that at some high frequency it becomes series-

resonant.

A condenser has a.c. resistance, and dissipates energy in the form of heat ; the loss

is approximately proportional to the square of the frequency and is also affected by
the temperature. This energy loss is partly dielectric loss (which predominates at

low frequencies) and panly electrode and lead losses (which predominate at higher

frequencies). It may be replaced for the purpose of calculation by the equivalent

scries resistance.”

A condenser thus has a complex impedance, with resistive, capacitive and inductive

components. The impedance may be capacitive over one range of frequencies,

inductive over another, and resistive at one or more frequencies.

A condenser with a solid or liquid dielectric takes a longer time to charge than an

ideal condenser having the same capacitance; this effect is due to “ dielectric absorp-

tion.” When such a condenser is short-circuited it fails to discharge instantaneously

—a second discharge may be obtained a few seconds later. As a consequence the

capacitance of such a condenser is a function of the duration of the applied direct

voltage ; when it is used in an a.c. circuit, the capacitance decreases as the frequency

rises. This effect is pronounced with paper dielectric, but is very small with mica
dielectric condensers.

A condenser has d.c. leakage, and behaves as though it were an ideal condenser with

a high resistance shunted across it.

A condenser with a solid dielectric tends to deteriorate during service, and may
break down even when it is being operated within its maximum limits.
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(b) The service life of a condenser
Condensers under voltage may be subject to gradual deterioration and possible

breakdown^ due to the solid dielectric (if any) and other insulation. This deterioration

is much more rapid with some dielectrics than with others, and also varies consider-

ably between different batches from the same factory.

Except for electrolytic condensers, there should be no deterioration with age except

while under voltage ; the service life may therefore be taken as the time of operation

under voltage.

The maximum temperature of a condenser has a pronounced effect on the service

life. In some types, every 10°C rise in temperature causes 50% decrease in Ufe ;

other types arc less sensitive to temperature.

The safe working voltage of a condenser at a given temperature is much less than

the “ ultimate dielectric strength —as low as one tenth of this value in some cases.

The “ factory test ** voltage is intermediate between these two values, but it is no guide

to the safe working voltage. The only satisfactory procedure, if long life is essential,

is to obtain from the manufacnircr the safe working voltage at the proposed tempera-

ture of operation.

Condensers for operation on a.c. should have maximum a.c. ratings for safe working
voltage, frequency and temperature. The peak operating voltage, whether a.c. or

pulse, should be within the maximum voltage rating. The maximum surge voltage

(usually during “ warming up *’) should be within the surge rating, if quoted, or

alternatively should not exceed the maximum working voltage by more than 15%.

(c) Electrolytic condensers^
An electrolytic condenser provides more capacitance in a given space and at a lower

cost per microfarad than any other. It is usually manufactured with a capacitance

of 4 /iF or more. The capacitance tolerances may be - 20‘'o> 100%, or 20%,
-f 50%, while JAN-C-62 permits r 250%. Unlike other types, electrolytic con-

densers may only be used on substantially direct voltage, and they must be correaly

connected with regard to polarity. Electrolytic condensers arc generally used in

radio receivers and amplifiers with a steady direct voltage plus an a.c. ripple. The
highest rated voltage rarely exceeds 500 V peak, even for use under the most favour-

able conditions.

The capacitance increases somewhat with increase of temperature, and
decreases rapidly with temperatures below 5 C. The capacitance also decreases

with age—one dry type shows a 5% decrease in capacitance after 7000 hours operation

at 20"C ambient temperature, and a 20% decrease at 40 C.

The capacitance at 10 000 c/s is usually less than that at low frequencies. Typical

wet types at 10 000 c/s have only from 30% to 50”o of the capacitance at 50 c/s.

Typical dry types are better in this regard, having capacitances at 10 000 c/s from 42%
to 85% of that at 50 c/s, at 20 C. However, the temperature has a marked effect

on the capacitance versus frequency characteristic. One ctchcd-foil type (Ref. B13)
has 42% of its nominal capacitance at 20 C, 95% at 33^C, and 107% at 50 C.

The aeriea-reaiatance of a new condenser at ordinary working temperamre is

fairly low (not more than 25 ohms for 8ftF at 20 "C, 450 V working) but it rises rapidly

at higher temperatures and temperatures below 10 The series resistance rises

considerably during life and eventually may be the cause of unsatisfactory operation

of a receiver.

Among dry electrolytics, those with etched foil anodes are much inferior to those

with plain foil electrodes when used for a-f by-passing, owing to their high impedance
particularly at the higher frequencies. For example, at 10 000 c/s an ideal 8
capacitor has an impedance of approximately 2 ohms, whereas typical plain-foil

electrolytics have impedances from 3.5 to 6.5 ohms and those with etched-foil elec-

trodes have impedances from 8 to 22 ohms (Ref. B13).

*The followmc renuurkt apply to alumJniuin electrodes. However tantalum electrodes are alto used
(Ref. B17).
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The dissipation factor is a function of both frequency and temperature One
lOfiF etched-foil capacitor has a dissipation factor of 10% at 100 c/s, 68% at 1000 c/s

and 92% at 10 000 c/s, at 20 C. The dissipation factor decreases rapidly with

increase of temperature, and at 1000 c/s is 30% at 33 C and 13% at 50’’C for the

same capacitor (Ref. B13).

When electrolytic condensers are required to be operated across voltages of more
than 450 volts, two or more condensers may be connected in series but the effective

total capacitance will then be half (or less) that of the single unit. In such a case it is

advisable to connect a resistor, say 0.25 megohm, across each capacitor.

Electrolytic condensers have self-healing properties -after a momentary surge

of over-voltage, resulting in break-down of the dielectric, the electrolytic condenser
is more likely to recover than a non-electrolytic type. Wet electrolytic condensers
are very good in this respect

Electrolytic condensers have an appreciable leakage current ; this may be from
0.002 to 0.25 mA per microfarad and varies considerably with the type of condenser
and the “ working voltage,** being higher for higher values of working voltage. The
maximum leakage current in milliamperes permitted by JAN-C-62 is (0.04 > capacit-

ance in microfarads) t 0.3. This is equivalent to a shunt resistor of 0.7 megohm
for an 8 condenser, 450 V rating. At voltages lower than the working voltage,

the leakage current falls, but at higher voltages it increases very rapidly. The leakage

current also increases rapidly at higher temperatures.

If an electrolytic condenser is left idle for some days, the initial leakage may be
quite substantial, but it tends to become normal after a few minutes. If the condenser
has been left idle for severa* months, the time of recovery is longer.

The power factor of an electrolytic condenser may be between 2^o and 3®o for

the best condensers and is usually between 5^’o and 10^\^ Some of the older wet
types had power factors of 25 or greater.

Electrolytic condensers should not be used in positions where the ambient tem-
perature is high or the alternating current component is excessive, otherwise the

service life will be short. Ambient temperatures up to 50 C are always satisfactory

while 60 , 65 C" or 70 is permissible for many types and some may be used at higher

temperatures (c.g. 85 C).

Special types arc available for very low temperatures (Ref. B18).

Electrolytic condensers are in two major groups
Wet electrolytic condensers have vents, and must be mounted vertically with

the vent unobstructed. They are valuable as first filter condensers in a rectifier

system. Some wet types are used as voltage regulating devices, to limit the peak
voltage during the warming-up period. All w’et types have rather greater leakage

currents than dry types. Dry electrolytic condensers are very widely used as

filter and by-pass condensers. They arc inferior to the wet type as regards frequent

and severe voltage surges and short period overloads, when they are liable to fail

permanently, but arc preferable to the wet type in most other respects. They arc

manufactured in several forms plain foil, etched, sprayed or fabricated foil. Most
modern compact units have etched or fabricated foil, but the plain foil typ>e has a

lower impedance at radio frequencies. “ Surgeproof ** types are available with a

safe operating voltage of 450 volts but which have heavy leakage current when the

voltage exceeds 500 volts. This type is able to handle very heavy ripple currents

without deterioration.

Reversible dry electrolytic condensers arc manufactured, but they have higher
leakage currents than standard types.

Electrolytic condensers when used as first filter condensers in condenser-input
filters require careful consideration. The d.c. voltage plus the peak value of the
ripple voltage must not exceed the rated voltage of the capacitor while the ripple

current must not exceed the ripple current rating. The ripple current may be
measured by a low-resistance moving iron, or thermal, meter ; a moving-coil rectifier

type of instrument is not suitable. Alternatively the ripple current may be calculated
- see Chapter 30 Sect. 2.

Some typical ripple current ratings are given below (T.C.C.). Plain foil types
have a hi^er ripple current rating than equivalent etched foil types.
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Ambient temperature 20 C 40°C 60°C 70"C
8 fxF 350 V “ micropack ” plain foil 148 125 85 32 mA
16 ^F 350 V “ micropack ” plain foil 250 200 no 50 mA
8 mF 450 V etched foil 88 67 33 10 mA
16 fiF 450 V etched foil 162 122 62 20 mA
16 ftF 450 V plain foil 300 260 160 85 mA
32 mF 450 V plain foil 500 405 230 100 mA
With multiple capacitor units, only one of the units is normally intended for use

as the first filter condenser ; see catalogues for identification.

Sec Chapter 38 Sect. Xx) for standard ratings.

(d) Paper dielectric condensers
Impregnated paper forms a very useful dielectric, being intermediate between

electrolytic and mica condensers as regards cost, size and leakage for a given capacit-

ance. It is usually manufactured in units from 0.001 to 0.5 ^iF, larger values being

built up from several smaller units in parallel intone container. The impregnating
material may be resin, wax, oil or a synthetic compound. Some impregnating mater-

ials enable condensers to withstand extremely wide temperature ranges (e.g. ~ 50

to + 125^C—Sprague “ Prokar ** with plastic impregnant). Waxes may be used for

moderate voltages and temperatures, as in radio receivers (from 30 C to r 65 C
for R.M.A. Class W). Other impregnants are used for higher temperatures (e.g.,

85°C, as R.Mj\. Class M; 100 'C as T.C.C. “ mctalpack ’* and “ metalmite ’*).

The permissible insulation resistance at 25 C is not less than 5000 megohms for

capacitances up to 0.15 fiF, falling to 1000 megohms for 1 /xF, but this falls rapidly

at higher tcmperatxires, being 35 of these values at 40 C.

A typical 1 microfarad wax paper condenser designed for audio frequency applica-

tions has the following characteristics :

Frequency 1000 c/s 10 000 c/s 100 360 Kc/s
Inductance 0.2 0.2 0.2 0.2

Resistance (effective) 1.1 0.43 0.3 0.25 ohms
Reactance - 159^ 15.9* - 1.50 O** ohms
Q 145 37 5 0
Power faaor 0.007 0.027 0.19 1

Percentage power factor 0.7 2.7 19 100 O/
, o

• equal to ideal resonance

Some paper dielectric capacitors arc impregnated with a high permittivity wax to

reduce the dimensions of the capacitor (Ref. B13). These capacitors have less de-

sirable electrical charaaeristics than those with normal waxes. At 10 000 c/s the

capacitance falls to 89% of its value at 100 c/s ; the capacitance varies from 19%
to -f- 6% as the temperature is varied from - 30 to f 70 C.

Wax-impregnated paper dielectric condensers are sometimes used for grid coupling

purposes from a preceding plate at high potential, but plastic-impregnated or mica

dielectric is to be preferred on accoimt of leakage. As an example, take a paper con-

denser with capacitance 0.01 at 40 C. The minimum insulation resistance

will be 5000 x 0.35 1750 megohms. If the grid resistor has a resistance of 1

megohm and the preceding plate voltage is 175 volts, there will be a voltage of 0.1

volt on the grid as the direct result of leakage.

In most other applications the leakage may be neglected entirely.

Plastic (polystyrene) impregnated paper dielectric condensers have a very high

insulation resistance, of the order of 500 OCX) megohms per microfarad, and arc much
more suiuble for use as grid coupling condensers (e.g. T.C.C. Plastapacks, 50 to

5 000 A test after 9 months’ handling under bad climatic condidons showed
insuladon resistances of 24 000 to 100 000 megohms (Aerovox Duranite, 0.01 to

0.22 /iF). These condensers have power factors as low as those of mica condensers,

while the temperature coefficient of capacitance is from - 100 to — 160 parts in a

million per ""C. For maximum subility they should not be operated above 60 "’ey

but the insulation resistance remains very high even up to 75 *"0. These are available
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in capacitances from 100 to 10 000 /x^F in tubular form and from 0.02 to 4 /iF in

rectangular metal boxes (Ref. Bll).

Mineral oil is used as an impregnant for working voltages from 1000 to 25 000
volts and operating temperatures from - 30" to t TI C (T.C.C. “ Cathodray ”).

The insulation resistance of a mineral oil impregnated capacitor is greater than that

with petroleum jelly impregnation, in the ratio of 2.5 to 1 at OX, rising to 12.5 to 1

at 70 C (Ref. B13).

Paper dielectric condensers are made in two forms - inductive,' and non-inductive.

The former is limited to a-f applications, while the latter may be used at radio fre-

quencies.

Ordinary paper dielectric capacitors should not be subjected to high a.c. p>otentials.

Special types are produced by some manufacturers for use under these conditions,

for example with vibrator power packs and line filters.

For Standard Specifications see Chapter 38 Sect. 3(iii) and (iv).

Metallized paper dielectric condensers
This type utilizes a metal-sprayed or metal-evaporated paper dielectric instead of

the more conventional metal foil and paper construction. This construction results

in considerable reduaion in size, while it also has a partial self-healing property in the

case of breakdown. The insulation resistance of unlacquered condensers is quite

low of the order of 1 00 megohm microfarads but some of those with a lacquered

film have an average insulation resistance as high as 8000 megohm microfarads at

25 C (Refs. B14, B15).

There is a gradual reduction in the insulation resistance due to the self-healing

property, the degree depending on the number of punctures. It is desirable for the

total circuit resistance to be not less than 500 or 1000 ohms, to reduce the carbonising

effect of the arc. However if the circuit resistance is high, there may be insufficient

current to clear completely any breakdown, and the insulation resistance may fall.

Consequently, this type of condenser should not be used in high impedance circuits

without seeking the advice of the manufacturer.

A metallized paper dielectric unit should be used with discretion as the first filter

condenser following a thermonic rectifier, since the high peak breakdown current

may damage the rectifier unless the circuit resistance is sufficiently high.

The ratio of reactance to resistance (Q) of one lacquered unit with a capacitance of

2 Mb' is 200 at 0.5 Kc s, 140 at 2 Kc s and 60 at 10 Me s ; a 0.1 fiF unit has Q ^ 98

at 10 Me s (Ref. B15),

The inductance may be made very low, and these condensers are very useful for

a-f and r-f by-passing. The usual (English) temperature limit is 7FC for d.c. opera-

tion, 60 C for a.c. In tubular form (wax-coated) these are available from 0.0001

to 2 /iF with voltage ratings 150, 250, 350 and 500 V d.c. (RIC/136). Larger sizes

are available with capacitances up to 20 /iF (400 V d.c. or 250 V a.c.) and voltages up
to 550 V d.c. (4 Mb).

Voltage-temperature derating curves for Astron (U.b.A.) are 100% up to 86X,
linearly down to 38 at 120 C for units up to 1 mE ; larger units are 100% up to

76 C, down to 22^\, at 120 C (Ref. B16).

The effect of 5000 hours’ operating life on capacitance is negligible up to 65 C and

8% at 100 C. The effect of the same operation is to increase the power factor from
an initial value of 0.5‘*o to 0.6*^^,, at 65 C, or 0.8^’o at 100 C (Ref. B16).

The paper is usually impregnated with wax, although mineral oil has also been

used. Mineral wax impregnated units are generally preferred because of their

higher breakdown voltage, although their capacitance falls about lO'^o as the tem-

perature is increased from 50 C to 85 C. A^ncral oil impregnated units have more
constant capacitance with temperature change.

These condensers are damaged by moisture and the unit is therefore well dried

initially and hermetically scaled to prevent the ingress of moisture.

References BIO, B12, B14, B15, B16.

Standard Specifications Chapter 38 Sect. 3(ix).



196 (ii) PRACTICAL CONDENSERS 4.0

(e) Mica dielectric condensers
Mica has very high electrical stability and very low a.c. loss. It also permits the

manufacture of condensers with close tolerances in capacitance> and low leakage.

It is used in the manufacture of condensers with capacitances from 5 to 0.047

for radio receiver applications^ with voltage ratings from 300 to 25tW V. The iti-

suladon resistance is in excess of 3000 for the cheaper grade (Class A) and 6000

megohms for other classes (American R.M.A. REC-il5). The value of Q is over

1000 for a typical capacitance of 200 at a frequency of 1 Mc/s ; the maximum
value of Q ocoirs at frequencies about 100 Kc/s.

Mica condensers are available in metal, moulded and ceramic casings [see Chapter 38

Sect. 3(v)].

“ Silvered mica ** condensers are used when very high precision is required.

Such a condenser with a capacitance of 1000 fxfiF exhibits a capacitance change of

less than 0.1% over a frequency range from low frequencies to 2 Mc/s. The effect

of temperature on capacitance is a change of less than 60 parts in a million for I °C
temperature change (RIC/137).

A typical 0.001 microfarad silvered mica condenser has the following characteris-

tics :

Frequency 1000 c/s 10 000 c, s 100 500 Kc/s
Resistance (effective) 0.024 0.024 0.024 0.024 ohm
Q 3400 5500 7000 5800

Power factor 0.00029 0.00018 0.00014 0.00017

Percentage power factor 0.029 0.018 0.014 0.017 o/
/o

Silvered mica condensers are normally available with capacitances from 5 to 20 000
with tolerances ± l^o> : 2%, -t. 5%, f 10% and t: 20^o (subject to mini-

mum tolerance d: I mmF) (RIC/137). The average temperature coefficient is

-f 25 X 10 • per ^C, with limits from 5 X 10 * to r 50 x 10"^ per ‘'C(U.I.C.).

Standard Specifications—Chapter 38 Sect. 3(v).

(f) Ceramic dielectric condensers

Ceramic dielectric condensers may be grouped under five heads :

1. Types intended primarily for temperature compensation, having a series of

negative and positive temperature coefficients with close tolerances on the coefficients.

2. Types having temperature coefficients nearly zero.

3. General purpose types with a broad spread of temperature coefficients. I'his

may be further divided into two groups, those having positive and negative tempera-

ture coefficients.

4. Types with temperature coefficients not specified. These arc available with
capacitances from 0.5 ^fxF upwards.

5. High-/C types having relatively poor power faaors and indeterminate tempera-
ture coefficients.

The first group is intended for use in the tuned circuits of radio receivers, in which
their special temperature versus capacitance charaaeristies arc used to reduce fre-

quency drift during warming-up and running. A condenser having a negative tem-
perature coefficient may be used to compensate the positive temperature coefficient

of the tuned circtiit alone. For standard specifications sec Chapter 38 Sect. 3(vi).

Tfie second group is intended for use in tuned circuits requiring nearly constant

capacitance, such as in i-f transformers.

All except High-/C types have high stability and values of Q from 335 to 1000,

except for capacitances less than 30 /x ^F, The insulation resistance is not less than
7 500 megohms (R.M.A.).

The High-/C types are not suitable for compensation purposes, but are used for

by-passing and offier non-critical applications. They are manufactured with capacit-

ances up to 15 000 with capacitance tolerances of L 20%, The value of Q
is from 30 to 100.
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(f) Gmng condensers

Gsng condensers usually have air dielectric, and are available in 1, 2 and 3 (occa-

•iooally 4) gang units. Some are fitted with trimmer condensers—see (h) below

—

while ochm arc not. The shape of the plates may be designed to provide any desired

capacitance characteristic (Refs. B5a, B5b) among which are :

(1) Straight line capacitance : Each degree of rotation should contribute an

equal increment in capacitance.

(2) Straight line frequency : Each degree of rotation should contribute an equal

increment in frequency.

(3) Logaridunic Law : Each degree of rotation should contribute a constant

percentage change of frequency.

(4) Square Law : The variation in capacitance should be proportional to the

square of the angle of roudon.

Some gang condensers have all sections idendcal, while others have the oscillator

secdon with specially shaped plates to give correct tracking without the use of a padder

condenser. For standard specificadons, see Chapter 38 Sect. 3(vii).

The normal construedon incorporates an earthed rotor, but condensers with

insulated rotors are also available. Condensers with split stators and either earthed

or insulated rotors arc available for special applicadons.

(h) Trimmer condenaera (“ compensators *’)

These are available in innumerable forms, and can only be briefly mentioned.

The compression mica type is the least satisfactory* of all since it tends to suffer

from drift in capacitance, and is far from being linear in its characteristic. It is used

in receivers for the medium frequency broadcast band and in the less expensive dual-

wave receivers.

The concentric or vane air-dielectric types are more expensive but have greater

stability, are easier to adjust, and the better types are more satisfactory under tropical

conditions. Ceramic trimmers are also obtainable.

Trimmers are available in a wide range of capacitances, but for ordinary use with

gang condensers should preferably have a minimum capacitance not greater than

2 and a capacitance change not less than 15 /i/xF (R.M.A. REC-101, REC-
106-A).

See also Chapter 38 Sect. 3(vii and xi) for standard specifications.

(iii) Combination units

Combinations of one or more capacitors with one or more resistors are becoming
common, and arc very convenient. Some popular combinations arc

(a) Diode filters incorporating one resistor and tw'o capacitors with a common
cai^ return.

(b) Cathode bias units incorporating one resistor shunted by a capacitor.

(c) Plate and grid decoupling units incorporating one capacitor and one resistor.

(d) Audio frequency coupling unit incorporating a plate load resistor, coupling

capacitor and grid resistor with also (in one example) a grid stopper resistor and
capacitor.

(Iv) Practical inductors

Iron-cored inductors are covered in Chapter 5. Radio frequency inductors, both
air-cored and iron-dust cored, are covered in Chapter 11. The calculation of in-

ductance of air-cored inductors at all frequencies is covered in Chapter 10.
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SECTION 1 IDEAL TRANSFORMERS

(i) Definitiom (iV) Impedance calculations single load (in) Impedance calcula-

tions multiple loads,

(i) Definitions

An ideal transformer is a transformer in which the winding reactances arc

infinite, and in which winding resistances, core loss, leakage inductances and winding
capacitances arc all zero. In such a transformer the voltage ratio between any tw'o

windings is equal to the turns ratio of the windings, under all conditions of loading,

as illustrated in Fig. 5.1 . Also, in such a transformer the currents in any two windings

arc inversely proportional to the ratio of turns in the windings under all load conditions

Fig. 5.1. Ideal two-winding transformer. F.^ and F, arc alternating voltages

(r.m.s,). /, and 1 2 are alternating currents ir.m.s.^ but the indicated directions of
current flotv are at a chosen instant and correspond to the direction of voltage at

that instant. Similar remarks apply to Fig. 5.2.

Modern iron-cored transformers often appmach so closely to j>crfcction for their

particular purposes that their analysis on the basis of ideal transformer theory may
give useful practical approximations for design purposes.

A double-wound tranaformcr is one in which, as illustrated in Fig. 5.1, separate

primary and secondary windings arc used to permit isolation of the primary and second-
ary circuits except through mutual inductive coupling.

199
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Auto-transformers may be used with economy in some cases : a single winding

is tapped to give the required turns ratio> which may be greater or less than umty,

between primary and secondary. An ideal step-up auto-transformer is shown in

Fig. 5.2.

r\c.b2

Fig. 5.2. Ideal step-up auto-transformer.

An auto-transformer is always more economical to construct than a two winding

transformer as indicated in the following tabulation :

Total Volt-ampere Transformer

T3rpc of Winding Ratios rating of windings Output V.A.

Auto 10 : 9 or 9 : 10 20 100

Auto 2 : 1 or 1 : 2 100 100

Auto 3 : 1 or 1 : 3 133 100

Auto 5:1 or 1:5 160 100

Auto 10 : 1 or 1 : 10 180 100

Double any ratio 200 100

The currents in the primary and secondary sections arc exactly 180 out of phase,

and the resultant current flowing through the common portion of the winding is the

difference between the two. When the ratio is 1 : 2 or 2 : 1, the currents in the

two sections of the winding are equal.

In ideal transformer theory there is no distinction between auto- and two-winding

transformers and they need not therefore be considered separately in this section,

(ii) Impedance calculations—single load
When the secondary of a simple two-winding ideal transformer is loaded with a

resistance Rt as shown in figure 5.3, the equivalent or transformed load Ri as

measured between the primary terminals is

Rx {N,/N^y.R, ( 1 )

and since the voltage ratio between primary and secondary is equal to the turns ratio,

this may be written as

R, it\/b\y.R, (2)

A transformer therefore merely transforms a load imposed on its secondary.
Its primary does not in the ideal case impose any load unless a load is applied
to the secondary. It is the turns ratio between primary and secondary,
and not the number of turns in the primary, that governs the transform^
or reflected load impedance.

F»C.S 3

Fig. 5.3. Ideal two-xvinding transformer with loaded secondary.

If however a transformer is to approximate to the ideal, the number of turns in the

primary must be sufficient to make the reactance of the primary high compared with
the transformed value of the load impedance as measured across the primary terminals.



5.1 (ii) IMPEDANCE CALCULATIONS—SINGLE LOAD 201

For an ideal transformer with a centre-tapped primary as shown in Fig. 5.4,

the transformed load measured across the whole primary (between terminals, P, P)

is equal to the transformed value Ri. If however only one half of the primary is used
(between either of terminals P and terminal C.T.) the transformed load presented

is I Ri.

El

E,

El

N,

N,
{Ni/Nry.R,
{EJE,)KR,

Fig, 5.4. Ideal transformer with primary centre-^tap and loaded secondary.

As a practical example of the primary centre tap, consider the use of the trans-

former of Fig. 5.4 to feed a 500 ohm line (/?, ^ 500 ohms). If the transformer has

an impedance ratio {Ni/NtY equal to 10 : 1, the transformed load across the whole
of the primary, e.g., when the primary is fed by a push-pull amplifier, is 10 x 500 —
5000 ohms. If, however, only one half of the primary were used for connection to a

single-ended amplifier, the load presented to the amplifier would be 1250 ohms.

For an ideal transformer with a winding tapped for load matching, as

shown in Fig. 5.5, the calculation of the tap to be selected for any particular load

follows from the application of eqn. (1).

Ri
or Ri

and so on.

Fig. 5.5. Ideal transformer with secondary tapped for load matching.

In these equations a load connected across terminals A and B is denoted by and

the number of turns in the secondary between these two terminals is given by

and corresponding designations apply for any pair of terminals across which the load

is connected.

If, for example, the terminals A, B provide a match with a 10 ohm secondary load

with a total of N secondary turns, the number of turns required bctw'ccn

terminals A and D to provide a similar match to a 500 ohm line is given simply by

500, 10 50, so that

\ 50 7.07.

The number of turns in the 10 ohm winding is approximately one-seventh of the

number of turns for matching to 500 ohms. It is, of course, permissible to use any

pair of secondary terminals such as B, C or C, D and so on, so that a wide range of

transformation ratios is available from a transformer arrangement such as that shown
in Fig. 5.5.

(iii) Impedance calculations—multiple loads

Where two or more loads are connected simultaneously to the windings of a trans-

former, the conditions for matching may be determined readily by the following

methods.
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C^>nsider an ideal transformer having two secondaries of and N3 turns connected

to loads R: and respectively as shown in Fig. 5.6. It follows immediately from

cqn. (2) that

h\ III ; Ea/Ei - A'a/A’i ; Ea/Ri A'a/A'a (3)

and, since the transformer is an ideal one, these relations hold irrespective of the

relative values of the loads.

N, o
§N,
OTU«NS

Oo

lug. 5.6. Idecii transfiyrmer

mrh multiple loads.

It is sometimes convenient to draw the diagram as in Fig. 5.7, which is equivalent

in every way to Fig. 5.6. If, as a special case, M2 R 2 K,, then the voltages of

the two points A and B will be the same, and the link AB may be omitted without

any effect. The currents in both sections of the transformer and in R 2 and R^ will

then be the same.

The value of the reflected or transformed load Ri measured across the primary

terminals can be obtained by considering the power in relation to the voltages specified

in eqn. (3).

Fi^. 5.7 Ideal transformer tvith

multiple loads as in Fu^. 5.6, but —
u'lth the secondaries connected at

points A, B.

f IG. S-7

Let total input w'atts to the primary Hi

Wi watts in the k)ad R, Eif R,

Wj watts in the load R^ Ea'/Rj

Then (since there are no transformer losses;

so that Z:V

Ri Ra

E1UN2Y EiY^^v
\A\/ ' Ra\Nj

Wc therefore have

1 11
R, r;(s\,'N,)^ R,(\',,N,y

so that the total load Ry presented by the primary is equal to the parallel combination

of the two transformed loads RiiNi/Mz)^ and Ra(Mi/Na)^.

If an additional winding of A’, turns is connected to a load we obviously have
in the same way 11 1 1

R, R^(^\/N,y ' 'R,(N,/N,)i * R,(N, N,)'

and so on, for any number of loads. Such expressions are equally applicable whether
the secondary windings used are separate windings or whether they form pan of a

single tapped secondary. For example if, in the transformer shown in Fig. 5.5, wc
have loads R^f,y R and Rf^^y connected to terminals AB, AC, and BD respectively,

wc will have11 I I

R, R,^N,/N^,.y ^

and so on.

A typical practical case is one in which a known power output IT, from an amplifier
is fed into a known reflected impedance Ry with two .secondaries feeding loads /?,
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and /?8 (such as two loudspeakers) which are required to operate with power inputs

of U^i and respectively, so that ^ 11^2 ^ The required transformer
turns ratios are then given by

^ R.W', ^ LY (6a)
so that (6b)
and (6c)
For example if Wz ^ 3 watts Rz 500 ohms

W^3 — 4 watts Rz “ 600 ohms
and Wi 7 watts Ri 7,000 ohms
we have

A^** 500 X 3 1 A^2 1

N,» 7000 X 7 32.7 ' 5 7
and similarly N^ JV, 1 '4.5.

Expressions such as (6) may be written in the more general form

N./N, .
- \ (R„/RrX\V\A^x)

where iV, number of turns on secondary n

Nx number of turns on primary,

R. load applied to secondary w,

Rx transformed total primary load.

watts in load R^,

and W'l total watts input to primary,

but it must be noted that these relations hold only when all loads are connected so

that the specified input conditions to the primary do exist. Eqn. (7) is also applicable

to determine the turns ratios of two or more separate transformers feeding two or

more loads from a common amplifier which delivers IPj watts into a total load of R^
ohms.

g N2TURNS
^

OTuVo 1
i c

S

lLuj

/'V. 5.8. Ideal transformer ruth multiple loads and tapped secondary, zvhich is

cjjcctn'cly identical tviih 5.6.

If a transformer is supplying power to two or more loads, such as loudspeakers,

and one of these is switched out of circuit, the impedance reflected on to the primary

will change due to the reduction of loading on the secondary. In order to avoid the

resultant mismatching it is advisable to switch in a resistive load, having a resistance

equal to the nominal (400 c. s) impedance of the loudspeaker, so as to take the place

of the loudspeaker which has been cut out of circuit. In this case the resistance

should be capable of dissipating the full maximum rK:>w’er input to the loudspeaker.

Such an arrangement will also have the result that the volume from the remaining

speakers will be unchanged

Alternatively if it is desired to switch off one loudspeaker and to apply the whole

power output to a single speaker, it will be necessary to change the number of second-

ary turns so as to give correct matching. This change may generally be arranged

quite satisfactorily by the use of a tapped secondary winding. In this case the loud-

speaker would be used on the intermediate tap when both speakers arc in use, and on

the whole winding for single speaker operation.

It docs not matter whether two or more secondary windings or a single lapped

winding is employed. The arrangement shown in Fig. 5.8 is cfTcciivcly identical

with that of Fig. 5.6.
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SECTION 2 : PRACTICAL TRAN8FORMBRS

(0 General considerations (H) Effects of lasses.

(i) General consideratioiu
The treatment in section 1 based on ideal tranafonnar theory is aa eatrandy nadhl

first approximation in design problems, particularly if the traoafimert ID be uaed aie
so libe^y designed that their general characfeeristici appeoximate la dM idaaL

In practice it is usually necessary to take into account

:

(a) The resistance of each winding
(b) The core loss

(c) The inductances of the windings
(d) The leakage inductances

(e) The capacitances between windings and between each winding and ground#
and the self capacitance of each winding.

A useful equivalent circuit of a practical transformer is shown in Fig. 5.9.

In this equivalent circuit we have an ideal transformer with a turns ratio N,/N,
(equal to the turns ratio of the actual transfbrmer), with the inddcntil characteristics
of the actual transformer represented by separate reactances and raaattaoces.

Tj ~ the resistance of the primary winding
L| = the equivalent primary leakage inductance
r# ~ the resistance of the secondary winding
Lf = the equivalent secondary leakage inductance
/?# = the equivalent core-loss resistance (including both hysteresis and eddy

current losses)

Lq — the inductance of the primary winding
Cl, C# the primary and secondary equivalent lumped capadtaooes

^ the equivalent lumped capadtance between windings
Ri == input resistance of transformer on load

and/^t — the load resistance across the secondary.
Such an equivalent circuit is capable of representing a practical d^^^gr with con-

siderable accuracy, but actual calculations would be tedious and in
difficult.

^

The reactances and resistances shown therein have varying effects on the input-
output voltage ratio according to the frequency of the signal whkh the tranafomcr
is himdling (Ref. AlO). In general, the equivalent circuit can be pteaeated la thiet
distina simplified forms for use when considering the transformer operatiai at low
medium and high frequencies respectively (Figs. 5.i0B,CJD).

*

Audio transformers can be conveniently dealt with in this maMcr# wheraas power
transformers operating over a very limited frequency range can be more siamly de-
signed on the basis of Fig. 5.10A.
The whole of the equivalent circuit of Fig. 5.1QA can be icteiad so the primary#

as in Fig. 5«11 where the ideal transformer bu been omltmd and f| mid Rf milrIrHti
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by the square of the turns ratio. This is often a convenient way of making calcu-
lations.

1 1

Fig. 5.10A. Simplified equivalent circuit for calculating the effect of losses.

FIG. 5. lOB
Fig. 5.1 OB. Low frequency

equivalent circuit.

Fig. 5. IOC. Medium fre-
quency equivalent circuit.

Fig. 5.10D. High frequency
equivalent circuit.

Rtf Total winding resist-

once referred to prim-
ary

L, - = Total leakage induct-
ance referred to prim-
ary

C = Total winding capac-
itance referred to

primary
Rl Secondary load re-

sistance referred to

primary

FIG. 511

Fig. 5.11. Simplified equivalent circuit referred to the primary.

(ii) The effects of losses

If a transformer is designed to deliver power into a resistance load, such as valve

heaters, the primary and secondary copper losses are usually designed to be of the
same order.

A particular transformer reaches its maximum efficiency when the copi>er losses

have become equal to the iron losses (proof given in Ref. A 10), although this does not
necessarily occur at full load unless the transformer is so designed.

The efficiency is the ratio of the output power to the output power plus the losses.

For audio and power transformers for radio purposes typical efficiencies range from
70 to 95 per cent, with the majority of power transformers falling between 80 and 90
per cent.

The regulation of a transformer is defined differently in American and British

practice, the primary voltage being held constant throughout.
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American definition. The percentage voltage regulation is the difference be-

tween the full-load and the no-load secondary voltages, divided by the full-load

voltage and multiplied by 100.

British definition. The percentage voltage regulation is the difference between
the full-load and the no-load secondary voltages, divided by the no-load secondary
voltage and multiplied by 100 (B.S.205 : 1943).

However, the difference between the two definitions is quite small for small per-

centages of voltage regulation.

The regulation of audio transformers when operating over a limited frequency range
(say 200-2000 c/s), that is the ratio of E> is affected mainly by the copper losses.

Thus E^/E, ^ vTand I, I, ^ 1 F, (1)

where rj efficiency

and T ~ turns ratio.

As a further consequence the impedance ratio is changed, and, making the same
assumptions as above,

Ri ^ r, : r, T* * (2)

At low frequencies, the reflected impedance is altered by the shunt effect of the

primary inductance, while at high frequencies, a similar change is caused by the

leakage inductance and winding capacitances. This is covered in Sect. 3(iii).

The damping of a loudspeaker, connected as a load to the secondary of an output

transformer, is also affected to some degree by the losses. Where an accurate in-

dication of the damping factor is r.q^ ired, these losses should be taken into account.

Refer to Chapter 21 Sect. 3.

SECTION 3 : AUDIO-FREQUENCY TRANSFORMERS

(i) General considerations (it) Core materials (ni) Frequency response and dis-

tortion- {a) Interstage transformers (b) Lenv level transformers (c) Output transformers

(iv) Designing for lotv leakage inductance (v) Winding capacitance (tn) Tests on
output transformers (zni) Specifications for a-f transformers.

(i) General considerations (Kcferenccs a6 and AlO)

Audio frcqycncy transformers can be divided into three major categories,

(a) Low level input

(b) Medium level interstage

(c) Output.

For design purposes it is necessary to know

(1) Operating level, usually expressed in db above or below a reference level of
1 milliwatt (i.c. dbm),

(2) Frequency response, with permitted deviation, quoting reference level at

which measurements are made,

(3) Permissible distortion, at specified operating levels and frequencies,

(4) Impedance, phase angle, and nature of source and load between which trans-

former is to be connected,

(5) Value of d.c, (if any) flowing through any winding,

(6) Hum reduction requirements,

(7) Phase shift permitted.

Operating level

This restricts the choice of core materials and determines the physical size. Suit-

able core alloys include MUMETAL and RADIOMETAL together with silicon
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steels in various grades. As MUMETAL saturates at a comparatively low
flux density, it is only suitable for low level transformers. Economic factors will

probably dictate which material is Anally used.

Frequency response
At low frequencies the response, falls off due to the Anite value of primary inductance.

At high frequencies, the winding capacitance and leakage inductance are responsible

for the response limitations.

Distortion (a) Low frequency
This is mainly dependent on the maximum operating flux density at the lowest

frequency of interest. Distortion due to this cause falls off rapidly with increase in

frequency. Other sources of distortion are observed when transformers operate in

valve plate circuits. The drop in valve load impedance due to the shunting effect

of the primary inductance may cause the valve to distort. Further, the load im-

pedance will also change to a partially reactive one at low frequencies. The valve will

therefore opyerate with an elliptical loadline and will introduce additional distortion

unless care is taken.

A simple method of measuring the harmonic distortion in the cores of a-f trans-

formers is described in Ref. C33.

Distortion (b) High frequency
At this end of the audio spectrum the load impedance changes again in magnitude

and sign, thus causing an associated valve to generate distortion.

Source and load
Before the design of a transformer can be proceeded with, something must be known

about the impedances between which the transformer is required to operate. As-
suming that it is a low level unit, for example, it may be intended to operate from a

ribbon microphone, a low impedance line, a gramophone pickup or the plate of a

valve. It may have to feed the grid of a pentode or triode, a line or a mixer circuit.

The secondary may be shunted by a resistance or a frequency correcting network.

Unless these factors concerning the external circuits are known it is not possible to

predict with any degree of accuracy, the ultimate performance of the transformer.

D.C. polarization
If an unbalanced d.c. component is present in one of the windings, this will cause

a reduction in inductance over that attainable without d.c. This would require a

larger transformer to meet the same performance speciAcations. In some cases

where the d.c. magnetizing force is high, the use of high permeability alloys is not

feasible. As far as practicable, unbalanced d.c. should be avoided in transformers,

either by using a push-pull connection or shunt feed. For calculation of primary

inductance with a d.c. component present, refer to Section 6.

Hum reduction
When the operating level is very low, it may be found desirable to shield the trans-

former to decrease the hum level to a suitable magnitude. This can be achieved in

several ways, MUMETAL shields up to three in number being particularly effective.

An outer case of sheet metal or cast iron is normally employed. The use of a balanced

structure such as a core type instead of a shell type lamination will assist in reducing

the effects of extraneous a.c. Acids.

Phate shift

In certain applications it is desirable to apply negative feedback over an ampliAer

incorporating one or two transformers. To achieve stability with the desired amount

of gain reduction, it is necessary to exercise careful control of phase shift over a fre-

quency range very much wider than the nominal frequency range of the transformer

(see Chapter 7 Sect. 3).

(11) Core materials
High permeability alloys arc now produced by several manufacturers under a

variety of trade names. These arc listed below, with silicon steel shown for com-
parison.

Sec also Ref. C34.
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NICKEL IRON AND OTHER ALLOYS
(B-//) Sat.

Material P Mo d.c. Pmax d.C. Gauss Lines/sq.in.

Mumetal 62 30 000 130 000 8 500 55 000
Permalloy C 60 16 000 75 000 8000 52 000

Radiometal 55 2 200 22 000 16 000 103 000

Permalloy B 45 2000 15000 16000 103 000

Permalloy A 20 12000 90 000 11 000 71 000
Cr-Permalloy 65 12000 60 000 8000 52 000

Mo-Pcrmalloy 55 20 000 75 000 8 500 55 000

1040 56 40 000 100 000 6000 39 000

Megaperm 97 3 300 68 000 9 300 60 000

Hipemick 46 3000 70 000 15 500 100 000

45 Permalloy 45 2 700 .23 000 16000 103 000

Rhometal* 95 250 2 000 1 200 8 500 12000 78 000

4% Silicon Steel 55 450 8000 19 500 125 000

p = resistivity in microhm cm ; ^0 initial permeability

timam ^ maximum permeability obtainable.

For audio transformer work the first four are frequently used. RHOMETAL
has a special field of application, namely for transformers handling ultrasonic and
radio frequencies up to several megacycles.

Flux densities of the order of 22 000 lines per square inch can be used with

MUMETAL and approximately double this value with RADIOMETAL, the upper
limit being set by the permissible distortion. For further information on this point

see Sect. 3(iii).

For higher power output transformers, high silicon content (up to 41 ®o) sheet

steel is in general use. To retain high permeability at low flux densities, the strips

or laminations should be annealed after shearing and punching. Spiral cores of grain-

oriented silicon steel are of considerable use in this application.

As a general rule, the output transformer should have the largest core which is

practicable or permissible having regard to cost or other factors. A large core of

ordinary silicon steel laminations is usually better than a small core of special low-loss

steel.

The weight of steel in the core is a function of the minimum frequency, the per-

missible distortion, the core material, and the maximum power output. As a rough
guide, subject to considerable variation in practice, the core may be uken as having

Weight in lbs. — 0.17 y watts output

Volume in cu. ins. = 0.7 x watts output.

These arc for normal typical conditions, and may be decreased for less extended low

frequency response or for a higher permissible distortion. For good fidelity, an in-

crease in core size to double these values is desirable.

Several new core materials are now available including CASLAM and FERROX-
CUBE.
CASLAM is a soft magnetic core material with finely laminated structure for use

at frequencies from 50 c/s up to at least 10 Kc/s. It is composed of flake iron par-

ticles pressed into a compact mass of the desired shape in such a way as to produce
innumerable thin magnetic layers aligned in the plane of the flux. By virtue of its

dense compacted structtire many of the assembly and fixing problems associated

with the older sucking method are eliminated. Grade 1 is a low density material

with a maximum permeability of 860. Grade 2 is a denser material with a higher

maximum permeability of 1000. Grade 3 is similar to grade 1 in magnetic characteris-

tics but has better strength and machining qualities.

For choke cores a pair of E’s can be butted together but where minimum gap is

required the block can be broken and then rejoined after the coil is positioned. Be-
catise of the fibrous laminated structure exposed by breaking, microscopic inter-

leaving occtirs when the join is remade in the correct manner.

*Propmict depend upon diilcrenc heat treatment deliberately given.
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Rigid clamping is less important since there are no free laminations to vibrate under
load. For this reason also, combined with the somewhat discontinuous nature of the

material, the acoustic noise emitted by the block is considerably reduced, especially

at higher frequencies.

PHYSICAL PROPERTIES OF CASLAM
Property (Daslam 1 d^lam 2 (Daslam 3

Maximum permeability 860 at 4 Kg 1000 at 4 Kg
Effec. permeability 500 at 10 Kg 830 at 10 Kg Similar

Hys. loss for = 10 Kg. at 50-^ 7000 7000 ergs/cc/cyclc to

Cwdve force , == 10 Kg. at 50^ 2.4 2.4 oersteds grade 1

Sat. fiux density 18 Kg 18 Kg
Total a.c. loss, — 10 Kg. at 50^ 2.5 2.75 watts/lb.

Density 7.0 7.4 gms/cc
Max. oper. temperature

Resistivity (ohm-centimetre)
110°C IlOX 150°C

(a) Normal to plane of laminae 0.04 0.03

(b) In plane of laminae 0.003 0.002

The a.c. loss is almost entirely hysteresis, the eddy current loss being less than

10% of the total. For this reason, the a.c. permeability at 50^ is approximately
equal to the d.c. figure and at higher acoustic frequencies, blocks of CASLAM
compare favourably in magnetic properties with stacks built up from normal silicon

iron sheet.

Dust cores generally suffer from low permeability and, to reduce eddy currents,

particle size has to be reduced ; this causes further reduction in permeability.

Other new ferromagnetic materials such as the ferromagnetic spinels and FERROX-
CUBE are described in Chapter 1 1 Sect. 3(v)E, and find their applications principally

at frequencies above the audio range.

(iii) Frequency response and distortion

(a) Interstage transformers—Class A and B
At the mid-frequency* the amplification is very nearly equal to the amplification

factor of the valve multiplied by the turns ratio of the transformer, where the secondary

is unloaded.

At low frequencies the gain falls off due to the decrease in primary reactance. The
ratio of the amplification at a low frequency Au compared with that at the mid-fre-

quency A^ can be expressed thus

—

where Lg primary inductance

and R - plate resistance plus primary resistance.

The response will fall off 3 db at a frequency such that cuLg R, At a frequency

such that

a,L, - 2R (2)

the response will be down approximately 1 db from the mid-frequency level.

At high frequencies the leakage reactance and shunt capacitance, in conjunction

with the plate and winding resistances, form a low Q series resonant circuit. Above
this resonant frequency the gain will fall off rapidly. In the neighbourhood of re-

sonance the change in gain will depend on Qg, the Q of the resonant circuit. This

factor can be varied by adding external resistance or by winding the secondary partly

with resistance wire (Ref. C3). The resonant frequency can be varied by changing

the value of the total leakage inductance, L, or the interwinding capacitances. These

are both funaions of the transformer stnicmre. Sec also page 518.

By careful choice of core material, lamination dimensions and method of sectional-

tTtng the winding, it is possible to achieve a frequency response extending beyond

the normal audio range (Refs. C2, C4, C5, C6 and Figs. 5.12 and 5.13A).

U the frsqucocy at which maxinara giin it obuined.
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As the leakage inductance L, is proportional to the square of the turns, N, it is

possible to extend the high frequency response by reducing N. This, of course,

reduces Lq in the same proportion as but this effect can be overcome by the use

of a high permeability alloy.

For low level working it is usual to as-

sume an initial a.c. permeability of 350 for

silicon steel. If a RADIOMETAL core

with an initial a.c. permeability of say,

1600, and of similar dimensions is substi-

tuted, N could be reduced in the ratio of

v/l6do73W or 2.14/1 and L, approxi-

mately 4.6/1 over that for the silicon steel

transformer. Similarly if a MUMETAL
core having an initial a.c. permeability of

10 000 and of similar dimensions is sub-

stituted, N could be reduced in the ratio of

V^( 10 000/350) or 5.34/1 and L, approxi-

mately 28.5/1.

In those examples, the primary inductance has remained constant, but the leakage

inductance has decreased over 4 times and 28 times respectively without any scctional-

izing of the winding or interleaving. This indicates the improvement possible with

the use of high permeability alloys.

Care must be taken, with the reduction in turns, that the flux density in the core

does not exceed safe limits from the point of view of distortion (see Refs. C7, C8, C9,

CIO).

In the case of transformers working at low levels and hence, generally, a low flux

density, the distortion may not be a consideration. It is possible to achieve an im-

proved high frequency response, while keeping the distortion at the same level at

low frequencies, by increasing the core cross section and proportionately reducing the

turns. This however, increases the mean length of turn and also L„ so the nen
reduction of L, is not as great as would be anticipated. In addition, the cost of the

transformer increases, particularly if a high permeability alloy is used. Class B
input (driver) transformers are usually called upon to handle appreciable amounts
of power during part of the audio frequency cycle, but are designed on the basis of

open circuit working when considering primary inductance. Winding resistance

and leakage inductance must be kept low to avoid distortion (Refs. C21, C22).

SCNSC OF secondary

Fi^. 5.12. Transformer wound
with balanced secondaries.

Pig. 5.13A. Typical coil arrangements in audio transformers.

(Iii) (b) Low level transformers

Transformers working about or below a zero level of 1 milliwatt (0 dbm) usually

employ a MUMETAL core. In most instances hum shielding is necessary to attain

the d^ired signal to hum ratio. This is generally required to be in excess of 60 db.

Satisfactory shielding can be obtained by using around the transformer one or more
shields made of high permeability alloy. Where a.c. fields are strong, the outer

shield is normally designed to be made of an alloy which has a high saturation flux

density. Thus the inner shields of, say, MUMETAL^ are working at maximum
efl&dency in a low a.c. field where their permeability is a maximum. Sometimet
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sheet steel or thick cast iron outer cases are used. More often a special alloy, such

as Telcon 2129, is used. This material has magnetic properties similar to RADIO-
METAL, but is suitable for deep drawing. Inner shields are often of copper to give

shielding from electric fields (Refs. Cll, C12). Some improvement is possible if a

core type structure is used in place of a shell type, owing to the cancellation of stray

voltages induced in the winding by external fields.

As an example of the use of high permeability alloys, the following design problem
is presented. Calculate the primary turns for a 50 ohm to 50 000 ohm transformer

working at zero level (0 dbm). The frequency response must not fall more than Idb
below mid-frequency response, at 50 c/s Distortion must not exceed 1% at zero

level at 50 c/s. The source impedance is 50 ohms resistive and the secondary is

unloaded. Core material to be used is MUMETAL.
Ist Step. Calculate primary inductance.

For 1 db attenuation, a>Lo 2R (Eqn. 2).

Lq - 2R/uj 2 y 50/2 x n x 50 0.32 henry.

2nd Step. Calculate primary turns.

Assume square stack of Magnetic and Elec. Alloys No. 35 lamination. Length
of magnetic path, / 4.5 inches

Cross sectional area 0.56 square inches.

"
3.2A /iN*

Therefore A'*
10 "

• /

0.32 • 10* 4.5

3.2 • 0.56 • 10*

3rd Step. Calculate working flux density.

Primary voltage E \ U'\R

where W input power

Lo

3.2

10 *
/

Therefore N 90 turns.

Therefore E \ I • 10 ^ 50 0.224 V
0.224 • 10*

^ 4.44 • 50 W 7 0.56“

2000 lines per square inch

310 Gauss.

4th Step. Determine percentage distortion.

Referring to Fip. 5,13B and using curve

for ojLo 2Ry it will be noted that the

percentage distortion is approximately

0.75%. This assumes that the perme-

ability value, fi, is still 10 000 at the opera-

ting flux density. In practice fx may ex-

ceed this figtirc and thus the distortion as

calculated above may be larger than would

be measured in a finished transformer. In

this problem, for simplification, no account

has been taken of the stacking factor, which

would modify the result slightly.

When the secondary of the transformer

it loaded, R in eqn. 1 then becomes R
,

as in eqn. 3 and R in Fig, 5.13B is read as

The calculation for distortion then

follows in a similar manner to the unloaded

secondary example worked earlier.

(iii) (c) Output transformers
The factors affecting the frequency res-

ponse of output transformers (Ref. Cl 3)

arc similar to those affecting interstage

transformers. Refer to Figs. 5.10B, C
and D.

Exg. 5.13B. Total harmonic
distortion plotted against flux
density for different ratios of
primary reactance to R where
R =- plate resistance

}
primary

resistance (Ref. C9).
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The response falls off from the mid-frequency gain by 3 db at a low frequency

such that

(3)

Anenuation is 1 db when
cuLo — 2R i

where Ra =
(fp 4- Riy)Rj^

(4)

Rw +
Tp — plate resistance of valve

Ri = load resistance referred to the primary

and ~ winding resistance referred to the primary.

The response falls off from the mid-frequency gain by 3 db at a high frequency

such that

(i)Ls — Rg
Attenuation is 1 db when

ioL, ^
= 0.5 R g

where — r, + R^^^ i

and = total leakage inductance referred to primary.

^0 _

(5)

(6)

The gain at the mid-frequency
E, R. (7)

where = voltage input to grid of output valve

£o = voltage output across Rj
and ^ == amplification factor of output valve.

It is thus possible to specify the primary and leakage inductances permissible when
the frequency response requirements are known. An example will illustrate this.

Determine the minimum primary inductance and maximum leakage inductance

permitted in an output transformer designed to match a pair of Class A 2A3 triode

valves with a 5 000 ohm load. The response is to be within 1 db from 50 to 10 000
c/s. The plate resistance of each valve is 800 ohms. Neglect

Make all calculations from plate to plate.

For a fall of 1 db at 50 cycles per second,

5000 X 1600
= 566o“T1600

=

wLo = 1200 X 2 - 2400

Lo = 2400/2 X rr X 50
— 7.6 henrys approx.

This is the value that would be measured on a bridge at low induction.

For a fall of 1 db at 10 000 cycles per second,
~ 0.5 R g

Now Rg ^ 5000 t 1600 6600 ohms.

wLs - 0.5 X 6600 - 3300
Lg - 3300/2 X TT X 10 000

— .052 henry approx. = 52 millihenrys.

Note particularly that distortion requirements may necessitate an increase in

and a decrease in L^.

The following table indicates the relationship between the low frequency attenuation

and the ratio of wLq/R^
:

Loss

TABLE 1

Relative amplification loLo/R
0.5 db 0.94 2.76

1.0 db 0.89 1.94

2.0 db 0.79 1.30

3.0 db 0.71 1.00

6.0 \db 0.50 0.58
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The inductances required for various values of R J^y for a bass response loss of 1

decibel are as follows, correct to two significant figures :

TABLE 2

Value of Bass response down 1 db at

ohms 150 <:/s 100 <:/s 50 c/s 30 c/s

800 1.7 H 2.6 H 5.1 H 8.5 H
1200 2.6 H 3.8 H 7.6 H 13 H
1500 3.2 H 4.8 H 9.5 H 16 H
2000 4.3 H 6.4 H 13 H 21 H
3000 6.4 H 9.5 H 19 H 32 H
4000 8.5 H 13 H 26 H 42 H
5000 11 H 16 H 32 H 53 H
7500 16 H 24 H 48 H 80 H

10 000 21 H 32 H 64 H no H
15000 32 H 48 H 95 H 160 H
20 000 43 H 64 H 130 H 210 H
50 000 no H 160 H 320 H 530 H

where R
^
is approximately equal to the load resistance Rj in parallel with the effective

plate resistance of the valve ; however see comments below. When the plate re-

sistance is very high, as for a pentode without feedback, R
^
may be uken as being

approximately equal to

For loss in bass response to be reduced to 0.5 decibel these inductance values should

be increased by a factor of 1 .9 times. For a reduction of 2 db the factor becomes 0.67.

Since the permeability of the core material varies with induction, the frequency

resp>onse will vary with signal level the limiting low frequency will usually extend

lower as the signal level is increased. It is therefore desirable that the inductance

values tabulated above be calculated or measured at low signal levels. In the case

of feedback from the secondary, this effect should be taken into account.

Table 2 gives the value of inductance to provide a nearly constant output voltage,

but this is only one of several requirements to be satisfied. The core distortion

is a function of the ratio coLo/R
i
(this may be derived from equations 9 and 10) and

for low distortion a high ratio of induaive reactance to is required, and this is

equivalent to having a low value of bass attenuation (see Table 1). The bass attenua-

tion in Table 2(1 db at s[>ccificd minimum frequencies) is based on wLo/R
^
^ 1.94,

resulting in fairly low core distortion. Still lower core distortion would be achieved

by increasing the induaance and hence, incidentally, decreasing the bass attenuation.

The other important secondary effect resulting from a finite value of inductance

is the phase angle of the load presented to the output valve(s). If the value of
inductance from Table 2 is used for bass response down 1 db at a specified frequency,

the phase angle of the load presented to the output valves will be between 45^ and 90"

for a triode either without feedback or with negative voltage feedback. This will

caxise a pronounced elliptical load-line, normally resulting in severe valve distortion

at this frequency, at full power output.

If ^ in Table 2 is taken as being equal to Rj <, the maximum phase angle of the load

will be less than 28' for bass response 1 db down at the specified frequencies. If

the faaor 0.67, for bass response down 2 db, is applied to Table 2, the maximum
phase angle of the load will be less than 38". If the factor 2.0, for bass response

down about 0.5 db, is applied to Table 2, the maximum phase angle of the load will

be about 15 . This appears to be a reasonable value for good fidelity.

Table 2 may therefore be used as a general guide to the choice of inductance values

where more exact calculations are not required sec below.

Summary of general application of Table 2
To give low core distortion, nearly constant output voltage and a total load im-

pedance effeaive on the valve which is not too rcaaive :

1. Take R^ Ky.
2. Apply Table 2 as printed for ordinary use.

3. Multiply inductance values by a factor of 2 for good fidelity.

4. The specified frequencies in Table 2 arc to be interpreted as the minimum
frequencies of operation for the transformer.
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Where the source impedance is high, the high frequency fall off is determined

largely by L ^ and the winding capacitances as in the case of interstage transformers.

Similar devices to that employed in the construction of interstage transformers can

be used to extend the range of output transformers. The use of RADIOMETAL,
specially annealed high silicon content steel (such as SUPERSILCOR), and grain

oriented steels, are all common in better quality output transformers (Refs. C14, 15).

It is feasible to build-out *’ a transformer into a half section filter and thus main-
tain the impedance, viewed cither by the source or the load, constant over a wide

frequency range. In addition the phase angle variation is reduced towards the ex-

tremes of the range. This reduces distortion and maintains full power output to a

greater degree than otherwise possible.

This idea can be applied to interstage transformers and output transtormers quite

successfully (Refs. Cl 9, C20). Even large modulation transformers and class B
driver transformers for broadcast equipment have provided improved performance

when treated in this way (Refs. Cl 6, 17, 18).

In radio receivers and record players advantage can be taken of this “ building-

out ” procedure, to limit the high frequency response to any given point, say 6(XX) c s,

with rapid attenuation thereafter. This usually involves only one extra component ;

a condenser across the secondary winding of the output transformer. 'I'his is quite

an effective top ” limit, more so than <he normal tone control. The output trans-

former is designed to have the necessary amount of leakage inductance for the net-

work to function as intended.

The winding resistances are not of major importance in interstage transformers,

but assume greater significance in output transformers. An appreciable amount of

power may be lost unless the resistances of both primary and secondary are kept to

reasonable proportions. In the normal good quality iranst’ormer the total resistance

reflected into the primary side is appro.ximatcly double the measured d.c. resistance

of the primar>'. The total winding resistance (referred to the primary) will vary be-

tween 10 and 20 per cent of the load resistance, which means an insertion copper loss

of 0.5 to 1 db. This extra resistance must be considered when chcK^sing the turns

ratio to reflect the correct load (sec Eqn. 2, Sect. 2), otherwise an impedance error

of 10 to 20 percent w'ill occur. Core losses w'lll not materially affect the calculation

as these losses do not reach their maximum except at full power at the lowest audio

frequency of interest.

Distortion in output transformers
When a transformer has its primary connected to an audio frequency source of

zero impedance, the waveform of the voltage on the secondary w'ill be the same as

that of the source in other words there is no distortion.

When a transformer is connected in the plate circuit of a valve, the latter is equiv'a-

lent to a resistance in scries with the source and the transformer primary. If the

secondary of the transformer is also loaded by a resistance R^, this is equivalent (as

regards its effect on distortion) to a total primary scries resistance R,

where „
£\

and N2

1 1

rp
‘ R2(^\/N,y

primary turns

secondary turns.

In the following treatment the symbol R is used to indicate the total effective primary
scries resistance, whether it is caused by alone or by a combination of this and
secondary loading.

The resistance R in scries with the primary causes a voltage drop proportional to

the current flowing through it, which is the magnetizing current. Now the form of

the ntagnetizing current is far from being sine-wave, since it is distorted by the non-
linear B-H characteristic of the core material.

This distorted current waveform has no bad effect when R is zero, but results in

distortion of the voltage waveform which becomes progressively greater as R is in-

creased, for any one fixed value of
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The resulting harmonic distortion with silicon steel has been calculated by Dr. N.
Partridge, and his results are embodied in the formula which follows (Refs. C24, C25,
C26, C27).

r, Srr‘ N-^A fV \Z,) W
This formula can be modi lied to include the core stacking factor, 90 and to use

inch units instead of centimetres. It then becomes

Vf
where V v

5.54.V/^,/

where V the harmonic voltage appearing across the primary,

Vf the fundamental voltage across the primary,

5// the distortion coeflicient of the magnetic material,

/ the length of the magnetic path,

N number of primary turns,

R
^

resistance (or equivalent resistance) in series with the primary, (refer

under eqn. Sect. 3),

A cross-sectional area of core,

/ frequency of fundamental in cycles per second,

Zf impedance of primary at fundamental frequency ^ 2nfL
and L inductance of primary in henrys at chosen flux density.

In most cases the final term (1 R
^

4Z/) can be omitted with a further simpli-

fication.

The right hand side of this equation gives the value of the fractional harmonic dis-

tortion ; the percentage harmonic distortion may be obtained by multiplying this

value by UK). 'Fhe formula holds only for values of R Zf between 0 and 1 ; this

limits its application to output circuits having a maximum attenuation of 3 db.

Ptok Flui Otntiry p«r If^ FiG 5 I 3C

Fig. 5.13C. The distortion coetfiaent of Silcor 2 as a fioniion of B (Ref. C25).

Values of Sff for Silcor 2 can be obtained from Fig. 5.1 3C. Similarly Fig. 5.13D
can be used to determine the permeability of Silcor 2 and hence the inductance of the
primary from the formula

2.88NM
10 -/

henrys ( 10)

where fx permeability at operating flux density

and core stacldng factor is 90%.
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Fig. 5.13D. Variation of permeability unth B at 50 c/s of Silcor 2 laminations

^

0.014 in. thick (Ref. C25).

Both of these figures have been adapted from those published by Partridee (Ref
C25).

An example is quoted to demonstrate the use of these formulae.
Determine the transformer distortion produced when a pair of KT66 valves (very

similar to type 6L6-G) connected as triodes are operated in conjunction with a trans-
former having the following characteristics.

Lowest frequency of operation

Maximum flux density

Core stack of M.E.A. 78 Pattern lams. Silcor 2
(Refer to Sect. 5 and also Fig. 5.18C for lamination data).

Operating conditions of KT66 valves

Plate voltage

Plate resistance (per valve)

Load resistance (total)

Power output

Ist step. Calculate primary voltage

E = y/WR - \/l4 irTo eXxT =- 374 V.

2nd step. Calculate primary turns

E X 10»
(allowing 90% core stacking factor)

50 c/s.

40 000 iines/sq. in.

2 ins.

400 volts

1450 ohms
10 (XX) ohms
14 watts

N
4 X fBA

4 X 50 /

374 X lO*

4 X 10* X 1.25 X 2

Determine /x from Fig. 5.1 3D
4300.

1870 turns.

3rd step

h
4th step. Calculate Z/ («s^ 27r fL)

277/ 2.88 ATM M
2/

=
10 */

2 X 77 X 50 X 2.88 X 1.87 X 1.87 X 10* X 1.25 x 2 x 4300
10* X 7.5

= 45 3(X) ohms.

5th step. Calculate (parallel resistance of plate and load resistance).

Ra -
(r, 4 R^) Rj

assuming
f R^^ ^ Rl
400 ohms

(see eqn. 4> Sect. 3)
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then Ra
(2900 + 400) 10 000

13 300
= 2480 ohms.

6th step. Calculate 1 — (R^/4Z,)
1 - (R^/4Z,) - 1 - (2480/4 x 45 300) = 0.986.

Thus this factor can be neglected without serious error.

7th step. Determine 5^ from Fig. 5.13C
S„ = 60.

8th step. Calculate fractional distortion

Kjk 5.54 S^IR^ 5.54 x 60 x 7.5 x 2480

V, “ N^Af
~

1.87 X 1.87 X 10« X 2.5 X 50
= .014.

Thus percentage distortion is .014 x 100 or 1.4%.
Note : High fidelity output transformers may be designed with distortion less than

0.05% at maximum power output at 50 c/s.

The value of the distortion coefficient is constant for any given material opera-
ting at any one value of The value of Sh will be different for each harmonic,
but its value for the third harmonic (5,) is very close to the r.m.s. sum of all harmonics

(Srmu) when there is no direct current a>mponent.
It will be noticed that the curve in Fig. 5.13C reaches a minimum at about =

10 000 lines/sq. in., and that the distortion coefficient rises at both lower and higher

values of although the lower rise is only slight. Actually the lower part of the

curve (below the knee) drops away rapidly and eventually reaches zero at = 0.

Some alloy core materials have appreciable values of the distortion coefficient even
when approaching ~ 0 (Ref. C9).

When there is a direct polarizing field, even as well as odd harmonic distortion are

both evident. Under these conditions, below 65 000 lines/sq. in., the r.m.s. sum of
the second and third harmonic currents approximates to the r.m.s. sum of all

the harmonic ctirrents.

It will be seen from this analysis that it is desirable to use a low impedance source,

(e.g., triodes), and a high inductance primary for best results at low frequencies.

Distortion at high frequencies
At high frequencies distortion is produced, apart from normal valve distortion

due to non-linearity of chax ictcristics, by the leakage inductance and winding capacit-

ances which change the nu ;n.tude and phase angle of the load impedance.
The load on the secondary, if a loudspeaker, also complicates this trouble. Here

again, a low impedance source is d sirable ; a high impedance source will accentuate

the distortion due to this effect. With Class B amplifiers, it is essential that the leak-

age inductance between each naif of the primary be as small as possible, otherwise

there will not be proper cancellation of even order harmonics, and higher order har-

monics will be generated (Ref. C23). A static shield between primary and secondary

will prevent any stray even harmonics being fed into the seconda^ by capacitive

coupling. This shield will alter the winding capacitances and increase the leakage

inductance, hence it must be employed judiciously.

In Class B output transformers, high leakage inductance and winding capacitances

cause distortion and decrease in power output. To a considerable degree, these

remarks on distortion at high frequencies also apply to Class AB transformers.

(iv) Designing for low leakage inductance*
Assuming that the turns and winding dimensions are kept constant, leakage in-

ductance can be progressively reduced by interleaving the winding structure until

the limit is reached when
a/3N* < c (11)

where a » total thickness of all winding sections

N ^ number of leakage flux areas

and c »== thickness of each insulation section.

*Thit treacment foUowt Crowhurtt, N. H. Gilef. C28).
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From eqn. (1 1) it will be seen that the insulation between the sections is the limiting

factor. Fig. 5.13E shows that the largest value of N* for a given number of sections

is achieved when there is a half section at the end of each winding structure. Al-

though series connections are shown, similar results can be obtained by paralleling

the sections. In this case all- the turns in each paralleled section must be equal. An
example of the use of Fig. 5.13H to

determine leakage inductance follows :

laopapioaN

IQCQCDCQCQCQQI

MgaDoociaa^

Ingagig
KaaoDali

Hcaaaaaac
IgaQQCQQQQQ^

soaaaaao:

igganagg]

(igQCQpgcflggll r^

liDlfaioIolalj

A push-pull output transformer is

to be wound on a former 1.875 inches

long and have a winding height of 0.4

inch, allowing for clearance. The
mean length of turn is 9.5 inches. The
primary and secondary turns arc 2700
and 120 respectively. Insulation be-
tween sections is 0.015 inch. Assuming
the seventh winding arrangement in

left hand column of Fig. 5.13E, it is

required to determine the leakage

inductance between the whole primary
and secondary. The total primary
winding height is 0.24 inch and the

total secondary winding height is

0.16 inch.

a ~ 0.4 inch. N* -- 16.

Referring to Fig. 5.13H, intercepts

of a and N* give 0.008.

FIG. S. I3E

Ftg. 5.13E. TaS/e of winding arrangements
{Ref. C28).

Adding 0.015 gives 0.023.
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FIG. 5. 13H

Fi^. 5.13H, Lcakiigc inductance chart {Ref. C28).

Intercepts with the mean length of turn, 9.5 inches and winding width, b, of 1.875
inches gives a vertical of 0.012.

Assuming 270 turns, leakage inductance 0.14 millihenry, or 14 millihenrys for

2700 turns.

(v) Windiog capacitance*
This information assists in computing the various winding capacitances of multi-

layer windings used in the construction of audio-frequency transformers, chokes and
other equipment. They apply to windings in which turns arc wound on layer by
layer, either interleaved or random wound, so that the P.D. between adjacent turns
belonging to consecutive layers will be much greater than that between adjacent turns

•Reprint of an article by Crowhurst, N. H., in Electronic Eng. (Ref. C29).
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in the same layer. The capacitance effect between adjacent turns in the same layer

is neglected, only that between layers being considered. Capacitance between wind-
ing and core, and electrostatic screens, if used, must also receive attention.

Fig. 5.13J illustrates a cross section of a piece of winding in which layer inter-

leaving is used. It is seen that the dielectric between adjacent conductors in consecu-

tive layers is complex both in shape and material. The turns on the top layer shown
fall so that each turn drops in the space between two turns on the second layer, corru-

gating the interleaving material with a slight resulting increase in capacitance com-
pared with that between the middle and bottom layers shown. Due to the spiral

form of each layer, the position of turns in consecutive layers to one another will

change at different points round the direction of winding, thus the capacitance be-
tween any pair of layers will automatically take up the average value. The composite
dielectric is made up of conductor insulation, most commonly enamel, interleaving

material and the triangular shaped spaces left between adjacent turns and the inter-

leaving material. These spaces will be filled with dry air if the windings are dried

out and hermetically sealed, or with impregnating compound if the windings are

vacuum impregnated. The latter procedure will give rise to a somewhat higher

capacitance.

^^^^XXJJXJJXXJX

PIC. S.UK

Fig. 5.13K. Effective capacitance

of a pair of layers {Ref. C29).

Co#pcr ConAietoft

rYhmaSn

tntcrtMvmf PIC. 5.I3J

Fig. 5.13J. Section through layer

interleaved winding {Ref. C29).

In practice the major controlling factor determining the total capacitance between
two adjacent layers of winding is the thickness of the interleaving material, thus dis-

tributed capacitance may conveniently be estimated in terms of the thickness of inter-
leaving material, giving this material a value of dielectric constant empirically ob-
tained, allowing for the average effect of the other dielectrics in the composite arrange-
ment.

Efleedve layer to layer capacitance

Take a winding having only two adjacent layers, its turns distributed uniformly
throughout the two layers as shown in section at Fig. 5.13K. Consider an element
dx at a distance x from the end of the winding where the conductor steps up from one
layer to the other. In the complete winding the elemental capacitance due to the
section dx will be transformed so that it can be represented as an equivalent value
across the whole winding. If the length of the whole layer is / and the capacitance
per unit layer length C, then the effective capacitance of the element referred to the
whole winding will be {x/iyc.dx. The capacitance due to the whole winding will be

/<
J 0

{x/iyc.dx

Thus die effective capacitance of such a two-layer winding is one-third of the capacit-
ance between two layers measured when their far ends are unconnected.

Take now a winding consisting of n whole layers : there will be (« — 1) adjacent
pairs of layers throughout the winding and the effective capacitance of ea^ pair of
layers, referred to the whole winding, will be a capacitance of (2/>f)* times their capadt-
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Cl

ance referred to the high potential end and considered as a pair. Thus the capacit-

ance of n whole layers referred to the whole winding becomes

4 (;i - 1)
,

3 ‘

n*

For large values of n the capacitance becomes inversely proportional to the number
of layers. Fig. 5.13Q illustrates a typical winding shape together with the dimensions

as used in the related diagrams. The capacitance per layer, given in the foregoing

formula as C/, is proportional to the product of the length per mean turn and the

length of layer L«.

Vertical tccdonaHzing
It is sometimes of advantage to sectionalize the winding as shown at Fig. 5.1 3L,

each vertical space being filled completely before proceeding to fill the next one.

r»G. 5. (31

Fig. 5.13L. Sectionalizing to

reduce capacitance {Ref. C29).

Although physically the winding will have the same overall cross-sectional dimensions

its self-capadtance will be equivalent to that of a winding having 1/N x layer length

and N X n layers, where N is the number of vertical sections. The distributed

capacitance of the winding due to such sectionalizing thus is reduced by the factor

l/N*. Note that this rule applies only to referred interlayer capacitance and does not

apply to capacitance between the top and bottom of the winding and adjacent wind-

ings or screens. The various reduction factors for vertical sectionalizing are given

in Table 4.

TABLE 4

Number of

verdcal

sections

Distributed

capacitance

component

1

Winding to screen capacitance arrangement as
|

Figure 5.13M
j

(a) One side

earthy

(a) Centre point

earthy

(b) One side

earthy

1 1 1 0.5 0

2
i

0.25 0.75 0.25 0.125

3 0.111 0.704 0.185 0.185

4 0.0625 0.6875 0.1875 0.219

5 0.04 0.68 0.168 0.24

6 0.0278 0.676 0.176 0.255

00
i

0* 0.667 0.167 !
0.333

•The method of winding is here changed so that for the purposes of this column,

the dimensions and will change places.

Effect of mixing windings
In the design of a transformer it is often necessary to mix the primary and secondary

windings in order to reciuce leakage inductance. This arrangement will generally

be a disadvantage as regards minimizing winding capacitance, since it exposes greater

surface area of winding in proximity to either the other winding or an eaithed screen.

If the ratio of the transformer is fairly high, then fiom the high impedance winding

the whole of the low impedance winding appears at common audio potential, usually

earthy. But if the ratio of the transformer is not very high, capacitance between
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points at differing audio potentials in the two windings may have serious effects, and
it is generally best to arrange the windings so as to avoid such capacitance.

Fig. 5.13N shows a cross-section suitable for an inter-valve transformer designed

to operate two valves in push-pull from a single valve on the primary side. The H.T.
end of the primary is earthy and is therefore diagrammatically earthed. The high

potential end of the primary is adjacent to the earthy end of one of the half secondaries

so that the capacitance between windings at this point is effectively from anode to

earth. The two high potential ends of the secondary are remote from the primary

and so minimize the possibility of unbalanced capacitance transfer from primary to

one half secondary.

Fig. 5.13M. Arrangements using vertical sectionalizing. See Table 1 (Ref. C29).
Fig. 5.13N. Push-pull secondary intervalve transformer secondary arrangements

{Ref. C29).

Another problem which often arises is in the design of push-pull output trans-

formers, particularly for Class AB or Class B circuits, where it is essential that each

half of the primary be well coupled to the whole secondary. From the viewpoint

of leakage inductance and winding resistance, it is unimpx)rtant whether the secondary

sections are connected in series or parallel. Fig. 5.13P illustrates three arrangements

for a transformer of this type, each of which may be best suited under different cir-

cumstances. At (a) is an arrangement which gives minimum primary capacitance,

but suffers from the defect that leakage inductance and winding resistance are unequal

for the two primary halves. For Class A operation using valves requiring an optimum
load of high impedance this arrangement is sometimes the best. At (b) is an arrange-

ment intended to equalize winding resistance and leakage inductance from each half-

primary to the whole secondary as well as primary self-capacitance. I'his arrange-

ment is particularly suited to circuits employing low loading Class AB or Class B
operation. .The alternative arrangement shown at (c) results in a slightly lower re-

ferred capacitance across one half only of the primary. In general this unbalance is

not desirable, but if leakage inductance is adequately low, the coupling between all

the windings may be so good that the reduction in capacitance may be apparent across

the whole primary.

riG. t.iip

Fig. 5.13P. Arrangements for push-pull output transformer {Ref. C29).
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TABLE 5.

Tabic 5 gives a pictorial representation of various ways in which high impedance

windings may be arranged in relation to earthy points shown as screens. The table

is equally applicable if these points are earthy low impedance windings. The capacit-

ance factors for alternative connexions of

the windings, with cither one side or the

centre point at earth potential, arc given

relative to the average capacitance between

one end layer of the winding and one
screen. The two arrangements marked
with an asterisk indicate that it is neces-

sary to reverse the direction of winding in

order to achieve the capacitance factor

shown.

Random winding
In what is known as random winding, no

interleaving material is used. For ideal

Fig, 5.13Q. Dimensions used in

figures 5.13R, 5.13S, 5.13T, 5.13U
{Ref, C29).
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Fig. 5.13R and 5.13S. Far distributed capacitance due to layer winding (Ref. C29).

Rrfer length of winding L^, on their respective scales
y to intercept at A then along the

horizont^ reference lines to intercept with the thickness of dielectric material T^,

at B. From this point refer along the slanting reference lines to intercept with the

empirically determined value of dielectric constant k, at C, then along the horizontal

reference lines to the unity reference vertical at D. From this point rder down the

slanting reference lines to intercept with the number of layers n, at IB, whence the

referred capacitance is read off on the scale at the right.

For interwinding, or winding to screen capacitance : As above, for the winding

dimensions and dielectric thickness to a point corresponding to D, whence, for winding

to screen capacitance, or inter-

— winding capacitance when the

other winding is all at low poten-

tial, refer down the slanting re-

ference lines to intercept with the

section capacitance factor ob-

tained from Table 4. For inter-

winding capacitance where there

is appreciable potential in the

adjacent portions of both wind-
torirvMBRi ings, individual attention will

be rucessary for each interwinding

•yar space, and the turns factor scale
iBtalatlBB ... .

Will assist here.

I

wy/M»0aKam/^i9nmKm<f'MivA^giSf'.
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random winding the layers should be built up so that at all times during winding the

top surface is level. Failure to do this will not greatly affect the self^capadtance,

but will result in increased danger of breakdown due to electrical or mechanical

stresses. As the number of layers is always large> it is convenient to reduce the cal-

culation to simple terms of the winding dimensions.

The essential variables are : length of winding L«, length of mean turn L^t,

winding thickness (see Fig. 5.13Q),andnumber of turns, T, Considering variation

of each of these quantities in turn, the others being taken as constant : variation

of will vary ^e referred capacitance per layer as before, and additionally the

effective number of layers will vary inversely as ; variation of simply varies the

Fig. 5.13T and 5.13U {Ref. C29).
For distributed capacitance due to

random winding. Refer length of wind-
cf ing and length of mean turn

on their respective scales^ to intercept at
A then along the horizontal reference

lines to intercept with the vertical line

for thickness of winding at B.
From here refer up the slanting reference

lines to the right-hand edge of the data
sheety and then back along the horizontal
lines to intercept with the vertical

lines for the number of turns at C
from which referred capacitance is read

off along the slanting lines at Cp.
nc. i.isu
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layer size, as before ; variation of both and T varies the number of layers in direct

proportion to or T. Thus the whole expression for variation of capacitance can

be written.

C„ oc
/ T

Tjn
Figures 5.13T and 5.13U are based on this relation and empirical values obtained

from average results with random windings.

Example 1

A push-pull output transformer is arranged as at Fig. 5.13N : primary winding
has a total of 12 layers, = 3, A = 2 : insulation between primary and screen,

7*4 = 15, /t = 5 ; main dimensions, — 2 in., L^t ~ 8 in*

Distributed capacitance, using Figs. 5.13R and 5.13S, = 2 in., = 8 in.,

Tj = 3, k—2 and n ~
12, is Cp = 240 mmF-

Capacitance from each primary to screen, substituting T

a

' 15, k 5, is Cp —
1200 /*^F. The capacitance factors for the arrangement of Fig. 5.13N are : (a) 0.25 ;

(b) 0.5 ; (c) 0.375. Thus the total capacitance referred to the whole primary for each

method of connexion is,

(a) 300 ft/xF -T' 240 /x^F - 540 mmF*
(b) 600 /x^F r 240 fx/xF = 840 fx/xF.

(c) 450 ^a^F - 240 a*mF - 690 /x^F.

Example 2

An intervalve transformer, to operate from push-pull to push-pull, uses a simple

arrangement having both windings all in one section :
— 0.6 in, L^t ^ 2.5 in,

T* (each winding) — 0.1 in. ; insulation between windings, T^ k - 3 ; Turns,
4 000 c.t./12 000 c.t.

Distributed capacitance, using Figs. 5.13T and 13U ^ 0.6 in., L^, 2.5 in.,

^ 0.1 in., T (primary) = 4 000, is Cp — 58 m^F. For secondary, T 12 000,

C, = 34 ^a^F.

Capacitance coupling between one-half primary and one-half secondary, using

Figs, 5.13R and 13S, actual capacitance, Ly, 0.6 in., ^ 2.5 in., 10,

A — 3, is Cp — 100 mmF. Both windings wound in same direction, turns factor

across this capacitance referred to whole primary is ^ 1 i 2, so referred capacit-

ance is 400 Windings wound opposite directions, turns factor referred to

primary is IJ — i = 1, so referred capacitance is reduced to 100 /x^F. Referring

these two values to secondary, turns factors ire 1/2 ^ 1/6 2/3 or 1/2 - 1/6 =»

1/3, giving capacitance values referred to whole secondary of 45 /x/xF or 11 ^/xF

respectively.

A complete analysis would need to consider leakage inductance between each prim-

ary and each half secondary, and separate source and load impedances applied to each

h^. For this purpose, the primary and secondary shunt capacitances across each

half would be 116/x^F and 68 /x/xF respectively, while the capacitance coupling would
be 1,600 /x/xF or 400 fx^F referred to half primaiiy. The secondary shunt capacit-

ances referred to the half primaries would be 610 /x^xF.

Example 3
A direct coupled inter-valve transformer is arranged as at Fig. 5.13M ; “ 1.5

in., L^i ^ 6 in., Ta - 20, k ^ 1 (air spaced) ; (each whole winding) - 0.2 in. ;

Turns 4 000/12 000 c.t.

Distributed capacitance, using Figures 5.13T and5.13U, L,*. l.5in., — 6 in.,

== 0.2 in., r (primary) ^ 4 000, gives Cp 400 /x^F. Secondary, T ^ 12 000
gives Cp ^ 225 /x/xF (or 450 fx^F per half secondary).

Interwinding capacitance, using Figs. 5.13R and 5.13S, actual capacitance, --

1,5 in., = 6 in., T

a

20, Jfe — 1, give RCp just over 90 ^l^iF say 100 /x^F.

Vertical sectionalizing will reduce the distributed component in each case, but

will also vary the interwinding capacitance. Using the information in Table 4 the

results may be presented as in Table 6.

In practice three sections for the primary and four or five sections for each half-

secondary will be best, remembering capacitance reduction is more important in the
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secondary. By making the earthy end of primary and secondary at opposite ends of

the vertical groups, interwinding capacitance coupling effects are minimized.

TABLE 6

Number
Primary cap&citance Half secondary capacitance

of vertical

sections

Dis-

tributed

Inter-

winding
Total Dis-

tributed

Inter-

winding
Toul

1 400 100 500 450 450
2 100 75 175 112.5 12.5 125

3 44.4 70.4 115 50 18.5 68.5

4 25 69 94 28 22 50

5 16 68 84 18 24 42

6

i

— 1

!

12.5 25.5

1

38

(vi) Tests on output transformers
Summary of R.M.A. Standard SE-106A (Sound systems)

The distortion shall be measured with a zero-impedance source of voltage in

series with a pure resistance of value 0.4 (± 5%) times the square of the standard

distribution voltage, from which the tap is designed to work, divided by the

manufacturer’s rating, for the power drawn by that tap at that distribution

voltage :

= (0.4 ± 0.05).

Measurements shall be made at the lowest frequency of the rated frequency response

or 100 c/s, whichever is the higher ; at 400 c/s and at 5000 c 's if within the rated

frequency response.

llie power-handling capacity of a speaker matching transformer is the maximum
r.m.s. power drawn by the transformer at which the specified distortion (which shall

be not more than 2^o) is not exceeded. The power drawn by the transformer,

shall be determined by dividing the square of the actual voltage measured across the

primary terminals, by the square of the standard distribution line voltage,

from which the primary tap is designed to work, and multiplying this quotient by the

manufacturer’s rating for the power, Wppy drawn by that tap at that distribution

voltage :

^TRi^Tp/yrHy
The rating shall be determined as follows : The power at the stated distortion at

100 c/s shall be multiplied by 2. This figure shall be compared with the other meas-

urements made at the other test frequencies, and the lowest power figure shall be taken

as the power-handling capacity. In case the transformer is provided with more than

one primary up, the rating shall be given for the tap drawing the highest power at

the rated distribution voltage. If there is more than one secondary tap, the power
rating shall be given for the tap with the lowest measured power rating when properly

terminated.

If the transformer is to be used in a system employing emphasized bass, a trans-

former must be chosen which has a rating higher than the nominal power to be handled
in proportion to the bass emphasis employed. Likewise, transformers to handle

organ music must have a rating at least four times the nominal power to be handled.

The frequency response of a speaker matching transformer is the variation of

output voluge as a funaion of frequency, with a constant source voltage in series

with a known impedance connected to the primary, expressed as a variation in db
relative to the output voltage at 400 c/s.

For measurement, the transformer shall be connected as for distortion measurement
(see above). The frequency response shall be measured using a constant source volt-

age, which will deliver one-half rated input power, WrR* transformer at 400 c/s
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The loss of a speaker matching transformer is the inverse ratio of the power
delivered by the secondary of the transformer to a pure resistance equivalent to the

rated load impedance, to the power delivered by the same source if the transformer is

replaced by an ideal transformer of the same impedance ratio, expressed in db. For
measurement, the transformer shall be connected as for distortion measurement (see

above).

The impedance presented by the ideal transformer to the source shall be taken as

Rr. = Vrn'IWrn-
The power delivered to the secondary load is iV l^rd where is the voltage

across the load resistance

The power delivered to the ideal transformer is {V where V is the voltage

across the load resistance R^X'

The loss is given then by

Vrx^IRrx
Loss = 10 logi,^—

,
_ - •

Vjs l^TL
The loss shall be measured at 400 c/s and at a value of source voltage at which rated

power is delivered to the ideal transformer. The loss shall not exceed 2 db (equival-

ent to 63% minimum efficiency).

(vii) Specifications for a-f transformers

The following details arc suggested for forming part of a specification for a trans-

former. See also Ref. C32.

In all cases, it is desirable to submit a circuit showing the transformer application

when writing a specification.

(1) Input transformers
(a) Operating level ; this should be quoted in db above or below specified refer-

ence level, usually 1 milliwatt.

(b) Frequency response with permissible variation in db from a reference fre-

quency, generally 1000 c/s.

Conditions of measurement must be specified usually normal operating

conditions.

(c) Impedance ratio or turns ratio.

(d) Positions of any taps should be stated.

(e) Source and source impedance.

(f) Load and load impedance. This may be the grid of a following amplifier

valve. The secondary winding may also be shunted by a frequency-correcting

network ; if so, full details should be given.

(g) Total r.m.s. harmonic distortion ; this should be measured at max. output

at the lowest frequency of interest.

(h) Minimum resonant frequency.

(i) Insertion loss in db—frequently quoted at 400 c/s,

0) Permissible phase characteristics at lowest and highest frequencies of interest.

(k) Direct currents in windings.

(l) Magnetic and electrostatic shielding.

(2) Interstage transformers
In general, as for input transformers, with the addition that the type of valves used

in the preceding stage, together with their operating conditions, should be specified.

Where push-pull input is intended, the maximum out-of-balance ctirrent should be

stated.

(3) Output transformers
As (2) above. Where multiple secondary windings arc employed the power to be

delivered to each should be stated.
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SECTION 4 : MAGNETIC CIRCUIT THEORY
(i) Fundamental magnetic relationships {it) The magnetic circuit {Hi) Magnetic

units and conversion factors.

(i) Fundamental magnetic' relationships
Just as we have an electrical circuit, so the core of a transformer can be regarded as

a magnetic circuit through which a flux passes, its value depending on the magneto-
motive force producing it and on the nature of the magnetic circuit. These are

related by an equation resembling Ohm*s Law for electrical circuits :

P <f>R or ^ F/R OT R = P/<l> ( 1 )

where F ^ magnetomotive force (m.m.f.) in gilberts (c.g.s. electromagnetic units)

analogous to electromotive force (e.m.f.) in electrical circuits,

^ total flux ^ the total number of lines of flux (or maxwells ; 1 maxwell ^
1 line of flux),

R - reluctance (equivalent to resistance in electrical circuits). The c.g.s.

electromagnetic unit of reluctance is the reluctance of 1 cubic centimetre

of vacuum, which is very closely that of 1 cubic centimetre of air.

Reluctances are combined in series or parallel like resistances ; when in

scries they are added.

A typical magnetic circuit is shown in Fig. 5.14 where we have the greater part of

the magnetic circuit through iron, and a short length (the air gap) through air. In

this case the total reluctance is the sum of the reluctances of the iron-circuit and the

air gap. The flux ^ is caused by N turns of wire carrying a current I amperes and
producing a magnetomotive force given by

F - (47r/10)Ar/^ 1.257 AT/ (2)

where F — magnetomotive force in gilbens,

N — number of turns,

and I — current in amperes.
Thus 1 ampere turn 1.257 gilberts. (3)

Instead of considering the total flux, it is often more convenient to speak of the

flux density, that is the number of lines (maxwells), per square inch or per square

centimetre (c.g s. electromagnetic unit = 1 gauss =- 1 maxwell per square centimetre).

The symbol for flux density is B. Thus
0 - BA (4)

where 4* toul flux,

B — flux density, either in lines per square inch or in gauss (maxwells per

square centimetre),

and A ~ cross sectional area of magnetic path (practically equal to the cross

sectional area of the core in the iron section), in square inches or square

centimetres respectively.

The mugnedzing force (also loiown as the magnetic potential gradient or the

magnetic field intensity) is defined as the magnetomotive force per unit length of
path :
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H = F/l (5)

where H = magnetizing force in oersteds (or gilberts/centimetre),

F ~ magnetomotive force in gilberts,

and / = length of path in centimetres.

Alternatively, if F is expressed in ampere*turns, H may be expressed in ampere-
turns per inch or per centimetre.

The permeability ( is defined by the relationship ;

M - B/H (6)

where B ~ flux density in gauss (maxwells per square centimetre),

fi — permeability*,

and H = magnetizing force in oersteds.

In air, H is numerically equal to the flux density (E).

Permeability is the equivalent of conductivity in

electrical circuits. Permeability in iron cores is not

constant, but varies when the flux is varied. The
relationship between B, H and n is shown by the
“ BH characteristics ’* of the iron, as shown for

example in Fig. 5.15. The value of ^ at any point

is the value of B divided by the value of H at that

point.

For example, the permeability at point C is equal

to OE/OD, where OE represents the flux density at

point C, and OD represents the magnetizing force

at point C. The permeability is therefore the slope

of the line OC. A curve may be drawn indicating

the value of for any value of //, and this curve may
be plotted on the same graph with, of course, the

addition of a m scale (dashed curve in Fig. 5.15).

Fi^. 5.15. BH characteristics

of a typical transformer steel.

The dashed curve is the per^

meability ^ where ^ =- B/H.

The incremental permeability is the permeability when an alternating magnetiz-

ing force is superimposed on a direa magnetizing force.

The initial permeability is the permeability

at values of H approaching zero.

The bytteretia loop of a typical magnetic

material is shown in Fig. 5.16. When the

magnetizing force increases from zero (demagnet-

ized condition) to the positive peak, the B-H
characteristic is followed from O to A, where A
represents the maximum (peak) values of H and
B. As the value ofH decreases to zero and then

increases in the opposite direction, the path

followed is along the curve ACDE, where E is

the negative equivalent to A, occurring half a

cycle later than A. From E, the path followed

is along the curve EFGA+. The area of the

curve ACDEFGA represents power loss, known
as hysteresis loss, in the magnetic material.

Point C is the value of B for zero magnetizing

force (i.e., H — 0) and it represents the residual

magnetism ; this value of B is called the

remanence, or remanent flux density
Fig. 5.16.

typical

Hysteresis loop of a
magnetic material.

•Strictly speaking*^ i» measured in gauss per oersted, but it is common practice in enmneering work
to speak ^ the permeaMlity as a pure number which is the ratio between ^ and where is the

permeability of vacuum, and has a value of unity.
. , . . . ,

fActually this ** cyclic condition ” is not reach^ until after a number of cycles have occurred. In

the early cycles the position of A falls slightly each cycle.

{This strictly applies only to the initial cycle ; the term residual flux density is used for symmetneal
cyclically magnetized conditions. The latter term is alto sometimes used when it is not desired to

distinguuh between the initial and cyclic conditions.
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Point D is that at which the applied negative magnetizing force brings the value of the

residual magnetism to zero.

The length OC is called the coercive force (strictly this applies only for symmetrical

cyclically magnetized conditions).

The average permeability is the slope of the straight line EOA (shown dashed

in Fig. 5.16).

The locus of the extremities (A or E) of the normal hysteresis loops of a material

is called its normal magnetization curve ; this is the same as the B~H curve of

Fig. 5.15.

When alternating oirrent is passed through the winding, the iron will pass through

the hysteresis curve ACDEFGA (Fig. 5.16) each cycle. The maximum value of H
is called Hmaxi and the corresponding value of B is called Bmazy the curve being norm-
ally symmetrical in the positive and negative directions in the absence of a direct

current component.

When dealing with alternating currents, it is usual to quote ampere-turns per inch

in r.m.s. values ; the corresponding values of flux density may be quoted either in

terms of B or It is obvious that ^ but B^at is normally greater

than V2B.

(ii) The magnetic circuit

A typical magnetic circuit is shown in Fig. 5.14. Certain assumptions are gener-

ally made for simple theoretical treatment, including—

1. That the flux confines itself entirely to the iron over the whole length of the iron

path (in practice there is always some leakage flux, which is more serious when there

is an air gap).

2. That the flux is uniformly distributed over the cross-sectional area of the iron.

In Fig. 5.14 we therefore have :

Total magnetomotive force F ^ 1.26 NI from (2)

Total reluctance R --= R,ron f Ratr

where Ruon — reluctance of iron path

and Rair reluctance of air path.

Total flux - F/R - F/{R,ron 4- R.u) from (1).

The reluctance of the air gap is given by
Rair - F/^ - HUBA = MlA (7)

where / ^ length of air gap,

A equivalent area of air gap, allowing for “ fringing

(u 4 /) (6 4- /)

and u, h actual dimensions of pole faces.

Values of k are given by the table below :

H oersteds ampere tums/cm ampere turns/inch
1

B gauss gauss lines/sq. inch

/ centimetres centimetres inches

A sq. centimetres sq. centimetres square inches

k 1 0.796 0.313

The reluctance of the iron path is not constant, so that the best approach is graphical.

The magnetic potential difTerence (U) is the equivalent of potential difference

in electrical circuits. potential differences around any magnetic

circuit is equal to the applied magnetomotive force.

Applying this to Fig. 5.14,

F = C/iroH -f ^air (8)
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where F = total magnetomotive force,

Uir^n — magnetic potential difference along the whole length of iron,

and Uair = magnetic potential difference across the air gap.

Fig. 5.17. Totalflux versus magnetic
potential differencey with air lo^line.

This is applied in Fig. 5.17 where OM represents, the applied magnetomotive

force (F 1.26 NI), and the curve shows the total flux («^) plotted against F for

iron only. The shape of the curve is the same as that of the B-H characteristic of

Fig. 5.15, but the vertical scale ^ ~ Ba, and the horizontal scale F - IH.

The “ loadline ” through M represents the effect of the air-gap ; it follows the

equation
U - F - 4>Rair (9)

and its slope is -(1/Fa^r)* The intersection of the “ loadlLne and the curve at

point P gives the operating point. Therefore ON represents the magnetic potential

difference along the iron path, while NM represents the magnetic potential difference

across the air gap.

It will thus be seen that variation of the air gap merely changes the slope of the

“ loadline ** PM and moves point P, without changing the base line OM.

In order to be more generally applicable, the scales of Fig. 5.17 may be changed—
vertical scale : from ^ to F (Note ^ == Ba)

horizontal scale : from F to H (Note F IH)

from U to U/l (i e., magnetic potential difference per inch)

as in Fig. 5.18A.

(iii) Magnetic units and
conversion factors

The basic units generally adopted

are the e.g.s. electromagnetic units

such as the gauss, the oersted and the

gilbert, with the centimetre as the

unit of length. Practical units

such as the lines per square inch and
ampere-turns per inch are widely

used in engineering design. More
recently, the Giorgi M.K.S. system,

with its Webers and webers per

square metre, has achieved consider-

able popularity. The full range of

these various systems of units is

given in Chapter 38 Sect. 1.

The following table of conversion
furtors will be helpful in converting

from one system to another.
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Magnetic Units—Conversion Factors

Multiply by to obtain

P in ampere-turns 0.47r = 1.257 P in gilberts

F in gil^rts l/0.47r = 0.796 P in ampere-tums
P in pragilberts* 0.1 P in gilberts

F in gilberts 10 P in pragiiberts*

F in ampere-tums 4Tr - 12.57 P in pragiiberts*

P in pragilberts^ l/47r = 0.0796 P in ampere-tums
H in ampere-tums/in. 0.47r/2.54 = 0.495 H in oersteds

H in oersteds 2.54/0.47r = 2.02 H in ampere-tums/in.

H in praoersteds* 10"* H in oersteds

H in oersteds 10» H in praoersteds*

H in ampere-tums /in. 495 H in praoersteds*

H in praoersteds* 0.00202 H in ampere tums/in.

B in maxwells/sq. in. 1/6.45 = 0.155 B in gauss

B in gauss 1

B in maxwcUs/sq. cm. J
[6.45 B in maxwells/sq. in.

B in webers/sq. metre* 10* B in gauss

B in gauss 10-* B in webers/sq. metre*
B in maxwcll/sq. in. 10-*/6.45 - 0.155 X 10"* B in webers/sq. metre*
B in webers/sq. metre* 6.45 X 10* B in maxwells/sq. in.

^ in maxwells "I

4^ in lines of flux
j

^io-» 4> in webers*

^ in webers* 10* * in maxwells

SECTION 5 : POWER TRANSFORMERS
(i) General (it) Core material and laminations (Hi) Primary and secondary turns

(iv) Currents in windings (v) Temperature rise (xn) Typical design (vU) Speci-

fications for power transformers.

(i) General
The general design principles of power transformers have been dealt with in detail

elsewhere (Refs. Dl, D2, D3, D4) but an outline is given below of the design pro-

cedure for small power transformers for use in radio and electronic equipment. For
transformers of this kind> efficiencies ranging from 80 to 90 per cent are common.
The ratio of copp>er to iron losses is usually about 2 to 1 . Winding capacitances have
little effect on circuit operation and are usually neglected. For radio receivers it is

common practice to provide some form of electrostatic screening between the primary
and the other windings. This can be achieved in one of several ways (Ref. D5) :

(a) By using a turn of shim copper or brass of full winding width between primary

and secondary, taking care to insulate the ends to avoid a shorted turn. This shield

is then earthed.

(b) By winding the earthed low voltage filament between primary and secondary.

(c) By winding the high voltage secondary in two separate halves, one on top of the

other, over the primary. The innermost and outermost leads are joined and become
the centre tap which is then earthed. The two leads from the middle of the winding
then become the high tension outers, and arc connected to the rectifier plates. In

this way the capacitance from primary to secondary is made very small. It is im-
portant in this method of construction to ensure that adequate insulation is used be-

tween the two plate leads within the winding, as the whole of the potential difference

of the high tension winding appears between them.

With the normal method of construction the leakage inductance between either

half of the secondary and the primary is unequal. In large transformers this becomes

«M.K.S. unit : Sec Chapter 38 Sect. 1.
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important and, to maintain balance, the primary is wound between the halves of the

secondary or the latter are wound side by side over the primary.

(ii) Core material and size
Various grades of core material are available all differing in silicon content from

0.25 to 4.5 per cent (Refs. D6, 7). They feature lower loss, increasing cost and
brittleness with increase in silicon. Sevei^ manufacturers make somewhat similar

grades and these are listed hereunder (Ref. D8).

Silicon

Content*

4%
3*%
2}%
1%

TRANSFORMER STEELS

M. and E.A. Baldwin
Silcor 1 Quality 5

Silcor 2 Quality 4
Silcor 3 Quality 3B
Silcor 4 Quality 1

Sankey Allegheny
Super Stalloy Transf. C
Stalloy Transf. D
42 Qiiality Electrical

Lohys Armature

Armco
Trancor 2

Trancor 1

Spec. Elec.

Armature

•This applies exactly to Silcor (Magnetic and Elec. Alloys Ltd.).

The core losses for the various Silcor grades measured at 50 c/s. with 0.014 inch

sheet, at two different values of flux density are shown below.

^mm X

10 Kilogauss

13 Kilogauss

Watts lost per pound
Silcor 1 Silcor 2 Silcor 3 Silcor 4

0.59 0.63 0.89 1.32

1.04 1.07 1.51 2.24

It will be obsenred that for small changes in flux density the core loss varies as the

square of the flux density. For radio power transformer work, core materials similar

to Silcor 2 arc commonly used. Measurements of losses can be made with a low
power factor wattmeter, or by the three ammeter method. A system suiuble for mass
production testing has been described recently (Ref. D9).

Cold rolled, grain oriented 2.7 per cent silicon steels are becoming of increasing

importance. Typical trade names for this material arc “ Hipersil ” and “ Crystalloy

(Ref. 10). Flux densities in excess of 110 000 lines per square inch (17 kilogauss),

can be employed without high core loss. Owing to low core losses at such high flux

densities, the application of this material to small transformers for electronic equip-

ment is increasing. It can be used in strip form, being wound around the winding
in one method of assembly. In another method, the strip core is sawn in half and the

two halves clamped together around the winding. Either method results in a con-

siderable saving in material and labour over the present method of punching lamina-

tions and hand sucking the winding with them.

The most popular laminations in current use are the E and 1 ** scrapless '* variety

(Refs. Dll, 12, 13, 14). These are so dimensioned that the I is punched from the

window of the E thus avoiding wasuge. The usual ratio of dimensions of these

laminations are as follows : Window height 1, tongue 2, window width 3, /-length 6,

magnetic path 12.

Similar laminations are stamped by several different Arms :

Standard Lamination Sizes

Tongue M.Ej\.
Pattern Number

Baldwins Sankey Allegheny Chicago

9/16 in. 18 —• EI-5b --

t 145 392 — EI-625 FOOO

i 35 217 70 EI-75 DOOO
i 147 — EI-11 BOOO
1 29 430 Ill EM2 1000

H — — 158 EM 12 13000

U 78 420 133 EM25 14000

11 152 362 — EM38 —
11 120 — 149 EM3 —
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Laminations for small power transformers are generally 0.014 inch thick ; thicker

laminations up to 0.025 inch are occasionally used, but result in increased losses and
shortened lamination die life.

To determine the core size, it is first necessary to estimate the power requirements.

Then we may apply the empirical relation

^ ( 1 )

5.58

where A — cross-sectional area in square inches

and VA — voltamps output.

For case of production an approximately square stack is desirable. Thus having

determined A, the tongue size can be estimated from \/A. Where high voltage

windings, or windings operating above ground, or at a high potential between other

windings, are used, it becomes necessary to employ a lamination which has a different

ratio of dimensions from those quoted earlier, the window height being increased

to allow room for extra insulation. The input current taken by a transformer on
no-load is conunonly called the magnetizing current. In fact, it consists of two
components in phase quadrature. The in-phase component, usually small, is the

iron loss plus a very small copper loss. The quadrature p>ortion is the true magnetizing
current. Their vector sum does not normally exceed about a third of the full load

current.

(iii) Primary and secondary turns
The primary turns required can be determined from the fundamental transformer

equation.

E X 10«

where N = primary turns, / frequency in c/s

B ^ max. flux density

and A = cross-sectional area of core in sq. ins.

Assuming an average stacking factor of 90 per cent, the factor 4.44 becomes 4 in

the denominator. The stacking factor reduces the apparent height of the stack, the

reduction being caused by insulation, scale and burr due to die wear. With very

thin laminations, the stacking factor decreases to 80 per cent approximately. -For

a flux density of 64 500 lines per square inch (10 kilogauss) eqn. (2) becomes :

For 240 volts 50 c/s

N -

1860
‘ A

230 volts 50 c/s

N -

117 volts 60 c/s

75^
AN

where A gross cross-sectional area of core in sq. ins.

The flux density employed depends on the application, the power rating, the core

material and the frequency. For oscilloscopes and pre-amplifiers, densities of

40 (KX) to 50 000. lines per square inch (about 7 000 gauss) are used. For small

transformers below about 50 watts, densities up to 90 000 lines per square inch (14 000
gauss) are used, gradually decreasing to about 65 000 lines (10 000 gauss) as the

transformer size increases to several hundred watts.

Having chosen a suitable flux density, the turns required for each secondary winding
may be calculated.

It can be shown that, approximately,

N, — . where rj transformer efficiency.
. V rj ^

As a first approximation it may be assumed that i; 0.85 and \ rj --- 0.92.

The values thus obtained for the secondary turns may be checked by more detailed

calculations once wire gauges have been chosen and winding resistances calculated.

For this purpose the equivalent circuit of Figure 5.11 may be used.

If a secondary is to feed a rectifier and the d.c. output of the valve is specified,

reference should be made to Chapter 30 or a valve data bwk to determine the required
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secondary voltage. Allowance must be made for any voltage drops due to the d.c.

resistance of the rectifier filter.

(iv) Currents in windings
To enable the wire gauges to be chosen and to assess the copper losses in the wind-

ings, it is necessary to estimate the current in each winding. Where windings arc

used to supply valve heaters and resistance loads, the winding current is the same as

the load current. In a secondary winding feeding a rectifier the winding current

must be estimated from a knowledge of the type of rectifier and its associated filter

and their characteristics For normally-loaded full wave rectifiers the following

values of secondary current may be used as a fairly close guide for design purposes.

Condenser input filter : The r.m.s. current in each half of the transformer

secondary may be taken approximately as 1.1 times the direct current to the load.

For further details sec Chapter 30 Sect. 2.

Choke input filter : The r.m.s. current in each half of the transformer secondary

may be taken approximately as 0.75 times the direct current to the load. For further

information, sec Chapter 30, Sect. 4 (also Sect. 3). With half-wave rectification

there will be a d.c. component of the current which will affect the transformer design

if the total d.c. ampere turns arc considerable. For half-wave battery chargers using

bulb rectifiers, this must be taken into consideration when selecting core size and wire

gauges (Ref. D15).

In the case of transformers supplying full-wave rectifiers, the full load primary
current can be estimated by calculating the total secondary loading in voltamps,

allowing an efficiency of 85*^0 as a first approximation. This is then the primary

input in voltamps which, when divided by the primary voltage, will give the desired

current. Where secondaries feed a resistive load, the loading is the product of the

voltage and current. Where a secondary feeds a full-wave rectifier the load is the

product of the direct current and the direct voltage output from the rectifier plus the

power lost in the rectifier. This latter can be calculated, for a condenser input filter,

from data presented in Chapter 30, Sect. 2. It should be noted that indirectly heated,

close-spaced rectifiers such as the 6X4, are more efficient than types such as the 5Y3-
GT, with its heavier filament power and lower plate efficiency. This is one reason

why the former are almost exclusively used in the majority of small a.c. radio receivers.

The primary input current as calculated above should be accurate to within 10%
for small transformers.

Wire gauges and copper losses

For the usual type of radio receiver power transformer it will be safe to choose wire

gauges on the basis of 450-800 circular mils* per ampere (i.e. 2830-1590 amperes per

square inch), but values up to 1000 circular mils per ampere (i.e. 1270 amperes per
square inch) may be desirable in larger units, or if a high flux density is used with high

loss lamination steel. The latter figure is easy to remember as 1 circular mil per

milliamp.

In practice, wire gauges may be chosen arbitrarily on a basis of (say) 700 circular

mils per ampere (i.e. approximately 1800 amperes per square inch) and check cal-

culations should then be made to see that

(a) the build of the winding (i.e. winding height) is satisfactory for the window
space available,

(b) the copper loss is not so high as to cause excessive temperature rise,

(c) the voltage regulation is satisfactory.

Wire ubles in this Handbook will simplify these calculations (Chapter 38 Sect. 19).

(v) Temperacure rise

This is dependent upon the cooling area, the total loss and the ratio of iron to copper
loss. To avoid deterioration of the insulating materials, it is necessary to limit the
working temperature to lO^'^C for Class A instilation which includes paper, cotton,

circular mil U the area of a circle I mil (1/1000 irtch) In diameter.
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silk, varnish and wire enamel (Refs. D16, 17). The temperature rise in the winding,

as measured by the change of resistance method, will be about 10°C lower than the

maximum (hot spot) temperature. Thus with an ambient temperature of 40 '"C

(104°F) plus a margin of 10°C for the difference between measured and hot spot

temperature, it will be seen that the maximum permissible rise is 55 °C, as measured
by the change of resistance.

It is common practice to allow 10°C margin for change in line voltage, frequency,
or operation in situations with restricted ventilation. Thus 45 °C is generally accepted
as the maximum permitted rise above ambient when measured by resistance change.

The temperature difference between winding and core varies between 10° and 20°C
according to the distribution of losses. This means that even with an ambient tem-
perature of 25 C (77 ''F), the core temperature may be 60° (140°F). This will feel

quite hot to the touch, although the internal temperature may be well under the per-

mitted maximum. Measurement of the core temperature may be made with a spirit

thermometer if good thermal contact is maintained between the core and the thermo-
meter bulb.

The winding temperature rise can be calculated by measuring the cold resistance,

ffo at an observed temperature Tj. After a heat run at full load the hot resistance R
is measured and the ambient temperature Ti is again measured.

Taking the temperature coefficient of resistivity (a) of copper as 0.003 93, the tem-
perature rise T is found from the formula

r ^ ^ «

Roa
To correct for any changes in ambient temperature during the heat run it is neces-

sary to subtract the difference - Ti from T to find the actual rise. An example
will illustrate this.

The primary resistance of a transformer measured when cold was 30 ohms at an
ambient temperature of 20 C. After an 8 hour full load run, the resistance was 36
ohms, while the ambient temperature w’as then 18 C. It is required to find the

winding temperature rise.

T - = 51X.
36 - 30 _

6

30 > 0.00393
""

30 x 0.00393

Now 7\ r, - (18 - 20) C 2°C.

Winding temperature rise ^ [51° - (~2)]X 53X.
Standard methods of testing small radio receiver power transformers have been

published (Refs. D18, D22). The cooling area of a transformer for the “ scrapless
**

type laminations with standard ratio of dimensions is

A - 7(7.71 r f 115)

where A cooling area

T width of tongue
and 5 height of stack.

For a square stack 5 T and A - 18,717* (Ref. 11).

Having calculated the iron and copper losses and the total cooling area, it is possible

to estimate the temperature rise before a sample transformer is wound. The watts

lost per square inch of cooling area is first calculated. Reference to Fig. 5.18B will

then show the temperature rise to be expected with an accuracy of approximately

± 10%.

(vl) Typical design
(Refs. D19, D20, D21, D23).

Specifications :

Primary 240 V 50 c/s

Secondbuy (i) 6.3 V 2.6 A
Secondary (ii) 300 V -f 300 V r.m.s. for full wave 6X4 rectifier with condenser

input filter to deliver 60 mA d.c.

Secondary loading

Secondary (i) 6.3 V 2.6 A or 16.5 watts

D.C. output 343 V 0.06 A or 20.5 watts
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Rectifier loss (sec Chap. 30) 2.0 watts approx.

Total loading 39.0 watts

Primary input (assuming an efficiency of 85%) 46.0 watts.

Thus the input current is 46/240 or 0.19 A. Core cross-section : A = \/39/5.58
= 1.12 square inches. Choosing pattern El-112 lamination of Silcor 2 material,

a suitable stack for calculated cross section is 1.125 inches, that is, a square stack.

Primary turns :

With a fiux density of 13 kilogauss (84 000 lines per square inch) and a stacking

factor of 0.9,

JVp = 240 X 10V4 X 50 X 84 000 X 1.125 x 1.125

- 1130.

Secondary (ii) turns :

Ni - E,Np/E,Vv = 300 X 1 130/240
= 1530 4- 1530.

Turns per volt = Ni/Ei — 1530/300 — 5.1.

Secondary (i) turns = (6.3 x 5.1) - 32.

Wire gauges :

Assume a current density of 600-700 circular mils per ampere. Referring to

wire tables, a suitable primary gauge is 29 A.W.G. enam.
Turns per layer = 95. Refer Figs. 5.18C and wire tables in Chapter 38 Sect. 19.

No. of layers = 1130/95 = 12.

R.M.S. current in secondary (ii) is (0.06 x 1.1) — 0.066 A.
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Suitable wire gauge is 34 A.W.G. enam.
Turns per layer = 167.

No. of layers = 3060/167 = 19.

Suitable secondary (i) gauge is twin 20 A.W.G. enam.
Turns per layer of twin wire = 16.

No. of layers = 32/16 ^ 2.

A twin wire is used in preference tb a single wire of 17 or 18 A.W.G. in order to

save winding height.

Winding Build :

Primary build = No. of layers x (enam. wire diam. interlayer insulation)

= 12 X (12.2 4- 2) X 10“* inches
— 0.170 inch.

Secondary (ii) build = 19 x (6.9 f 1) x 10“*inch
= 0.150 inch.

Secondary (i) build — 2 x (32.4 4- 5) x 10 inch
= 0.075 inch.

Allowing 50 mil former thickness and 10 mil insulation between windings and over

outer winding, total build is (0.170 f 0.150 f 0.075 4- 0.050 4- 0.040) inch
^ 0.485 inch.

Winding height — 0.562 inch.

Build expressed as a percentage of window height

- 0.485/0.562 x 100 = 86.5%.

In this particular design, the heater winding is wound between primary and high

tension windings to serve as a static shield.

Mean length of turn calculations see Fig. 5.18D.

A Former build plus insulation ^ 0.050 4- 0.010 — 0.060 inch

B Primary build plus insulation 0.170 ^ 0.010 = 0.180 inch

C Secondary (i) build plus insulation ^ 0.075 4- 0.010 ^ 0.085 inch

D Secondary (ii) build plus insulation 0.150 ^ 0.010 = 0.160 inch

4S • - 2 X (suck r tongue) ™ 4.5 inches

Primary mean length of turn ^-.5.44 inches

Secondary (i) mean length of turn — 6.27 inches

Secondary (ii) mean length of turn ^ 7.04 inches.

Winding resistance :

If each value for the mean length of turn is multiplied by the number of turns

in its own winding and then divided by twelve, the resulting quantity will be the

number of feet of wire in each winding. By referring to the wire tables, the re-

sistance in ohms per thousand feet for any particular gauge can be found. Dividing

the wire length by a thousand and multiplying by the resistance per thousand feet,

will determine the winding resistance.

Primary resistance 5.44 x 1130 x 81.8/12 x 1000 = 42 ohms
Secondary (i) resistance ^ 6.27 x 32 x 12/2 x 12 x 1000 == 0.09 ohms
Secondary (ii) resistance 7.04 x 3060 x 261/12 x 1000 — 470 ohms

Copper loss :

Primary copper loss - (0.19)* x 42 ^ 1.52 watts

Secondary (i) copper loss (2.6)* x 0.09 0.61 watts

Secondary (ii) copper loss ^ (0.066)* x 470 ~ 2.05 watts

Total copper loss 4.18 watts

Iron loss :

Loss per pound of Silcor 2 at flux density of 13 kilogauss = 1.07 watts.

Weight of core = 2.17 lbs.

Therefore total iron loss (1.07 x 2.17) ~ 2.32 watts.

Temperature rise :

Toul of iron and copper loss ^ (2.32 4 4.18) = 6.5 watts.

Cooling area of square stack ~ 18.71 x (1.125)* 23.6 sq. inches.

Therefore watts lost per sq. inch = 6.5/23.6 = 0.275 watts.

From Fig. 5.18B temperature rise = 35®C.
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Efficiency :

Efficiency = Power output/(powcr output plus losses)

= 39/(39 -f 6.5) X 100 - 86%.

Regulation} calculated from British definition :

Primary voltage drop = 0.19 x 42 — 8 V
Regulation due to resistance of primary = 8 x 100/240 = 3.3%.

FIG.S.I8C

LAMINATION ANO COIL DATA

EXAMPLE
*Z4€ WM£ ON SQUARE I.ES'CORE
LAMINATION

SIZE 1.25'

OVERALL 5.75"* 3.12'

4 MOLE MTC.—3.I2')C 2.5*

CORE
WEIGHT 2.05 LSS.
AREA 1.50 sqr

MAGNETIC R4TH--7.5-'
C0IL-*24E

WWE 0.570AMPS MAX
WIRE 01 TURNVtATER
WIRE .0213* diameter
0i5ULATlON-.OO4’ KRAPT
TuaC .050' PAPER
euiLO ^ssa'MAx.

iESiiJi
Wi<Hli

C«<uer L«c. Ia A

IBB Area. S^. la. B*D 0.250 0.292 0.573 0.750 0.950 ...7 1.42 1.69

Lnctit. lA D 0.812 iiimDQmiMwmlE3inm 2.06

WMtX. la. R 0.312 0.312 Q2QI EESI 0 625 0.687

H9||||

S«Ua. Mat. la S 0.367 0.483 ms 0.590 0.646^

Uagik
OveraU. la P 1.56 1.75 1.94 [|Q

L«afik
Wiadiaf. la R 1.00 1.37 IQI

1
Ct9 Toto TSickaaM, la T 0 035 ob ob 0.050 mE303 0.06d

Laagili. la F imoi031ESIESI miEEBQ303
Wkhk. la M IHEDImMIE9IomEESQQIimiimna
Uaftb. Ia H EQESI03Id13
WMtb. la J ESImuEES BEI
DiaaMftr
Hale, ia EBS EES

WMib. Ia G isamuEQB9IBSED
fraai Ead. la K DSHliBlMM131[glini

Width.
Overall, la. E 1.06 1.25 1.50 1.75 B
Width. Cater

Lef. la C 0.250 0.312 0.375 0,562 0.625 0.687B
L ^ Width, la L 0.250 0.312 0.175 0.437 E^l 0.562 0 625 0.687 EEQ

mpi
Vahwae.
Ca ladkae Area a A o.sio 1.4^ 2JW 4.03 6.00 R.55 11.70 15.60 Bi
WtidM.
Pauad*

Val.

1

Otrtaity 0.21 0.37 0.64 1.05 1.50 2.14 2.95 3.90 5.06mm Area.

1% lachet IB 0.250 0.766 1.000raIS 1.90 Bi
MaRMtk

P*di Uafih. la / 323 »L ASO 5.26 6.00 6.75 7.50 8.24 B
Pig, 5.18C. Lamination and coil data (Rif. D20),
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method or COMFUTING MEAN TURN UEI^TM

S* FRI aULO.
C- V MJLO
0« Si eUEO
S* ONE SOC or CORE
4S • FERiyCTtR Of CORE

TK 4 CORNERS MAKE A COMFi^TE CMClE wiTm AaOh aS ShO«^N.
TK CtRCUMTERCMCE ‘TTO OR *tTR
FRI mean turn* 4S* (a*^ 4)(2TT)0R 4S*(2A.^n
V MEAN TURN«4S*(2A*2I*C)TI
S« kCAM TURN •4S*(2A.2S.2C*0)n OR 4S*[(A.e*C12 'Oln

Fig. 5.18D. Method of computing mean length of turn (Ref. D20).

The percentage regulation of any secondary winding is calculated by dividing the

full-load voltage drop of the winding by the open-circuit winding voltage and multi-

plying by 100. By adding the percentage regulation of the primary winding, the

overall regulation for the secondary winding under examination is found.

Secondary (i) voltage drop = 2.6 x 0.09 = 0.234 V
Regulation, overall (i) = (0.234 x 100/6.8) + 3.3 = 6.7%
Secondary (ii) voltage drop =- 0.066 x 470 31 V
Regulation, overall (ii) = (31 x 100/650) -f 3.3 — 8.1%
Full load secondary (i) voltage = 6.35 V
and full load secondary (ii) voltage = 300 V 300 V.

This should be a satisfactory design.

As the temperature rise is low, it might be feasible to effect economies by re-design.

For example, a higher loss core material could be used. Alternatively the flux density

could be increased by decreasing the turns or the size of the stack. A new design

could also be tried on the next smaller size lamination.

(vii) Specifications for power transformers
The following may be incorporated into a specification for a power transformer.

(a) Input voltage and frequency ; should these quantities vary, the range of \^a-
tion must be stated.

(b) Secondary full load voltages and currents. If tapped windings arc required

this should be indicated. Tolerances on voltages should be stated.

(c) Regulation of secondary voltages other than for rectifier plate circuit.

(d) Power factor of each secondary load.

(c) Rectifier system, if d.c. output is required ; c.g. full wave, half wave, etc.

(f) Type of rectifier valve to be used.

(g) Type of filter circuit ; c.g. choke or condenser input, etc.

(h) Capacitance of input exjudenser, or inductance and resistance of input choke.

(i) D.C. full load current and voltage at filter input.

(j) D.C. regulation.

(k) External voltages between windings, or between windings and ground. Should

transformer windings be interconnected externally, this should be indicated.

(l) Static shields. Number and position of each should be indicated.

(m) Any limiting dimensions together with mounting and lead terminations.

(n) Ambient temperature in which the transformer is to operate.

A circuit should be supplied showing intended use of transformer.

In all cases it is desirable for the design of the whole rectifier system, comprising

transformer, rectifier and filter system, to be carried out by the one engineer.
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SECTION 6 : IRON-CORED INDUCTORS

(f) General (it) Caiculations-general (m) Effective permeability (iv) Design with

no dx. flux (v) Design of high Q inductors (vi) Design with dx. flux (vii) Design

by Hanna's method (vUi) Design of inductors for choke-input filters (ix) Measure-

ments (x) Iron-cored inductors in resonant circuits.

(i) General
Ircm cored induaors fall into several different categories depending upon the cir-

cuit requirements. In some applications these inductors may have to carry a.c.

only, in others, both a.c. and d.c. They may have to work over a wide range of

frequencies, or at any single frequency up to the ultrasonic range. Iron-cored

inductors arc employ^ as smoothing and swinging chokes in power supplies, as

equalizer elements in audio frequency equipment, as modulation chokes and as filter

elements in carrier equipment, to mention a few varied applications.

Xo design such an inductor it is therefore necessary to know some or all of the

following spedheadons

—

(a) inductance, or range of inductance if variable,

(b) alternating voltage across the coil,

(c) direct current through the coil,

. (d) frequency of operation,

(e) maximum shunt capacitance,

(f) minimum frequency of self-resonance,

minimum Q over frequency range and/or

(h) frequency of maximum
(i) d.c. resistance,

0) shielding,

(k) temperature rise,

(l) size and weight limitations,

(m) insulation requirements.

(ii) Calculations—general
The inductance L of an iron-cored coil may be calculated using the relation

,
3.2 y iV* X ^ / a ^

where N = number of turns

a = effective cross sectional area of coil in square inches

/ = length of magnetic circuit in inches

and M = effective permeability. •

The effective permeability depends on the type of steel used, on the a.c. and d.c.

Pig, 5. 19. Magnetic cores^ showing methodfor calculation of length ofmagnetic path,

more precise tenn it ** inductance rada**
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flux densities in the core, and on whether the core laminations are interleaved or

whether there is an air gap in the magnetic circuit.

The length of the magnetic circuit is the length measured around the core at the

centre of cross section of each magnetic path. Referring to Fig. 5.19, the path taken
will be along the centre of each leg except where there are two windows, when each

path through the centre leg will be along a line one-quarter of the way across the leg.

In this latter case only a single path round the window is considered in calculating

the magnetic circuit length.

Eqn. (1) is properly applicable only when the cross-sectional area of the core is

uniform throughout the magnetic circuit. Where the cross section is non-uniform,

a conservative value of L will usually be obtained by using for a the minimum value

of the cross-sectional area. For more accurate calculations in such cases reference

should be made to a suitable text-book (e.g. Ref. El).

(iii) Effective permeability
For any given sample of lamination steel the effective permeability depends primarily

on the a.c. and d.c. flux densities in the core.

Irrespective of the presence of air gaps in the magnetic circuit, the maximum a.c.

flux density , in the core is determined by the cross section of the core, the number
of turns in the coil, the alternating voltage across the coil and the frequency, and may
be calculated directly from the relation derived from eqn. (2) in Sect. 5,

E ,< 10«

-
4,44/Xa

*'2 )

The d.c. magnetizing force in the core depends on the total number of d.c. ampere-
turns, less the number of ampere-turns absorbed in any air gap, divided by the length

of the magnetic circuit in inches (sec Sect. 4).

Fig. 5.20 shows the variation of effective permeability with variation of a.c. flux

density and d.c. magnetizing force for typical electrical sheet steel. It will be observed

that the effective permeability increases up to a maximum as the a.c. flux density

increases, and then drops rapidly due to saturation of the core. For any particular

value of a.c. flux density the effective permeability decreases as the d.c. magnetizing

force is increased.

Where the a.c. fliix in the core is much less than the d.c. flux, it is convenient to

refer to the effective permeability as the Incremental permeability since it depends

on the characteristics of the core material in relation to small changes in the total flux.

This term is therefore generally used in dealing with filter chokes and other inductance

coils having a relatively large number of turns and carrying a relatively large direct

current.

(iv) Desi^ with no d.c. flux

If there is no d.c. flux in the core the calculation of inductance is straightforward

because the effective permeability depends only on the number of turns, the frequency,

the core cross section, and the applied voltage. This case arises when the windings

of a coil or transformer do not carry direct current or when the windings carrying

direct current arc so arranged that the d.c. flux in the core is zero as, for example,

with transformers used in balanced push pull amplifiers.

Design of a coil to obtain a required value of inductance is therefore also quite

straightforwMrd, and the following steps may be followed

(1) Choose an available core and calculate from eqn. (1) the number of turns re-

quired to give the necessary inductance assuming a value of effective per-

meability of between 1 000 and 5 000 depending on a very rough estimate of

the a.c. flux density in the core.

(2) Calculate the a.c. flux density for this number of turns in relation to the known
frequency and voltage across the coil.

(3) Correct the estimate of the number of turns using a revised value of perme-

ability for the calculated flux. If the first estimate was far out, repeat steps

(2) and (3).
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(4) If the flux density is excessive (i.e. above about 50 000 lines per square inch)

increase the number of turns until the flux density is satisfactory.

In case step 4 is necessary, the magnetic circuit must be broken by an air gap and

the gap adjusted until the required value of inductance is obtained ; but if the larger

value of inductance is satisfactory or useful the air gap may be omitted.

(5) Calculate the wire gauge required, and the copper and iron losses as in the

design of a power transformer. Check also that the d.c. resistance of the

winding is not excessive for the purpose for which the coil is to be used.

If an air gap of length a inches is used in the core, the value of inductance becomes
3.2N*a 1

10*./
^

and this expression may be used for calculations. Alternatively, it will be clear that

if the air-gap is large, so that l//x a//, eqn. O') approximates to

L - 3.2N* . a/lO^oL (4)

FIG. 5.21

Fig, 5.21. Experimentally determined curve showing values of a'' as a function

of frequency for several magnetic materi^ {Ref, E2).

(v) Design of high Q inductors
This sub-section follows S. L. Javna (Ref. E2) and is set out in a step-by-step form

for ease of working. The following table defines the symbols used by Javna in the

formulae presented here.

A ^ Effective cross-sectional area of magnetic-flux path, in sq. in.

A, = Gross cross-sectional area of magnetic-flux path, in sq. in.

a = Empirical constant, see Fig. 5.21.

B = Maximum flux density in the core, in lines per sq. in.

F = Fraction of core-window area occupied by copper wire of coil

/ « Frequency, in cycles per second.

g » Acnial gap length, in inches.

k Empirical constant, sec Fig. 5.22.

L «« Inductance of iron-cored coil, in henrys.

/ Mean length of magnetic path, in inches.

m Mean length of a turn of the coil, in inches.
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= Incremental permeability of core with respect to air at operating frequency.

N = Number of turns in coil.

n = A.W.G. (B. and S.) wire gauge number of conductor,

f.
= Apparent a.c. coil resistance caused by core loss, in ohms.

Rd,e. = Copper loss resistance, in ohms^
s ^ Tot^ lamination window area, in sq. in.

V = Voltage across coil, in volts.

tv = Weight of core, in pounds.

A typical problem will be solved to illustrate the design procedure.

A 5 henry inductor is to be designed on a one inch square stack of Allegheny pattern

El-12 audio transformer A silicon steel annealed laminations. The voltage across

the coil will be 10 V a.c. at 1000 c/s. It is required to determine the turns and gauge
of wire, the gap width and Q at the operating frequency. Assume a stacking factor

of 0.9.

from Fig. 5.18C

Tabulation :

/ = 6.0 ins

to = 1.5 lbs.

Ag = 1.0 sq. in.

A =r= 0.9 sq. in.

5 0.75 sq. in.

m = 5.5 ins. from Fig. 5.18D

F ^ 0.3, a typical value for this lamination

k ^ \3 X \0-* from Fig. 5.22.

a — 1.987 from Fig. 5.21.

is found from Fig. 5.20,

Calculation :

B

R.. ..

R 4 . f.

Q

N
n

g

/I_.74ml/M0’ \

Wkw/^OA^'sfJ
39.5kB^wpL\V^
3.44wl^M0^

sFB^AT “

27t/L

r. - R d. f.

V 10*

49.8 • 9.96 log (\.2Rd r m/V)

/l.59A'M,

V LIO-

48.6 lines /sq. in.

430 ohms

440 ohms

36

5150 turns.

33 A.W.G.

0.08 in.

Coil build check :

Tums/layer using 33 A.W.G. enam. 133 from winding data chart,

thus number of layers = 5150/133 39.

Interlayer insulation from winding data chart 0.0015 in.,

thus winding build 39 (0.0078 0.0015) 0.363 in.

Former thickness “ 0.05 in.

Insulation under and over winding 0.02 in.,

thus total coil build ~ (0.363 { 0.05 ! 0.02) 0.433 in.

Max. build from Fig. 5.18C - 0.43 in.,

thus the winding should fit the window satisfactorily.

It should be noted that /?*. t. and are usually very nearly equal and where a

square stack of scrapless laminations is used, m will approximate /. Due to the large

air gap the inductance will remain practically independent of voltage and frequency.

The basic design equations may be used and applied to almost any magnetic material.

The constants a and k for other magnetic materials can be obtained from graphs
drawn from nleasurements made in accordance with the method mentioned in the
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FIG. 5.22

5.22. Experimentally determined curve showing values of '' k ** as a function

of frequency for several magnetic materials {Ref. E2).

original reference. Further information on iron-cored inductor design is contained

in Refs. E3, E4, E5, E6, E7, E8, EQ.

(vi) Design with d.c. flux

(Ref. ElO).

When a d.c. flux is set up in the core by unbalanced direct currents in the windings,

the effective permeability is decreased, as is shown in the curves of Fig. 5.20.

The amount of d.c. flux set up in the core depends on the appHcd d.c. magnetizing

force (i.e. the total unbalanced ampcrc-tums in the windings), on the length of the

magnetic circuit, and on the length of any air gap in the magnetic circuit.

The effective permeability depends on
(i) the d.c. flux density in the core

(ii) the a.c. flux density in the core

and (iii) the length of air gap in the magnetic circuit.

There is an optimum air gap giving a maximum value of the effective permeability

for any particular value of total d.c. magnetizing force and a.c. flux density (Ref. Ell).

For very low values of a.c. flux density, the following table gives the variation of

incremental permeability with d.c. magnetizing force (A.T./inch of total length of

magnetic circuit) and the ratio of the length of air gap to the total length of the magnetic
circuit.
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Incremental Permeability of High Silicon Steel

Total d.c. magnetizing force

Gap
Ratio

1.0

AT/in.
2.0

AT/in.
5

AT/in.
10

AT/in.
20

AT/in.
30

AT/in.

0 1000 820 490 340 250 140

0.0005 720 700 680 560 360 170

0.0010 530 520 510 490 410 250

0.0015 — 425 410 400 370

!

270

1

Such data may be obtained using the methods given in
**
Magnetic Circuits and

Transformers ” (Ref. A3) Ch. 7, which sets out the general methods suitable for

calculation of inductance with d.c. flux in the core.

The method developed by Crowhurst (Ref. El 8) makes a considerable saving in

rime by the use of cham^ particularly when a number of inductors are to be designed.

However, when the a.c. flux density is very small, as for example in many filter

chokes, the method developed by Hanna may be used.

Pig, 5.23. LI*JV plotted against NI/l with various gap ratio intercepts

{Ref, E13),

(vii) Design by Hnnna’t Method
(Ref. El 2)

Strictly, the method is applicable only when the core to be used is of constant cross

section throughout the length of the magnetic path, but it gives a useful first estimate

in cases where the cross section is not uniform.

Let N = number of turns in coil

/ » direct current through coil

L = Inductance in henrys (at low a.c. flux density)

/ — length of magnetic gap (inches)

a « length of air gap (inches)

«// » air>gap ratio

a ^ cross-sectional area of core (square inches)

and V i,a » Volume of core (cubic inches).
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Then, assuming in a typical case that L is 12 henrys and / is 80 mA proceed thus

—

(a) choose lamination size and stack e.g. EI-11 i in.

(b) find V from Fig. 5.18C 4.03 cub. in.

(c) calculate Ln/V 190 X 10"*

(d) find NI/l from Fig. 5.23 58

(e) find / from Fig. 5.18C 5.26 in.

(/) calculate N 3800 turns

(g) assume suitable wire gauge 33 A.W.G
(h) find turns per layer from winding data chart 118

(i) calculate number of layers 33

G) calculate coil build using 0.0015 in. insulation 0.31 in.

(k) calculate winding build using 0.05 in. former
(l) find maximum build from Fig. 5.18C so that winding

0.36 in.

will fit window sadsfaaorily 0.367 in.

(m) calculate mean length of turn from Fig. 5.18D 4.8 ins.

(n) calculate coil resistance 315 ohms
(o) calculate power lost in coil 2 watts

(p) calculate cooling area (see Sea. 5) 14.3 sq. ins

(q) calculate dissipation in watts/sq. in. 0.14 watts/sq. in.

(r) find temperature rise from Fig. 5.18B. 20 "C.
(s) find gap ratio a// from Fig. 5.23 0.0029

(t) calculate air gap (a//) x / 0.0075 in.

With any particular core, the highest inductance is obtained with the largest possible

number of turns, as limited by the window space available, the permissible value of

d.c. resistance, and heating of the winding with the spedhed current.

(viii) Design of inductors for choke-input filters

(Ref. E13)

(a) The input choke
Chapter 30 Sea. 3 Eqn 1, 2 or 3 gives the minimum value required for the indua-

ance of the input choke of a choke-input filter for any particular values of load re-

sistance and frequency.

The required inductance for any particular value of load resistance may be achieved

by designing the choke by Hanna’s method as given above. It is only necessary to

check that the value of the a.c. flux density in the core is small, so that H^ia’s method
will be applicable. For a full-wave reedfler the a.c. voltage applied to the choke is

of twice the supply frequency and its peak amplitude is approximately two-thirds of

the direa voltage at the input to the filter.

If, however, good regulation is required over a wide range of loads, it is necessary

for the inductance of the input cholu to be suffidently high at the highest value of

load resistance, that is, at the minimum value of load current. Some minimum load

current greater than zero must be provided because the inductance would need to be
infinite to maintain regulation down to zero load.

For a wide range of load variation (say 10 : 1) it would be very uneconomical to

design a choke to have a constant inductance at all load currents as large as that re-

quired at minimum load. The choke is therefore designed so that its inductance
will vary with the direa current through it, in such a way that the inductance is suffid-

ently high at all values of the load current. This method is discussed fully by Dun-
ham (Ref. E14) and Crowhurst (Ref. E19) and reference should be made to their

papers for detailed design considerations.

For many purposes, the following simple design procedure is adequate.

(1) From Eqn. (1) (2) or (3) of Chapter 30 Sea. 3, determine the required values
of choke inductance at minimum and maximum d.c. load currents.

(2) Select an interleaved core and, assuming a permeability of (say) 1000, design a
chokt to give the inductance requir^ at minimum d.c. load current. For this pur-
pose use the procedure of Sea. 6(iv) above but correa the assumed value of per-
meability using Fig. 5.20 and taki^ into account the number of d.c. ampere-turns
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per inch of core path length. The peak a.c. voltage> of double mains frequency,

across the choke, may be taken to be about two thirds of the d.c. voltage at the input

to the filter.

(3) Using Fig. 5.20 note the change in permeability when maximum d.c. load

current flows through the choke and check that the value of inductance under these

conditions is sufficient. If it is not sufficient an increase in turns may be satisfactory

and this can be checked by repeating the procedure above. If this is not satisfactory

a small air gap may be necessary, but calculations then become complex.
A choke so designed is commonly referred to as a swinging choke because its

inductance varies with the direct current through it.

(b) The second choke
The design of the second choke of a choke input filter is straightforward, and

Hanna's method may be used after determining the required value of inductance by
the methods set out in Chapter 31 Sect. 1.

(iz) Measurements
Measurements of inductances of iron-cored coils must be made under conditions

similar to those under which the coils are to be used, because the value of inductance
depends to a marked degree on the a.c. flux density in the core and also on any d.c.

flux set up in the core by direct currents in the windings.

Bridge methods are desirable for accurate measurements of inductance but must
be arranged to simulate the operating conditions of the coil being measured. Owen
and Hay bridges are widely used when there is a large flux due to direct current

(Refs. E15, E16).

For many purposes it is satisfaaory to determine the effective inductance (or more
accurately, the impedance) of a coil by measuring the current through the coil when
the rated a.c. voltage is applied to it ; but this method is not usually feasible when a

d.c. component is also present.

Pig. 5.24. Determination of the impedance of an inductor L carrying direct current.

When a d.c. flux must be produced in the core to simulate operating conditions,

the circuit arrangement of Fig. 5.24 may be used to determine the a.c. impedance

of the coil. A valve voltmeter is used to adjust the a.c. voltage drop across the known
variable resistance R to equality with the a.c. voltage drop across the inductance L.

The required value of direct current through the coil is obtained by adjusting the

tapping on battery B and the rheostat Rt (or by adjusting any other variable direct

current source), the current being measured by a d.c. ammeter or milliammeter.

The required ritemadng voltage across the choke coil is then adjusted by varying

the tapping on transformer T, the voltage across the coil being read on the valve volt*

meter ; this adjustment is not usually critical. The resistance R is then varied tmtil

the same reading is obtained on the valve voltmeter when it is conneaed across R
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by operating the switch S, If the valve voltmeter responds to direct voltages^ it

must be connected to the circuit through a blocking condenser and grid leak as shown
in the diagram.

The value Z obtained for the impedance of the coil will differ from its reactance

owing to coil losses^ but for most purposes it will be satisfactory to assume that it is

equal to the reactance. If the frequency used is /, the value of inductance is given

approximately by
L Z/2Tr/.

or L Z/314 Henrys, forf — 50 c/s.

Z/376 Henrys for/ ~ 60 c/s.

where Z is numerically equal to the value of R for balance.

For choke coils carrying direct current, and operating with a high a.c. flux density,

reference should be made to the method of approximate measurement given by F. E.

Tcrman (Ref. El 5) Fig. 40 and pp 57-58.

(x) Iron-cored inductors in resonant circuits

The performance of iron-cored inductors in resonant circuits cannot be calculated

mathematically owing to the immense complexity. While most work is carried out

empirically, it is helpful to have a general grasp of the problem, and this may perhaps

best be carried out graphically (see Ref. El 7).
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Trigonometrical and hyperbolic tables sec Chapter 38 Sect. 21

Log. scales and log. scale interpolator see Chapter 38 Sect. 22

Mathematics, to the radio engineer, is merely a tool to be used in his design work.

For this reason it is often used in a slovenly manner or with insufficient precision or

understanding.

There are normally three stages in the solution of a problem -

1. Transferring the mechanical or electrical conditions into a mathematical form.

2. Solving the mathematics.

3. Interpreting and applying the mathematical solution.

The first stage is dealt with in Chapter 4 ; the second suge is the subject of this

chapter, while the third stage requires careful consideration of all the relevant con-

ditions. A solution only applies imder the conditions assumed in stage one, which
may involve some approximations and limits. In all cases the solution should be

choked either experimentally or theoretically to prove that it is a true solution.

This chapter is not a textb^k on mathematics, although it is in such an easy form
that anyone with the minimum of mathematical knowledge should be able to follow it.

It has been written primarily for those who require assistance in ** brushing up ''

their knowledge, and for the clarification of points which may be imperfectly under-

stood. It is
** basic ’* rather than elementary in it3 introduction, and could therefore

be read with advantage by all.

Sufficient ground is covered for all normal usage in radio receiver design, except

for that required by spedalisu in network and filter design.

Reference dau have been included for use by all grades

254
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SECTION 1 : ARITHMETIC AND THE SLIDE RULE

(0 Figures (it) Powers and roots (Hi) Logarithms (iv) The slide rule (v) Short

cuts in arithmetic

(i) Figures
A figure (c.g. 5) indicates a certain number of a particular object—e.g. five resistors,

or five radio receivers ; or else five units of a particular scale—e.g. five inches, five

microfarads or five ohms. No matter what we may do with adding, subtracting,

multiplying or dividing, if we begin with ohms we must finish with ohms, and so on
with any other unit. We cannot add together dissimilar objects without identifying

each type, and similarly with any other mathematical process.

(ii) Powers and roots
As figures arc often too large, or too small, to be shown completely in the ordinary

form, there is a Scientific Notation commonly used -

Numbers above unity Numbers below unity

10 » - 10

10* - 100

10 * - 1 000
10 * - 10 000
10 *^ 100 000
10 * - 1 000 000

10-* - 0.1

J0-* - 0.01

10-* - 0.001

10- * - 0.000 1

10- " - 0.000 01

10-* - 0.000 001

and so on
10 « - 1

Note that 10* means 10 / 10 ~ 100; 10* means 10 :< 10 10 = 1000 and so on.

The “ 2 ’* and the “ 3 ** arc called exponents, or indices (plural of index).

10* is called “ 10 squared
**

10* is called “ 10 cubed ”

10* is called “ 10 to the fourth ** etc.

10“* is called “ 10 to the minus 1
** etc.

Examples : 2 750 000 is written 2.75 x 10*

0.000 025 is written 2.5 x lO"*.

Multiplying is carried out as in the examples :

(1.5 • 10*) (4 V 10-*) - 6 X 10*

(4.5 • 10*) > (2 N 10*) = 9 > 10*

Reference should be made to the table of multiples and sub-multiples in Chapter 38

Sect. 17, Table 59,

The same procedure may be applied, not only to 10, but to any figure, e.g. 3 ;

3 ® 1

V 3
3* 3x3 - 9 3-* - 1/3* - 1/9
3* - 3 X 3 X 3 - 27 ^ ^

Roots : The expression 9* may be written V9, where the sign \/ is called the

square root. Similarly 27' * may be written ^'27 where the sign is called the

cube root.

The whole question is dealt with more fully, and more generally under “ Algebra

in Sea. 2.

(ill) Logarithms
We may write 100 ~ 10*

or we may express this in different langtiage as

2 = log 1

0

1

which is spoken of as log 100 to the base 10.” Here 2 is the logarithm of 100 to

the base 10.

Tables of logarithms to the base 10 arc given in Chapter 38 Sea. 20, Table 71.

They are useful in multiplying and dividing numbers which are too large to handle

conveniently by the ordinary procedure.
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A typical logarithm is 2.4785. Here the figtire 2 to the left of the decimal point

is called the index, and the figtires 4785 to the right of the decimal point are called

the mantissa.

(1) The index of the logarithm of a number greater than unity is the number which

is less by coie than the number of digits (figures) in the integ^* part of the given

number ; for example the index of the logarithm of

57 640 is 4
5 764 is 3

576.4 is 2

57.64 is 1

5.764 is 0
If the number is less than unity, the index is negative, and is a higher number by

one than the number of zeros that follow the decimal point of the given number ; for

example the index of the logarithm of

.576 4 is ~1

.005 764 is -3.

To denote that the index only is negative, the minus sign is usually written above it

;

e.g. 1, 3*

(2) The mantissa of the logarithm is found from the tables. Proceed to find the

first two figures in the left hand column of the table, then pass along the horizontal

line to the vertical column headed by the third figure. To this number add the

number in the difference column under the fourth figure of the given number. The
mantissa is the result obtained by this process with a decimal point before it.

For example, to find logi® 5764 .

The index is 3
The mantissa is .7604 -f- .0003 .7607

Therefore log^o 5764 = ^7607.

Similarly, logio 0.5764 = 1.7607 (note that the index is negative, but the mantissa

positive).

To find the number whose logarithm is given, it is possible to use either

antilog. tables (if these are available) or to use the log. tables in the reverse manner.
In either case^ only the mantissa (to the right of the decimal point) should be applied

to the tables.

The procedure with log. tables is firstly to find the logarithm, on the principal

part of the table, which is next lower than the given logarithm, then to calculate the

difference, then to refer to the difference columns to find the number -exactly the

reverse of the previous procedure.

For example, to find the number whose logarithm is 2.5712. The mantissa is

.5712 and the nearest lower logarithm on the tables is 5705, the difference being 7

(in the fourth figure). The number whose log = 5705 is 3720, and to this must be
added the figure 6 which corresponds to the difference of 7 in the fourth column ;

the number is therefore 3720 4- 6 = 3726. The decimal point must be placed so

as to give 2 4-1=3 digits to the left of the point, i.e. 372.6.

The application of logarlthma
If two numbers are to be multiplied together, the answer may be found by adding

their logarithms, and then finding the number whose logarithm is equal to their sum
For example, suppose that it is desired to multiply 371.6 x 58.24,

log 371.6 = 2.5701

log 58.24 = 1.7652

sum 4.3353

The number whose log = .3353 is 2164.

The decimal point should be placed so as to give 4 -f 1 = 5 digits to the left of

the point ; i.e. 21 640.

*To the left of the decimal point.
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Therefore 371.6 x 58.24 = 21 640.

It should be remembered that the last figure of four figure logs, is correct to the

nearest unit, and that slight errors creep into the calculations through additions and
other manipulations. The first three digits of the answer will be exact, and the fourth

only approximate.

If one number is to be divided by a second number, the answer may be found by
subtracting the logarithm of the second from the logarithm of the first, then finding

the number whose logarithm is equal to their difTercncc.

Logarithms may also be used to find the powers of numbers For example,
to find ihe value of (3.762)* :

log (3.762^* - 3 log 3.762 - 3 x .5754
= 1.7262

Therefore (3.762)* - antilog 1.7262 = 53.23.

For other applications of logarithms sec Sect. 2(xvii)

(iv) The Slide Rule
The Slide Rule is a mechanical device to permit the addition and subtraction of

logarithms so as to effect multiplication and division of the numbers. The small

size of the normal slide rule does not give as high a degree of accuracy as four figure

log. tables, but is sufficiently accurate for many calculations.

The usual 10 inch slide rule has four scales A, B, C, D of which B and C are on the
slide. The scales C and D (the lower pair) are normally used for multiplication and
division, and each covers from 1 to 10. The upper scales A and B cover from 1 to 100,

The square of any number from 1 to 10 is found by adjusting the line on the cursor

(runner) to fall on the number on the D scale, and reading the answer where the line

cuts the A scale. The cube of a number from 1 to 10 may be found by squaring, and
then multiplying the result by the original number on the B scale, reading off the

answer on the A scale. If the number is not between 1 and 10, firstly break it up
into factors, one of which should be a multiple of 10, and the other a number between
1 and 10, then proceed as before. For example

300* - (3 >. 100)* - (3)* X (100)* - 3* X 10*.

The value of 3* is found in the normal way to be 9 ; this is then multiplied by 10* to

give the answer 9 x 10* = 90 000.

Square roots may be found by the reverse procedure. Firstly reduce the number
to factors, one of which should be a multiple of 100 and the other between 1 and 100,

then apply the cursor to the number on the A scale and read the answer on the D scale

to be multiplied by the square root of the 100 factor. For example, to find the square
root of 1600

; ^ y ie x“l00 = \ 16 :< \ 100 - \ T6 x 10.

The value of 4 on the D scale is then multiplied by 10 to give the answer 40

Cube roots of numbers between 1 and 100 may be determined by setting the

cursor to the number on the A scale, then moving the slide until the B scale cursor

reading is the same as the D scale reading below 1 on the C scale.

Slide rules which have log/log scales may be used to determine any power of

a number 1.1 or greater (up to a maximum value of 100 000). Set the cursor to the

number on the upper log/log scale, then set 1 on the C scale to the same cursor line.

Move the cursor to the required power on the C scale and read the answer on the

log/log scale. If the numb^ is too high to be on the upper log /log scale, carry out

the same procedure on the lower log/log scale. If the number is found on the upper
scale, but the answer is beyond the limits of this scale, set the mark* (c.g. W) on the

slide immediately below the number on the upper scale, and read the answer on the

lower scale, immediately below the power on the C scale.

If several figures are to be multiplied and divided, carry out multiplication and
division alternately, e.g. 75 x 23 x 5

471^59 X 36

should be handled as 75 41 x 23 59 x 5 ~ 36.

*Uith slide rules having no special mark, use 10 on the C sesde as the ** mark."
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In a complicated calculation, especially with very large and very small numbers,

it is highly desirable to arrange the numerator and denominator in powers of 10.

For example

75 000 X 0.0036 x 5900 7.5 x 10* x 3.6 x 10“» x 5.9 x 10*

160 000 X 0.000 001 7 "
1.6 x 10* x 1.7 x lO^*

7.5 X 3.6 X 5.9 x 10*

"
1.6 X 1.7

The slide rule does not indicate the position of the decimal point, and it is necessary

to determine the latter by some method such as inspection ; this is much easier when the

individual numbers are all between 1 and 10 as in the example above. It is also possible

to keep track of the decimal point by noting how often the manipulation passes from

end to end of the rule.

To find the logarithm of a given number, move the 1 on C scale to the number on
the D scale, then turn the rule over and read the logarithm on the L scale against

the nuu-k (this will be a number between 0 and 1).

To find the decibels corresponding to a ratio, proceed as for the logarithm, but

multiply by 10 for a power ratio or 20 for a voltage ratio.

To find the sine or tangent of an angle, first set the angle on the S or T scale to the

mark, then read the value on the B scale, below 1 on the A scale, and divide by 100.

There are countless special types of slide rules, and in all sudi cases the detailed

instructions provided by the manufacturers should be studiecL

Hints on special calculations on the slide rule

(1) z = = RvrT (xvR’)
Procedure : For example if X = 3 and R — 2 set cursor to 3 on D scale, move

slide to give 2 on C scale. The value of (X/Ry is given by the value on A scale op-

posite 1 on B scale—in this case 2.25. Move the slide up to 3.25 (- 2.25 -f 1) and
then move the cursor to 2 on C scale, reading 3.61 on D scale as the answer.

(2) If a large number of figures is to be divided by one figure, divide unity or 10

(D scale) by the divisor (C scale) and then, with fixed slide, move the cursor to each

dividend in turn on the C scale, reading the answer on the D scale.

(v) Short cuts in arithmetic
(a) Approximations involving n
TT* may be uken as 10 with an error less than 1.4%
n may be taken as 25/8 with an error less than 0.6%
\/n may be taken as 8/25 with an error less than 0.6%
2tr may be taken as 25/4 with an error less than 0.6%
l/2fr may be taken as 4/25 with an error less than 0.6%
(2w)* ^ 39.5 with an error less than 0.06%

(b) Approximations with powers and roots
General relation : (x ± ± nx*~^ b

where b is small compared with x. Examples are given below.

Squares (n = 2)

10.1* = (10 0.1)* 10* -f 2 X 10 X 0.1 «« 102 (error = 0.01%)
10.2* = (10 0.2)* 10* + 2 X 10 X 0.2 104 (error = 0.04%)
9.9* = (10 - 0.1)* 10* - 2 X 10 X 0.1 98 (error - 0.01%)

Square roots [n = 0.5 ;(« — !)=: —0.5)

0.5a
Vx±bf96i\^X±

N/im - VlOO + 1 fa -y/iw + i%! 10.05 (error = 0.001%)
^/l00

ViTo - \/l00 + l¥ Viw on 10.5 (error - 0.12%)
V 100
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V 50 = V 49 + 1 V 49 + SW 7.0714 (error = 0.004%)
\/49

Cubes (n — 3)

(10.2)* - (10 + 0.2)* 10* 4- 3 X 10* x 0.2 1060 (error = 0.1%)
Cube roots [n = 0.333 ; (n — 1) = — 0.667J

^66 ^ <=w -^64 + SK 4.0423x4*
For more accurate approximations see Sect. 2 eqns. (82) and f83).

(c) Approximations in multiplication
a X b l(a -i- by where a and b are close together

e.g. 49 X 51 ^ 1(49 4 51)* ^ 1(100)* ^ 2500 (error 0.04%).
This may be put into the alternative form :

a < b ^ (arithmetical mean between a and by
e.g. 68 .« 72^ (70)* ^ 4900 (error 0.08%).

(d) Exact multiplication

a X b — l{(a -h by - (a - by} (no error)

(arithmetical mean between a and by ~ 1 (a — by.

When (a b) - 1, the second term in this expression becomes 1 and we have the

exact application :

31 X 41 - 16 - 1 - 151 (exact).

Another application is illustrated by the example
98 X 102 - 100* - 1(4)* - 10 000 ~ 4 - 9996

(e) To multiply by 11

To multiply a number by 11, write down the last figure, add the last and last but

one and write down the result, carrying over any tens to the next operation, add the

last but one and the last but two and so on, finishing by writing down the first

e.g. 11 X 42 736 = 470096 (no error)

(f ) For approximations based on the Binomial Theorem see Sect. 2(xviii).

(g) For general approximations see Sect. 2(xx).

SECTION 2 : ALGEBRA

(i) Addition (ii) Subtraction (in) Multiplication (iv) Division (v) Powers

(vf) Roots (xni) Brackets and simple manipulations (nii) Factoring (ix) Proportion

(x) Variation (xi) Inequalities (xii) Functions (xiVi) Equations (xiv) Formulae
or laws (xv) Continuity and limits (xri) Progressions^ sequences and series (xvii)

Logarithmic and exponential functions (xviii) Infinite series (xix) Hyperbolic

functions (xx) General approximations.

See Section 6 for Complex Algebra.

^gebra is really only arithmetic, except that we use alphabetical symbols to stand

for figures. It is frequently more convenient to put an expression into an algebraic

form for general use, and then to apply it to a particular case by writing figures in place

of the letters. All algebraic expressions are capable of being converted into arith-

metical ones, and the fundamental mathematical processes of algebra may be used
in arithmetic.
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(i) Addidon
If a, 6, and c arc all values of the one unit (c.g. all resistances in ohms) we can add

them together to find the sum d, where d will also be in the same unit,

d = a -f 6 -h c

For example, if u = 5, 6 = 10, c = 15 ohms,
then d = 5-|-10-|-15 = 30 ohms.

(ii) Subtracdon
Subtraction is the opposite of addition, or negative addition, and can only be applied

when the quantity to be subtracted is in the same unit as the quantity from which it

is to be taken. For example let

a = b — c

where a, b and c are all voltages.

If 6 = 6 volts and c = 2 volts, then
u = 6 — 2 = 4 volts.

As another example, let a, b andc be readings of a thermometer in degrees - say

b = lOX and c = 20°C, then a = 10 - 20 = - 10 C. This is commonly de-

scribed as “ 10 degrees below zero ** or “ a temperature of minus 10 degrees.** Thus
a negative temperature has a definite value and is readily understood. Its magnitude

is given by the figure, while its direction above or below zero is given by the positive

or negative sign.

Similarly a negative current is one with a magnitude as indicated by the figure but

with a direction opposite to that of a positive current. In most cases the direction

of a positive current is arbitrarily fixed, and if the answer comes out negative it merely

indicates the actual direction of current flow is the opposite of the direction assumed.

The same principle holds in all cases.

(iii) MultipUcation
Multiplication is continued addition

—

4 y a a ^ a -r a + a

and is commonly written as 4u. In the general sense we can write ba where 6 is any

number ; this has the same value as aby

i.e. ab — ba OT a.b = b.a.

It should be noted that

4 X (— a) = — 4a

and (- 1) X (- 1) - f 1.

(iv) Division
Division is the breaking up of a number of things into a given number of groups, c.g.

6a -f- 3 = (2a + 2a -h 2a) ~ 3 = 2a.

We may write this in the alternative forms

6a— =3 2a, or 6a/3 = 2a.

(v) Powers
Powers are continued multiplicaticm,

c.g. a* == aaa ^ a / a y a
— a y a X a y a (m faaors)

a y a x a ya,,,{n factors)

Therefore a"* x a** ™ ^ "> (1)

We can write, as a convenience,

—
- m the form a“"

a**

where the n is not a true index (or exponential) but merely a way of writing 1/a**.

Therefore *= a"* x ar^ ^ ^
(2)

a"

which indicates that the -n can be treated as though it were a true index.
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The following can also be derived :

a"*-= a^m-m) ^
a"*

(3)

/j**

but — = 1
a"*

Therefore a® == 1 (4)

(a"*)* = a*" X *• = a"" (5)

(a6)" = (7)

va/ \6/ 6"
(8)

C-a)" = (“!)* X a" (9)

= 4-a" if n is even (9a)

or = —a" if fi is odd cr

These identities hold even when m and n are negative or fractions.

(vi) Roots

\/a X a = a OT \/a* == a (10)

^a 'X a X a — a OT y a* ~ a (11)

We may adopt as a convenience the form

V'a — (12)

^7= a*'* (13)

V<J = a''- (14)

This may be extended to include

\ = (a-)*'" - a-'" (15)

so that a"* " is the nth root of a^.

Note that \/^a = ^\la ; l/Va = WUa (16)

(vU) Brackets and simple manipulations
a (<i 4- 6) == a x a 4- a x h — a* ab

X {a b — c) — xa ^ xb — xc

— X (a + 6) = ~xa ~~ xb
— X (a — b) — -- xa ^ xb — X (b — a)

™ [{a - 6) _ (c 4- d)] - -(u - 6) 4- (c + d)

^a-^b + c-\~d
= (6 4-c4-d)-a

ax 4- bx (a 4- 6)x a 4- 6 x a b

cx 4- dx (c 4- d)x cfd^x c4-d
(a 4“ by = (a 4- b){a -f b) — a(a 4- 6) + b{a 4" b)

" a* 2 ab b*

(a - by - (a - bXa - b) - a(a - b) - b{a - b)

^ a* - 2 ab -h b*

(a 4- bXa - 6) = <i(a - 6) 4- b(a - b) = a* - b*

(a 4* bXx 4“ y) *= ax 4- 4- 6x + 6jy

(a 4“ 6 4' c)* a* 4 b* 4- c* -f 2ab 4- 2bc 4 2ca

a —a
+ 6

“ Tb
“ ~ b ^ - 6

a
a X 0 — 0

; Q
« infinity* ~ »

(note that it ii not potsible to divide by 0 in algebraic computations).

(17)

(18)

(19)

(20)

(21 )

(21a)

(21b)

(22)

(23)

(23a)

(24)

(24a)

(25)

(26)

(27)

(28)

(29)

(30)

'laflaHy may bt dmcribed m • quantity large without limit.
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ad ± be

cd~ ’

a b a ±b
c c

^
c ’

a a a(d ± c)

c
^ ^ cd

(31)

The sign ± means either plus or minus. When ± and/or T signs are used on
both sides of an equation^ the upper signs in both cases are to be taken in conjunction

as one case, while the lower signs are to be taken as the other case.

a c ac a ac

J ^ d ^ bd
'‘ b^bc

a c a d ad

b d ~ b ^
c be

X a b x(c -f d) y/a + b\

y
^

c d ~ y(c >> Vc + d)

_ ^ ~ y(^ 4 b)

y{c -r d)

(32)

(33)

(34a)

(34b)

(viii) Factoring—Examples
6ab 4- 3ac — 3u(2^ -f c) (35)

X* - 7xy -f 12y = (x ~ 4yXx - 3y) (36)

2x* -h 7x -f 6 = (2x -f 3)(x 4- 2) (37)

X^y - 4y* = jy(x* - 4y*) - y(x 4- 23^)(x - 2y) (38)

(ix) Proportion
a c

.
0 b

(1) If
b
^

~d
then = .

c d
(39)

a c ^ ad — be
also

b
- ==0 therefoic

, ,
= 0

ba
(40)

from which ad oII1 and thus ad ~ be (41)

(2) If
a

b

e ^ g= - and also 7 t ’

a j n

then
ae

__
eg

(42)
V dh

(x) Variation
If jy = kx, then y cc x

i.e. y is directly proportional to x.

If y — then v oc -

X X
i.e. y is inversely proponional to x.

If y — kxz, then y varies jointly as x and r.

X
If > = k^y then y varies dircaly as x and inversely as z

(xi) Inequalities

The letter symbols below are positive and finite.

<2 4- c > b Cy b < a (43a)

a — c > b - ey e — a < e - b (43b)

ac > bcy be < ae (43c)

a b
- > -f
c e

c c

a
f43d)
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If a — c > b then a > b + c (44)

If a > b and c > d
then a -h c > 6 -f d, and ac> bd (45)

(zii) Functions
We niay describe 3x 4- 4 as “ a function of x because its value depends upon the

value of X. This is usually written as

F(x) = 3x + 4.

Other typical functions of x are

2x* -f 3x -h 5 ; x(x* -f 3x)

;

cos X ; log X ; 1/x.

In such functions, x is called the “ independent variable/* It is usual to write
F(a) as meaning “ F(x) where x = a,**

(xiii) Equations
An equation is a statement of conditional equality between two expressions con-

taining one or more symbols representing unknown quantities. The process of
determining values of the unknowns which will satisfy the equation is called solving

the equation.

An Identical Equation is one which holds for all values of itsjetter symbols.

A Linear Equation is one in which, after getting rid of fractions, the independent
variable only occurs in the first degree (e.g. x).

Example : y = 5x 3.

A Quadratic Equation is one in which, after getting rid of fractions, the inde-

pendent variable occurs in the second degree (e.g. x*) but not in higher degree.

Example : y = 4x* 4* 5x -f 3.

A quadratic equation in one unknown has two roots, although both may be complex
(i.e. with an imaginary term).

A Cubic Equation is one in which, after getting rid of fractions, the independent
variable occurs in the third degree (e.g. x*) but not in higher degree.

Example : y = 3x* 4- 4x* 4- 2x 4- 5.

Note : X and y are usually taken as unknowns ; Oy b, c and d as known constants.

Rulea for solution of equations

1. The same quantity may be added to (or subtracted from) both sides.

Example : If x 4- 3 = 2 ; then x 4- 5 = 4 and x 4- 1 = 0.

2. A term can be moved from one side to the other provided that its sign is changed.

Example : If a = 6 ; then a — 6 = 0.

3. All signs in the equation may be changed together.

Example : If x - a ~ y - b ; then a — x ^ b — y.

This is equivalent to multiplication throughout by — 1.

4. Both sides can be multiplied (or divided) by the same quantity.

Example : If x 4- 2 == 5 ; then 2x 4- 4 = 10.

5. The reciprocal of one side is equal to the reciprocal of the other.

1 1

Example : If x = a ; then ~ ^
*

6. Terms can be replaced by terms that are equal in value.

7. Both sides can be raised to the same power.

Example : If x =» a ; then x* = a*.

8. Both sides can be replaced by ^e same root of the original.

Example : If x « a ; then ^x = and

in general, "v" x **Va if it is odd, but if n is even we must write

X « d: ’V'a
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which means that ^ __
either *\/x — "Va or "v/

x

= —
In such cases two roots are obtained, and both should be tested in the original equa-

tion.

Warning
If both sides of an equation are squared, or if both sides are multiplied by a term

containing the unknown, a new root may be introduced.

Solution of equations

(1) Linear equations with one unknown
Example : ox 4- ^ = 0.

Solution : X — — b/a. (46)

(2) Linear equations with two unknowns
Any linear relation between two variables, x and can be written in the general form

ax 4- 4- c = 0 (47)

or (provided that b is not zero) in the alternative form

y — mx 4 n (48a)

This type of equation is not limited to one or two solutions, but has a corresponding
value ofy for every possible value of x. It is very helpful to plot the value ofy against

the value of x on squared paper see Sect. 5(i). With any equation of this type, the

graph will be a straight line, and it is only necessary to determine

(1) one point op the line

(2) the slope of the line at any point.

The most convenient point is usually x ~ 0, and in eqn. (48a)

this will give y n

or in eqn. (47) this will give y — c/b

The slope of the line is given by the difference of the y values of two points, divided

by the difference of their x values.

In eqn, (47) the slope is — a/b

while in eqn. (48a) the slope is m.

A particular form of eqn, (47) is

f + i
= * («»>)

and in this case the line cuts the x axis at x — a and cuts the y axis at ~ 6. The
slope is equal to — b/a.

An equation of the form
a b-4-=c (49)
X y

may be solved by regarding 1/x and X/y the unknowns, then following a similar

procedure as for an equation in x and y, and solving for 1/x and \/y.

(3)

Simultaneous linear equations (two unknowns)

a,x 4- b^y = c, C c I

— ajfi

+ b^y = Ct OlCf — gfCi

Qibi — a^bi

(50a)

(50b)

provided that (a,6t — Us^i) is not zero.

Alternatively the solution may be derived by determining x in terms of y from the

first equation, and then substituting in the second.

Checking solutions :

After any solution has been found, particularly with more than one solution, it is

highly desirable to check these in the original equation.

(4) Three simultaneous equations (three unknowns)
Given f ax 4- ^3^ 4- cs 4- d ** 0.

< a^x- 4- biy 4- CiS -f d, ** 0

l^a,x -f -f d, *• 0
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Then

^ d(bffii — biCf) -h di(bct — bfC) -+• df{biC — bci)

a(biCt — btCi) 4- ai^bgC — bct) + at(bci — b^c)

^
~ OtCi) -f- diiatc - act) 4- dt(aci - aic)

^ aibiCt — bfCi) -h aiibtc — bct) -f atibc^ — bic)

__
d(aj>i — Oibt) + — dtb) 4- dt(aib — o^i)

““
<KbiCt — ^iCi) + aiib^c — 6c,) + at(bci — b^c)

(51 )

It will be noticed that the three denominators are identical.

(5) Quadratic equadona
(jc — aXx + 6)=0; x = a ot x == — b

— b '±\/b* — 4ac
ax* -h bx -h c == 0 ; X = ^
Note that in cqn. (53)

when 6* = 4ac, the two roots are equal

when b* — 4ac is positive, the two roots arc real

when b* — 4ac is negative, the roots arc imaginary.

(52)

(53)

(6) Quadradc equadona with two variabiea
Example : y — ax* -h bx -h c.

This type of equation is not limited to one or two solutions, but has a corresponding

value of y for every possible value of x. It is helpful to plot part of the curve on
squared paper—sec Sect. 5(i), The curve may cut the x axis at two points, or it may
touch at one point, or it may not touch it at all. Let y = 0, then

ax* -h bx ~h c ~ 0

and the points at which the curve cuts the x axis will be

X
— b ±\ b* — 4a£

2a
(54)

If b* > 4ac, the curve will cut at two points.

If b* = 4ac, the curve will touch at one point.

If b* < 4ac, the curve will not cut the x axis.

(xiv) Formulae or laws
A formula is a law, or rule, generally in connection with some scientific relation-

ship, expressed as an equation by means of letter symbols (variables) and constants.

For example, Ohm’s Law states that E RI where each of the letter s3rmbols

has a precise meaning. If we know any two of the variables, we can determine the

third,

E E

Another example is

1

2nfC
which gives X* for any desired values of/ and C. Note that 2w is a constant.

All formulae or laws may be rearranged in accordance with the rules for the solution

of equations, so as to give the value of any variable in terms of the others.

(xv) Continuity and limits

Some ftmetions are ** continuous,*’ that is to say they are smooth and unbroken

when plotted as curves. Other functions are said to be '* discontinuous ” if at some
value of X the value of y is indeterminate or infinite, or there is a sharp angle in the

plotted value of y == E{x). Examples of points of discontinuity are :

(1) y 1/x is discontinuous at x = 0.

(2) y =* 10* “ ** is discontinuous at x = 1.

Even when a function is discontinuous at one or more pointt, it may be described

M continuous within certain limits.
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It frequently happens that a fraction approaches very closely to a limiting value>

although it never quite reaches it for any finite values of the independent variable.

For example, the voltage gain of a resistance coupled amplifier is given by
A — + Tp)

and it is required to find the limiting value of A when R
;

is made very great.

The formula may be put in the form

"

A
1 +

(55)

'and 2s Rj^ it made very much greater than r p, the value of r p//? becomes very small

although it never actually reaches zero. We may express this in the form

which may be suted “ the limit of (r^/Rj)y as approaches infinity, is zero.**

limiting value of A, as Ri approaches infixihy, is therefore

(56)

The

Lt A == (57)

*

(zvi) Progressions, sequences and series
A Sequence is a succession of terms so related that each may be derived from one or

more of the preceding terms in accordance with some fixed law.

A Series is the sum of terms of a sequence.

Arithmetical Progression is a sequence, each term of which (except the first) is

derived from the preceding term by the addition of a constant number.
General form : a, (u -h d), (a -f 2d), (a -f- 3d)

Example: 2, 5, 8, 11, etc.

(here a — 2 and d = 3).

The nth term « a 4- (n — l)d (58)

The sum of n terms is 5 - in[2a + (n — l)d] (59)

When three numbers are in Arithmetical Progression, the middle number is called

the ** arithmetical mean.** The arithmetical mean between a and b is i(a 4 b),

Gecmietrical Progression is a sequence, each term of which (except the first) is

derived from the preceding term by multiplying it by a constant ratio (r).

General form : u, or, or* or*.

Examples : 3, 6 , 12 , 24

,

(r •= 2)

4, -2, 41, (r = - i)

With the general form above,

the nth term ~ or" *
(60)

and the sum of the first n terms is—(rr!) (61)

When three numbers are in Geometrical Progression, the middle number is called

the Geometrical Mean. The Geometrical Mean of two numbers a and b is

If the ratio r is less than unity, the terms become progressively smaller, and the

sum of a very large number of terms approaches

(62 )
n-^ 00 *

Harmonic Progression : The terms a, b, c, etc. form a harmonic sequence if their

reciprocals

1 1 1— f f — 9 etc.

form an arithmetical sequence.

Example : 1, I, 1/3, 1/5 is a Harmonic Progression

becrae 1> 2, 3 > 4, 5 is an Arithmetical Progression

lab
The Harmonic Mean between a and b it —

•

a -i- b
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Note that the Arithmetical Mean between two numbers is greater than the Geo-
metrical Mean, which in turn is greater than the Harmonic Mean.
With any form of progression or sequence, we are often concerned with the sum of

a number of terms of which the general term is -given. It is possible to write this

sum in a shortened form, for example
k — n

1+24-3 + 4 + ... 4-* + . .. + n=
k = 1

where the Greek letter capital sigma is used to indicate the sum of a number of terms ;

k is merely the general term ; and the values of k are to be taken from ^ = 1 (beneath

sigma) to k = n (written above sigma).

(zvii) Logarithmic and exponential functions
If u* - N

then X is the logarithm to the base a of the number N. This may be put in the form
X = loga N

where the base a may be any positive number except 1 or 0.

The two principal systems of logarithms are

(1) The Naperian (or natural) system, using the base e ” 2.718 28 .. . (pre-

ferably written with the Greek €), and

(2) The Briggs (or common) system, using the base 10.

Only one set of tables is required, for it is possible to convert a logarithm to one
base (b) into a logarithm to any other base (a) :

^Ogay log
ft

X loga ^

If it is required to find the logarithm to the base e, given the logarithm to the base 10,

log<y = logio3' logc 10 (63a)

= logi0> X 2.3026 (63b)

logio^' = log^y X 0.4343 (63c)

Some properties of c

The value of e is given by the right hand side of eqn. (86).

Values shown below in brackets are to four decimal places.

€ - 2.71828 (= 2.7183)

1/C = 0.367879 (= 0.3679)

log 10 € -= 0.43429 (- 0.4343)

log ^
10 - 2.30259 (- 2.3026)

log^ 10 = 1/log, o €

logic C" = « X 0.43429 (= n x 0.4343)

Some manipulations with logarithmic functions
log a/b ~ log a — log b (64)

log 1 /a = log a (65)

log>" = n X log^ (66)

log === - log y (67)

log>"*'^ (m/fi) X log_v (68)

log Vy = logy^'* = (1/2) logy (69)

log -^^y == logy''* = (1/3) logy 70)

To find the cube root of 125

—

i/\25 - (125)''*

Therefore log (125)''* - (l/3> log 125 - (1/3) (?.0969) - 0.699.

Then antilog 0.699 === 5.00 (from tables).

log ^^y* *= |log y (71)

log abc - log a + log 6 + log c (72)

log (ab/cd) === log fl + log 6 - log r - log d (73)

log (a^b^c^) m. log a + «. log + p. log c (74)

log {ab^/c^) ^ log a + m. log 6 — n. log c (75)

log (a* - 6*) - log [(a + 6Xa - b)\ - log (a + 6) + log (a - b) (76)
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log - 6* = 1 log (fl -f 4- 1 log (a — b) (77)

Logarithmic Functions are closely related to Exponential Functiona> and any

equation in one form may be put into the other form. If the curves are plotted, the

two will be the same.

Example : Exponential form y — r*

Logarithmic form x — logry
Numerical example :

If r = 10 and x = 3

Then y - 10* - 1000.

This may be handled by the logarithmic form of the equation,

X — logry = logic 1000 — 3 as before.

Logarithmic decrement : If the equation is of the form

y = a€~^
where ( — is negative, the value of y decreases as x is increased, and ( — 6) is called

the Logarithmic Decrement.

(xviii) Infinite series
It was noted, when dealing with Geometrical Progression, that it is possible to take

the limit of the sum of a very large number of terms, as the number approaches in-

finity, provided that the terms become progressively smaller by a constant ratio.

Such a series is called ** convergent'*' and is defined as having a finite limit to the sum
to infinity. Infinite series which do not comply with this definition may be “ diver-

gent ** (these are not considered any further) or else they may be “ oscillating.*’

(a) Binomial scries :

1 -f mx -f

The nth term is

m(m — 1)
X* -h

1.2

m(m — IX"* — 2)

m(m — IX"* — 2)

r2i

,
(m — n 4- 2)

X* 4 etc. (78)

(79)
1.2.3 . . .(n - 1)

The denominator is usually written in the form
("-!)!

which is called “ factorial (n — 1).”

This Binomial Series is convergent, provided that x is numerically less than 1.

(b) Binomial theorem :

Case 1 :

(1 i x)- = 1 db WX 4-
m(m — 1) X* m(m — IX"* — 2)x*

2 !

m(m — 1) ... (w — n 4- 2)x’*
~

3 !

+ . .

4- . . .

••• (80)

which holds for all values of x if m is a positive integer, and for all values of m provided
that X is numerically less than 1.

The Binomial Theorem is useful in certain approximate calculations. If x is small

compared with 1, and m is reasonably small,

(1 4- x)*" 1 + mx
(1 — x)"* ^ \ — mx
(1 + x)‘'^f^ 1 - mx (81)

(1 - xy* 1 4- mx.

To a closer approximation (uking three terms),

(1 4- x)* 1 4 mx 4* * m(m - 1) x»

(1 - x)*" 1 ~ mx 4 J m(m — 1) x* I (82)
(1 4 x)“*" ^ 1 — mx 4 i m(m 4 1) x*

(1 — x)“"* 5:^ 1 4 mx 4 4 m(m 4 1) x*

Numerical example : To find the cube root of 220.
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- (216 + 4)'.' - {216(l + - 6(l + i)"'

Applying the approximation from the Binomial Theorem,
(1 4- x)"* 1 4- mx

to the evaluation of the quantity above, we may make x — 1/54 and m == 1/3, from
which

/ 1 y/* 1 1 1(l+^j + 3
--
54

«.l + ,-2̂
^ 1.00617

Therefore 6 x 1.006 17 6.037.

Cmc 2:
We can also expand (a + x)”*, which is convergent when x is numerically less than

a :

(a i: x)- = a" ± ma--»x + jj~ a^-^x* db
3
^ a"*-»x* -f . . .(83)

1.006 17

Approximation :

—V-, = (a + 1)"' sa !(i-i) when a > 1

(c) Exponential aeries

From the Binomial Theorem, putting x == 1/n and m = nx, we may derive

/ 1\"* X* X* X* x"~'
(1 + -] =l+* + 2T + 3j+4-j+--- + ('^ITiyf + • •( -T
Then X ~ 1 t

(-')•=
When X ^ 1 this becomes

/, 1\" 111
I ^ + 1 )

= 1 4- 1 4 7 ^ “b Vi 4- . . .
’ n/

‘ ‘
" 2! 3! " 4!

^
* Mfi - 1)!

" * * *

The right hand side of this equation is the value £, which is equal to 2.71828 (to five

places of decimals). Taking the xth power of each side of this equation,

( - D" ' «

Therefore 6* = (l 4

and 1 ^ + 2T 3T 4! (^~lT!
which is called the Exponential Series.

(d) Logarithmic scries

The logarithmic series is the expansion of log ^ (1 -h x) in ascending powers of x :

log, (1 + X) ^ X- 4 f- -f 4- . . . (88)

which is convergent if x is numerically less than 1

.

(e) Trigonometrical series

X* x» x’
sin X = X “

3! + 5
-, -

7l
+ • • •

X* x" x*
cos X = 1 " 2 !

+ 4 !

^
'

6 !

+ • •

X* 2x‘ 17r’ 62**
tan X — X 4- -

3
“
+ 15

-

‘3f5“ M35
* tan X - X 4-

3
“ + -j

5
- 4- + 2S35

^ ^

For derivation of eqns. (89) and (90) see Sect. 6, eqns. (17) and (18).

(xix) Hyperbolic functions
These are combinations of the sum and difference of two exponential functions.

f* — €~

*

is called the hyperbolic sine of x, designated by sinh x

€ “f €-
.

is called the hyperbolic cosine of x, designated by cosh x.
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is called the hyperbolic tangent of x, designated by tanh x

and similarly with the inverses

cosech X = 1/sinh x

sech X = 1/cosh x
coth X = 1/tanh x111

Note ^ ^ jT + 2

!

1

3! 4!
*

'

2.718 28

The following may be derived :

cosh*x — sinh*x = 1

sech*x -f tanh*x = 1

coth*x — cosech*x = 1

sinh (— x) = — sinh x ; cosh (— x) = cosh x ; tanh (— x) — — tanh

tanh X
sinh X = ^ Vcosh'x - 1

1

cosh X — -— - - _ _ y/sinh*x 1

V 1 - tanh*x

sinh X
tanh X

cosh X - Vl scch*x

X y X —
sinh X -f sinh y = 2 sinh —

^
“
2

X — y
sinh X — sinh y «= 2 sinh —— - cosh

2 ^

X 4- y .
•*

cosh X -h cosh y = 2 cosh
^

2

X 4- y . X
cosh X — cosh y = 2 sinh

y

X 4 y
2

y

y

tanh X ± tanh y — sinh (x ± y)

cosh X cosh y
(sinh X 4- cosh x)" = cosh nx 4- sinh nx

tinh”*x = log^ (x 4- V 4- 1) — co8h“‘\/x* f 1

cosh"‘x ^ log^ (x 4- \/x* - 1) = 8inh"*V x* - 1

1 -f X
tanh”*x = i logc

= cosh'’

sinh (x ± y) =

cosh (x ± y) =-

tanh (x 4: y) =

1 ~ X

I

\/r~
-

— sinh"*

£*± »
-f

»>

€'* ' -- €*'

i. » *-1 *»

2 tanh x
sinh 2x ^ 2 sinh x cosh x ^ ^ .

1 — tanh* X

1 4^ tanh* x
cosh 2x = cosh* x 4- 8inh*x

VT X*
)

= sinh * cosh y ± cosh x sinh y

cosh X cosh y :t. sinh x sinh y

tanh X ± tanh y
1 ± tanh X tanh y

1 — tanh’ X

tanh 2x --
2 tanh x

1 + tanh’x

cosh X + sinh x - t”

cosh * — sinh x ~ «”*

X* **
sinh X = X + + jj

+ . .

(92)

(93)

(94)

(95)

* (96)

(97)

(98)

(99)

( 100)

( 101 )

( 102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110a)

(110b)

( 111 )

(112)

(113)

(114)

(lift)

(115b)

(115c)
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cosh ^ 1 + '41 + •+ • • • (n5d)

(these are convergent for all real values of x).

Also in complex form (see Section 6)

sinh jx — j sin X ; coshjx = cos x ; tanh^x = j tan x (116)

sin jx = j sinh x ; cos jx = cosh x (117)

sinh (x ± jy) — sinh x cos y ± j cosh x sin >> (118)

Note that x and y in sin x, cos x, tan x etc. in eqns. 116 to 119 must be expressed

in radians.

cosh (x i jy) ~ cosh x cos y ± j sinh x sin 3^

(0 = 7^-37
. (') .

ySbTTJ

(

x\ cosh X — 1 sinh x

2/
~

sinh X cosh x + 1

(119)

(120)

( 121 )

(xx) General approximations
Let 8 be an extremely small quantity and x be a quantity very large compared with

8, then

1

1 - 8
1 4 8

1 -h 8
1 - 8 (122)

1 -l- 8

1

1 + 81-8,
1 4- 8

,

(1 ± 8)" 1 ± nb

1

(1 ± &)"
1 T fi8

V 1 + S 1 + 15

1 - is
VI + 8

(1 + 8)*

1

+ 28
(x ± 8)" x** db nx**

” '8

}
where n may be integral, f

fractional or negative \
Vl - 8 sa 1 - 18

1 + 18
Vl - 8

(1 - 8)* 1 - 28

(123)

(124)

(125)

(126)

(127)

(128)

(129)

Eqn. (129) is used in Sect. l(v)b for approximations with powers and roots.

V^(,x + 8) iSK * + 18 V'x(x - 8) X - 18 (130)

(1 + 8,XI ± 8.)«5» 1 + 8, ± 8, (131)

(1 + 8,XI + 8,X1 + 8,) =» 1 + 8, + 8, + 8, (132)

where 8„ 8, and 8, are all extremely small quantities.

C* 1 + 8 c'S 1 - 8 (133)

SB 1 + t/RC j _ ,/jic (134)

Eqn. (134) has an error less than 0.6% when t/RC does not exceed 0.1.

log, (X ± 8) log. X ± * - i(*)‘ (135)

log€ (1 ± 8) 5 - i8* (136)
sinh 5 8 cosh 8 1 tanh 8 8 (137)
sinh‘'*S 8 tanh“*8 8 038)
sinh (x + 8) sinh x + 8 cosh x ; sinh (x — 8) sinh x — 8 cosh x (139)
cosh (x + 8) cosh x + 8 sinh x ; cosh (x — 8) cosh x — 8 sinh x (140)
tanh (x + 8) tanh x 4 8 sech* x ; tanh (x — 8) tanh x — 8 sech* x (141)

When L is a large quantity

sinh L cosh L ^ tanh L 1 (142)

Trigonometrical reladonthipt

Wlien 8 is an extremely small quantity, so that an angle of 8 radian is a very small
angle, and x is an angle very large compared with 8,
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sin 8 ^ 8 cos 8^1 tan/ 8 ^ 8 (I^^)

sin“ ^8/^8 cos’" ' 8 in(^tK — 1) 4- 8 tan” ^8 8 (144)

where K is any integer. See Sect. 3(iii) for inverse functions.

sin (x -f 8) sin X 4* 8 cos x sin (x — 8) sin x — 8 cos x (145)

cos (x 4- 8) cos X — 8 sin X cos (x — 8) ^ cos x 4- 8 sin x (146)

tan (x 4- 8) tan x 4- 8/cos* x tan (x — 8) tan x — 8/co8* x (147)

SECTION 3 : GEOMETRY AND TRIGONOIVIETRY

(i) Plane figures (if) Surfaces and volumes of solids (Hi) Trigonometrical relation-

ships.

(!) Plane figures
Angles
Two angles arc complementary when their sum is equal to a right angle (90'’).

Two angles are supplementary when their sum is equal to two right angles (180'").

The three angles of a triangle are together equal to two right angles (180°)

2n radians — 360°

tr radians = 180°

1 radian ^ 57.29578°
1° 0.0174533 radian.

When an angle is measured in radians, and incorporates the sign n, it is usual to

omit the word “ radians ** as being understood—e.g. w, 2n.

Ri|^t Angle Triangles (Fig. 6.1)

a
Sine

Tangent :

Cosine :

= sin y4

I
^ tan A

b

b ,
- = cos A

a — c A

a b tan A

8 = c cos A

( 1 )

(2 )

(3)

Cosecant :

Secant

:

Cotangent

= cosec A = l/sin A (4)

= sec “ 1/cos A (5)

== cot A == 1/tan A (6)

c is called the hypotenuse.

-f (V
a = y/{c + bXc ~ b) Vme (8)a— csin/i — 8tani4 (6)

b = V{c -b aj(c - a) ^ Vnc (10)

b ^ c coi A a cot A ~ g/tan A (11)

c = Vam* = m + >1 (12)
c ** d cosec A = a/sin A — b tec A « 8/cos A 03)
Ares ^iab^ia*cotA = i8*tan.^ (14)

=» ! c* sin 2A = 1 8c sin /I ~ ! oc sin B (15)
The perpendicular (p) to the hypotenuse is the mean proportional (or mean geo-

metrical progression) between the segments of the hypotenuse.

*S«« Sect. 3^iU) for tHfonometrical reUtiorwhipt.
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also

P
m

P
n
a

P = Vlnm (16)

(17)^
n ^

a c h c

Any triangle inscribed in a semidrcle> with the diameter forming one side, is a right

angle triangle.

Equilateral Triangle (Fig. 6.2a)

Each side = a

Each angle = 60®

m = \ a

h vim = {Vil2)a 0.866a (18)

area = J a* = (VT/4)a* 0.433a* (19)

Any triangle (Fig. 6.2b)

Area = i 6A = VKs — aXs — bXs — c) (20)
where b — base, h ~ height, = i (a -1- 6 -f c).

a b c

sin sin B sin C
a* = i,* + c» - 2^>c cos /I

6* " c* + a* — 2ca cos B
c* = a* 4- 6* — 2ab cos C
a 6 cos C -f c cos B
6 c cos -<4 a cos C
c = a cos B -r b cos A.

Rectangle (Fig. 6.3)

Area == ab

d = diagonal = V^a* + b*

Parallelogram (Fig. 6.4)

Area = 6A = a6 sin C ; a = c ; b ~ d.

Angle A = angle C ; angle B = angle D.
Trapezoid (Fig. 6.5).

Side d is parallel to side b.

Area - 1(6 \- d)h.

}

}

(21 )

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Polygon* and Quadrilateral*

To find are*, divide into triangles, calculate the area of each, and add.

Circle
Circumference — n x diameter 3.1416 x diameter (31)

= 2»r X radius <=ss 6.2832 x radius (32)

Area = ir x (radius)* = 1 (circumference x radius) (33)

= (»r/4) X (diameter)* 0.7854 (diameter)* (34)

Sector (Fig. 6.6)

A - angle subtended at centre t/r radians (35)

c - iV^ - a* = 2 r sin {A/2) = 2a tan {A/2) = 2v'2Ar - A* (36)

a ”• iV4r* -- c* ” kVd* — c* = r cos {A/2) = t e cot {A/2) (37)
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«ric» • ric « T

s *= length of arc = rA (A in radians) (38)

= n rA/\SO (A in degrees) (39)

h = r- a = r(l-co8 A/2) (40)

Area of sector = 1 rj = J rM (A in radians) (41)

= tr r* A/360 (A in degrees) (42)

Area of segment (bounded by chord c, curve s)

— i r* (A — iin A) (A in radians) (43)

= t r (i — r sin s/r) (s/r in radians) (44)

= i [r (j — c) -f c/j] for segments less than half a circle. (45)

Ellipse (Fig. 6.7)

The ellipse has two fod, F and F', and for any point P on the perimeter,

FP + PF" is constant = FB -f BF' «= FA 4- AF' (46)

Major axis = AB — 2a ; minor axis = CD = 2h (47)

Area of ellipse = ^fob 0.7854 major axis x minor axis (48)

Perimeter a (4 -f 1.1m -f 1.2m*), where m = b/a (49)

An ellipse may be drawn by putting a pin into the paper at each focus (F, F'), tying

the ends of a short length of cotton thread around the pins leaving a slack portion in*

the middle, and rtuuiing a pencil point around in the loop of the thread.

To find the fod, draw an arc with centre at C and radius a to intersect the X axis

(AB) at F and F'.

Parabola (Fig. 6.8)

The parabola has a focus (F) and a directrix (MN) and for any point P on the para-

bola,

FP = PM where PM is the perpendictiiar to the directrix (50)

Area of segment cut off by chord PP' — (2/3) ch. (51)

'’•c fic • f

Hyperbola (Fig. 6.9)

The hyperbola has two fod (F, ¥') and two asymptotes, and for any point P on

cither curve,

FT ~ FP « constant (52)

General mlea for areas

Areas bounded by straight tides may be calculated by dividing the area into tri-

angles, cakuiating the area of each and adding.

Areas bounded by irregtilar curves may be divided into parallel strips and the area

by one of the following approximations :
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Trapezoid rule

Area +>,+>'» + + + i>’.) (53)
where d width of each strip

and 3' i> >'t> >» • • • O' n are measured lengths of each of the equidistant parallel chords.
Note that the first (3^1) and the last (3^,*) do not cut the area, and may be zero if the

surface is sharply curved.

Simpson's Rule

Area = ^
(:y. + 4>, -f + 4y, + 2y, . . . + 2y„_, + 4y„_, + y,) (54)

where n must be odd
d width of each strip

and . . .3^* are measured lengths of equidistant parallel chords,

(ii) Surfaces and volumes of solids
Cube (length of side a)

Volume a*

Surface area 6u*

Length of diagonal - av 3

Rectangular prism
(length /, breadth ^ b, height — h)

Volume Ibh

Surface area 2(lb f Ih r bh)

Diagonal v f

Cylinder, solid right circular

(length If radius r)

Volume - ttt*/ ^ 0.7854 d*/

Area of curved iX)rtion 2v rl — tt dl

Area of each end - tt r*

Total surface area 2 ti r (/ 4 r)

Hollow cylinder, right circular

(length If outer radius Rf inside radius r)

Volume - 7T /(R* r*)

Any pyramid or cone
Volume ^ 1/3 (area of base • distance from vertex to plane of base)

Sphere

Volume
^

TT r> >t 6 s- 4.1888 r’ ^ 0.5236

Surface area 4n r* n d^

(iii) Trigonometrical relationships
We have already introduced the sine, cosine and tangent of an angle, and their

inverses, under the subject Angles (Fig. 6.1). The following table may readily be
derived with the assistance of Fig. 6.10 :

Angle Sine Cosine Tangent
0 0 1 0

30 1 2 \ 3 2 l/\ 3

4

)

1 \ 2 1 \ 2 1

60 V 3 2 12 V 3

90 1 0 00 •

•Approaches infinity as angle appn>aches 90 .

The values for any angle between 0 and 90 may be found from Table 72, Trigo-
nometrical Relationships, in Chapter 38 Sect. 21, or from any book of Mathematical
Tables.

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(t8)
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Angles of any magnitude
If the line OX (Fig. 6.11) revolves about O to a new position OP, the amount of

rotation is the angle XOP between its original position OX and its new position OP.
Such a counter-clockwise roution is called positive, while the opposite direction of

rotation is called negative.

Examples of angles in all four sectors are shown in Fig. 6.12. It will be seen that,

for any angle A, the position of OP is the same for a movement of angle A in a positive

direction, or for a negative movement of (360° — A)

;

for example,

-f 330° = - (360° - 330°) = - 30°

In the case of angles greater than 360° we are generally only, concerned with the final

positioo OP, so that for these cases we may subtract 360°, or any multiple of 360°,

from the angle so as to give a value less than 360°. For example 390° = 360° + 30° ;

800° = 720° -f 80°
;

1125° = 1080° + 45°.

In trigonometry it is also necessary

to define the polarity of the three

sides of the triangles from which
we derive the sine, cosine and
tangent. The hypotenuse (OPj)

is always positive (see Fig. 6.13).

The base (0X0 is positive when X
is to the right hand side of O, and
negative when X is to the left of O
(e.g. 0X0- The perpendicular is

positive when P is above X (e.g. Pi X|) and negative when P is below X (e.g. = P*).

1st Quadrant : All sides positive (OXiPi).
Sine, cosine, tangent all positive.

2iid Quadrant : OX a negative, other sides positive.

Sine = XaPj/OPt which is positive.

Cosine = OXa/OP, which is negative.

Tangent = 5i^a/OXa which is negative.

3rd Quadrant : OXa, XaPs negative ; OP, positive.

Sine = X,Pa/OPa which is negative.

Cosine = OXa/OPa which is negative.

Tangent = XjPa/OXa which is positive.

4tli Quadrant : OXt, OP4 positive, X1P4 negative.

Sine « X1P4/OP4 which is negative.

Cosine » OX1/OP4 which is positive.

Tangent =» X1P4/OX1 which is negative.

A convenient method for determining graphically the value of the sine, cosine and

tangent of an angle is shown in Fig. 6.14, where the circle is drawn with radius 1

(to any convenient scale, say 1 inch). To the same scale, PX gives the value of the

sine, OX the cosine and AT the tangent.

** Inverse” functions

If tin ^ « a, we may describe (1 at the angle whose tine it a. This is convention-

ally written in the form
$ «• tin“ ^ a,

where the ” tur ^ ” it to be regarded purely at an abbreviation for ” the angle whose
dne is.*'
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(360 it will pass through 2n radians, and if it makes / revolutions per second, then
the angular velocity will be

o) ~ 27Tf radians per second

where / = frequency in cycles per second.

In most mathematical work it is more convenient to write w than to write 2irf.

SECTION 5 : GRAPfflCAL REPRESENTATION AND j

NOTATION
(i) Graphs (li) Finding the equation to a curve {Hi) Three variables (iv) Vectors

and j notation.

(i) Graphs
Graphs are a convenient representation of the relationships between functions.

For example. Ohm’s Law
E - R1

may be represented by a graph (Fig. 6.17) in which I is plotted horizontally (on the

X axis) and E vertically (on the Y axis) for a constant value of R.

Any point P on the plotted “ curve ” has its position fixed by coordinates. The
horizontal, or x - coordinate (OQ) is called the abscissa, while the vertical, or

> — coordinate (QP) is called the ordinate. The position of the point is written as

d, by thus indicating that x ~ a and y = by where a — OQ and b = QP.

Any function of the form

y mx + n (m and n being constants)

is a linear equation, since the plotted curve is a straight line. It only passes through
the origin (O) if n — 0

In the general case, the

axes extend in both direc-

tions about the origin (Fig.

6.18) forming four quad-

rants and allowing for neg-

ative values of both x and y .

^

These are known as “ Car-

tesian Coordinates.”

When the two variable

quantities in an equation ^

can be separated into
“ cause ” and ” effect,” the ” cause ” (known as the independent variable) is plotted

horizontally on the x axis, and the ” effect ” (known as the dependent variable) vertic-

ally on the y axis. In other cases the choice of axes is optional.

Any convenient scales may be used, and the x and y scales may diflfer.

The procedure to be adopted to plot a typical equation

y — 2x* 4- 4x — 5

is as follows. Select suiuble values of x (which will be regarded as the independent

variable) and calculate the value of y for each :

X - 3 y = 18 4- 12 5 - 4- 25

X - 2 y 8 '-f 8 - 5 - + 11

X - 1 y =- 2 + 4 - 5 - 4- 1

X - 0 y = 0 4- 0 5 - - 5

X - - 1 y = 2 - 4 ~ 5 - - 7

X - - 2 y ^ 8 - 8 - 5 - - 5

X - 3 y 18 - 12 - 5 - -f 1

Then plot these points, as in Fig. 6.19A and draw a smooth curve through them.
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The tangent at any point (e.g. P in Fig. 6.19A) is a straight line which is drawn so

as to touch the curve at the point. The slope oi the tangent> which is the same at

that of the curve at the pointy is defined as the tangent of the angle B which it makes
with theX axis. Betw^ points B and C on the curve, B is positive, therefore tan #

is positive and the slope is called positive. Between points B and A the angle B is

negative, and the slope negative. At point B, B — 0 and the slope is zero. It is

important to remcmb^ that the curve normally extends in both directions indefinitely

unless it has limits, or turns back on itself. It is therefore advisable, when plotting

an unknown function, to take very large positive and negative values of x and cal-

culate the corresponding values of >, even though the points cannot be plotted on
the graph paper. This will indicate the general trend of the curve beyond the limits

of the gra^ ptpcr.

The equations of some common curves are :

Straight line through origin y == mx (1)

Straight line not through origin y = mx -f n (2)

Circle with centre at origin jy* = r» — X* (3)

Circle with centre at (A, k) (X - h)> + {y - *)* = r‘ (4)

General equation of circle X* 4- 4- dx 4- -f / « 0 (5)

Ellipse - + 1

a* ^ b*
(6)

Hyperbola
X* y*

a* b*
(7)

Parabola (origin at vertex) >> = 2px (8)

Focus is at X = p/2, y = 0 (9)

AresM and average helghu
The average height of a curve (i.e. the average length of the ordinates) may be dc-

termined by dividing the area beneath the curve into strips of equal width, and .ben

using either the Trapezoid Rule or Simpson’s Rule [see Sect. 3 eqn. (34)] to deter-

mine the area, and dividing the area by the length (abscissa).

Lognrithinic paper
Logarithmic ruled paper is frequently used in the plotting of curves, particularly

when the X or > coordinates cover a range of 100 : 1 or more. Single cycle* ptper

accommodates a range of 10 : 1, and may be drawn by hand, using the whole of the

C scale, or half the B scale on a slide rule. Two ** cycle ” log paper accommodates
a range of 100 : 1, and may be drawn with the whole B scale on a slide rtile. Bach

thit fiiould be ciikd 4<cad«.
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of the “ cycles has the same linear length. Additional “ cycles ** may be added as

desired (for examples sec a.v.c. characteristics in Chapter 27).

Occasionally it is desirable to use log.

log. ruled paper ; this is ruled logarithmic-

ally on both X and Y axes. An important

feature of this form of representation is

that a curve of the type

y
~ ax"

is shown as a straight line with a slope of n
where the slope is measured as the number
of “ cycles on the Y axis per “ cycle

**

on the X axis (see Fig. 6.19B).

In plotting readings (say for a valve If,,

E
t,
characteristic) which are likely to follow

a power law, it is often helpful to use log.

log. paper. A straight line indicates a

true power law, and its slope gives the value of the exponential usually not an integer.

A slightly curv’ing line indicates a close approach to a power law, and a tangent or

chord may be drawn to give the slope at a point or the average over a region.

(ii) Finding the equation to a curve
A method which may be used to find the equation to a curve is given by K. R. Sturley

in his book “ Radio Receiver Design Part 1 ” (Chapman and Hall, London, 1943)

pages 419-421. i40

(iii) Three variables

The plate current of a tnodc is given

approximately by

K(^.E. i F,)’/*.

In one typical case K 10 •. 10 ® mhos

(the perveance)

and n 20.

Here there arc three variables, /:\, Ef, and

I We can select a suitable value of E f,,

calculate the curve, and then repeat the

process for other values of E f,. Here E ^ is

called the parameter.

If Ef, 250 volts, the plate current in milliamperes will be

If, 10 • (20 N E, ^ 250)^=* mA
If E, 0, If, 10 • (0 i 250) : 10 • (250) 39 mA

Er 4, Ih 10 ’ ( 80 I 250)" ^ 10 * (170)" " 22 mA
Er - 10 " ( 160 f 250)" " 10-" (90)" " ^ 8.5 mA
E, \2,h 10 "( 240 i 250)"* 10 * (10)" * 0.3 mA

These points have been plotted in Fig. 6.20, and a curve has been drawn through

them marked Ef,
- 250 V.

Similarly, for ^ 150 V,

If F, Of If, 10-»(0 f 150)" " 10 "(150)" *^ 18 mA
Er 2, If, 10 *(401 150)" * 10 * (110)" » 11.5 mA
E, - - 4, If, 10-* ( 80 f 150)" * - 10“* (70)"/* 5.8 mA
F, - 6, U 10-* (- 120 T 150)" » 10“* (30)* /* 1.6 mA

Cut off occurs at E, — — (150/20) = — 7.5 volts.
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These points have been plotted and a smooth curve drawn through them. Similar
curves could be drawn for any other plate voltage, thus forming a “ family ** of curves.

This is actually a three-dimensional graphical diagram reduced to a form suitable
for a flat surface.

(iv) Vectors and j notation
Any physical quantity which possesses both magnitude and direction is called a

vector. Vectors may be represented on paper by means of straight lines with arrow-
heads. The length of the line indicates (to some arbitrary scale) the magnitude of
the quantity, and the direction of the line and arrow-head indicates the direction in

which the veaor is operating. The position of the line on the paper is of no con-
sequence.

Addition of vectors
Vectors may be added by drawing them

A B

/

in tandem, and taking the resultant from the

beginning of the first one to the end of the
last one. Fig. 6.21A shows two vectors,

a and b, which are added together to give

the resultant c. Exactly the same result

is obtained by placing a and b together, as

in Fig. 6.2 IB, completing the parallelo-

gram, and taking c as the diagonal. Vec-
tors are generally printed in bold face type,

to distinguish them from scalar values,

which have no direction, although they
have magnitude and sign (i.e. positive or

negative).

Vector negative sign

A vector ( a) has the same magnitude
as a vector (a) but its direction is reversed.

Subtraction of vectors

The vector to be subtracted is reversed in

direction, and then the vectors are added.

In Fig. 6.22, to find a b, the direction of b is reversed to give ( b) and then a
and C b^ are added to give the resultant (a b).

Multiplication of a vector by a number (n)

The resultant vector has the same direction, but its length is increased n times
e.g. a ' r/ fia

FIG. 6. 23

o

X

The scalar product of two vectors
The scalar produa of two veaors (a and b in Fig. 6.23) is ab cos 6, where 6 is

the angle between them. This may be written

a . b ab cos $

where a . b indicates the multiplication of two vectors. From Fig. 6.23 it will be
seen that the scalar product is the product of the magnitude of one veaor and the
“ projection ** .of the other on it.



•.5 riv) vFxrroRs and / notation

Components of n vector

Any vector can be resolved into two component vectors in any two desired directions.

For example, in Fig. 6.21 the vector c can be resolved into the component vectors

a and b. If the component vectors are at right angles to one another they are called

rectangular components ; in such a case they are usually taken horizontally (along

the X axis) and vertically (along the V axis). The vector OA in Fig. 6.24 can be

resolved into two rectangular components OB and OC where
10B| lOAl cos |OC| iOAl sin

Polar coordinates
An alternative form of defining a vector OP is

OP r /
where r is the magnitude of OP, and / ^ indicates that there is an angle 6 between it

and OX (Fig. 6.25).

A graphical device has been described* for the con-

version from complex to polar forms.

Rotating vectors** (j notation)

If a vector X (OA in Fig. 6.26) is rotated 90 in a

positive direction to a position OB, the new vector is

called ;X, and j is described as an ** operator **

which rotates a vector by 90 without changing
its magnitude.

If the vector)X (OB in Fig. 6.26) is operated upon
by jy it will be rotated 90 to the position OC,
where it is called ;*X, the y* indicating that it has

been rotated 2 -90 180 from its original position OA.

If the vector y -X (OC in Fig. 6.26) is operated upon by it w ill be rotated 90" to the

position OD, w here it is called y^X, the indicating that it has been rotated 3 90'

- 270 from its original position OA.
If the vector /’X (OD in Fig. 6.26) is operated upon by it will be rotated 90 to

the position OA w here it would be called y*X, the ;
* indicating that it has been rotated

4 90 360 from its original position OA.
There is an important deduction which is immediately obvious ;* indicates a

reversal of direction which is the same as

a change of sign. The operator is

therefore equivalent to multiplication
by 1.

If the operator ;= is applied twice in succes-

sion, the result should be equivalent to multi-

plication by I twice in succession, i.e.

( 1) • ( 1) 1. This is so, because

the operator brings the vector back to its

original direction.

Since the operator is equivalent to multi-

plication by 1, we may deduce that the

operator j is equivalent to multiplication by

\ 1, even though this in itself does not

mean anything.

Equivalent to multiplication by

\

Operator

(same as operator ;•')

^Snowdon, C. " A vector c«lcuiaunK device,” Electronic Eng. 17. uSept. 1944^ 14<».

••Alto called ” radiut veciort.” In pure mathematics ” i
” is used in place of

”
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Operator

1

Equivalent to multiplication by

j \ 1 (same as operator j)

-^~-j

j \ 1 (same as operator j)

Sec Chapter 4 Sects. 4(v), 5(v) and 6 for the application of the j notation to a.c.

circuits.

The direction of any vector can be defined in terms of the j notation. In Fig. 6.25,

OX represents the axis of reference, OP the vector, and Q the angle of rotation of OP
from OX. The perpendicular PA may be drawn from P to OX and then, by the

simple theory of vectors, OP is the sum of the vectors OA and AP. Using j notation,

we may say that

OP a f jb
which means that the vector OP is the vector sum of a and 6, where a is in the direction

of the reference axis OX and 6 is rotated 90 from OX. In other words, a is the

component of OP in the direction OX, and b is the component of OP in the direction

OY. The values of a and b arc given by
a = OP cos 6, b = OP sin 9y

where B ^ tan~ ‘ b/a.

This is sometimes called the Argand Diagram.

In electrical a.c. circuit theory (Chapter 4) it is well known that the current through
an inductance lags behind the applied voltage, while the current through a capacitance

leads the voltage. This is most clearly shown by rotating vectors. It should be borne
in mind that all the vectors arc rotating at the same angular velocity one revolution

per cycle of the applied voluge and that the pictorial representation is for any one
instant. Fig. 6.27 shows the vector diagram for peak a.c. current (/) flowing through
a resistance (R) and an inductance (L) in scries. The ctirrent vector (I) may be placed

in any convenient direction say horizontally (Fig. 6.27) ; a solid arrow head is used
to distinguish.it from voluge veaors. The peak voltage drop (RI) in the resistance

must be in phase ** with the current, and is so shown. The scale to which the

voluge vectors arc drawn has no connection with the scale to which the current (I)

is drawn - in fact we are here only concerned with the direction of 1. The peak
voluge drop across L is a>LI - X^I, and this vector is drawn vertically so as to lead

the current I by 90 . The toul peak voltage drop (E) is found by “ completing the

parallelogram of vectors ” as previously. It will be seen that 1 lags behind E by the

angle B.

A similar procedure applies with a capacitance instead of an inductance (Fig. 6.28)
except that the capacitive reactance is Xt instead of Xf and the vector of peak voltage

drop across C (XJ) is drawn vertically downwards, since it must be opposite to X;I.
The current (I) here leads the voluge (E) by the angle B,
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SECTION 6 : COMPLEX ALGEBRA AND DE MOIVRE^S
THEOREM

(i) Compkx algebra zvith rcctannular coordinates (iij Complex algebra ivith polar

coordinates (iit) l)e Moirre\ Theoreni.

(i) Complex algebra with rectangular coordinates
Complex algebra should preferably be called “ the algebra of complex quantities/'

and it is really quite simple to understand for anyone who has even a limited know-
ledge of mathematics.

It was explained in Section 1^ fig. 6.29

5 that the letter in front of

a vector indicated that it had

been rotated 90 from the jx

reference, or positive A’, axis

(Fig. 6.29). We can make
use of this procedure to in-

dic'atc the magnitude and
direction of any vector. In

*

Fig. 6.30 the vector OP, with magnitude 5, has

components
been resolved into the rectangular

OA 4 in the X direction

and AP 3 in the jX direction (90 to A'\

The A' axis is taken horizontally through O, and is sometimes called the “ real ” axis,

while the iX direction is called “ imaginary.” It is therefore possible to describe

OP in both magnitude and direction bv the expression

4
‘

/3

Its magnitude is the vector sum t't 4 and 3, which is \ 4* 3- \ 25 5. Its

direction is given by the angle 0 from the A' axis, where cos 0 4 5.

Any other vector, such as a in big. 6.31, can similarly be resolved into its com-
ponents :

b a cos t* in tlie X direction

and I a sin t* in the ;A' direction

and be wriiien as

b
'

;c

where b a cos 0

and c a sm tf.

'Fhc expressuni b je is called a complex quantitv, the

word “ complex ” indicating that the a^ldition is nv>t xo be

made algebraically, but by vecti»r addition.

I'his use o[ a complex quantity such as b /, is not

limited to true vectors, but is found uselul in m.my apphea-

lions in electrical engineering Its applicatn'ii to alter-

nating currents is covered in C.haptcr 4, and the following treatment is a general

introduction to the methods of handling complex quantities.

Modulus
The modulus is the magnitude of the original vector (a in Fig. 6.31) and is numeric-

ally equal to the square root of the sum of the squares of the magnitudes of the two

components,

'u; \ b^ • (1)

Addition and subtraction of complex quantities

1 he primary rule is to place all “ real ” numbers together in one group and all

” imaginary ” numbers in another, 1 hese two groups must be kept entirefy separate

and distinct throughout. '1‘he linal form should be

. . .^ •

'Or I in purr mathematics.
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Example : Add A -h jB, C -r ;D, E — jF.

Total is /I -h C -h E i- 4- >D — jF
- f C + E) f ; (E + D - E).

Multiplicadoii of complex quantities

The multiplication is performed in accordance with normal algebraic laws for real

numbers, 7 ^ being treated as 1.

(^i - jyiXxi t jyi) xix, ^ jyiXi ^ AVsX, 'rj^yiy .

(xiXa yiyt) ^ j f X.^,) (2)

Division of complex quantities

The denominator should be made a real number by multiplying both the numerator

and the denominator by the conjugate of the denominator (i.e. the denominator with

the opposite sign in front of the j term).

..
^ 1^2 ^ Jyi^i ' y^y-

Xi ^ ;>'2 (x-i • jy2)(x.i ~ jy.i) xJ f >’ 2

'^

Yx.x . V VA X.

\ X2“ ^ V2' ' ^ X.r r Vi"

Similarly

1 (l)(x jy)

X - jy {x ^ jy){x - jy)
(4)

Square root of complex quantities

To find the square root of (a • ;6), assume that the square root is (x - jy) and

then proceed to find x and v.

(x • jy)^ (x • ^v)(x ‘ iy) X- - y- 2jxy

Therefore a f jb (x* y^) ^ 2jxy (x’* v*) * }^2xy)

Therefore (x* — y'*) a

and 2x>' b.

Modulus r \ b^

Square of modulus of (x * jy) x- h y-

Therefore x* 4 jy* - r

But X* - y* a (see above)

Therefore x* J(r • a) and y* J(r a)

Therefore x \ J(r r a) and y t \ ^{r a) (5)

The signs should be checked to sec which arc applicable

(ii) Complex algebra with polar coordinates
In complex numbers we can write (Fig. 6.31)

a b jc

but b \a] cos 8

and c |u; sin ^

Therefore a juj cos 6 * j \a\ sin 8

Therefore a — (at (cos 8 f j sin 8) (6)

Here \a\ is the magnitude of the vector and (cos 9 4 j sin 0) may be called the

trigonometrical operator which rotates the vector through the angle ^ in a positive

(coimter-clockwisc) direction from the x axis.

As explained in Sect. 5(iv), a vector may be defined by
r /. 9

where r is the magnitude and / 8 the angle between the vector and the reference axis.

It will therefore be seen that the trigonometrical operator (coa 8 h j sin 0) is effectively

the same as /, 8 with polar coordinates.

i.e. / 8 cos 8 ^ j sin 8 (7)

Pure mathematical polar form
By the use of the Exponential Series we can express c' in the form (Sect. 2, eqn. 87)

X* X* X*

21 ' 3! * 4 !

I t- X + -»
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Putting iB for .v wc obtain

c-0 1 je + ,

UBr
,

{jBy
,
UBr

,

2! ' 3! ^ 4!
'
5!

i +je
B^ ,B^ B* ,6'^

2! ^31 ^ 4! 5!
^ *

Grouping the j terms,

B^ 0* B^

4!
. . .) t ^ 3 f

^51“
0*

But cos ^ -
1 2 »

^

4!
... from eqn. (17) below

B^ B^
and sin B ^ 31

^
5l

... from eqn. (18) below.

Therefore cos 6 f j sin 6 (8)
Thus the pure mathematical polar form is

|al e’®

ind is called the Exponential Form.
The vector can thus be written in the various forms

a b i jc (9)
a |a| . ^ (10)

a \a\ ( 11 )

a ,a| (cos 6 * j sin B) (12)
a laj cos S ^ j\a\ sin B (13)

A graphical method for converting from the complex form (6 r jc) to the polar

form and vice versa has been described.* It will therefore l>c seen that there is a

connection with the operator ; :

j turns a vector through a right angle

(cos B • j sin 0)*^

^ turns a vector through an angle B.

or J
Addition and subtraction in polar form

Addition and subtraction may be done cither graphically, or by expressing each
in rectangular components and proceeding as for rectangular coordinates.

Multiplication of polar vectors

The product is found by multiplying their magnitudes and adding their angles.

Division of polar vectors
The quotient is found by dividing their magnitudes and subtracting the angle of

the divisor from the angle of the dividend.

Square root of polar vectors
The root is found by taking the square root of the magnitude and half the angle.

(Hi) De Moivre’s Theorem
De Moivre’s Theorem sutes that

(cos B j sin B)^ cos nB f j sin nB (14)

where n may be positive or negative, fractional or integral.

It was explained in (ii) above that (cos^ I j sin^) may be regarded as a trigono*

metrical operator which rotates the vector through an angle B. If this is applied twice

in succession, the trigonometrical operator becomes

(cos B 4- j sin 0)( QOS 6 ^ j sin (^) ^ (cos B i j sin B)^

giving a total rotation of an angle 2B.

Similarly if this is applied three times in succession, the trigonometrical operator

becomes
(cos B I j sin ^)(cos B i j sin ^)(cos B i- j sin ^) ^ (cos B f j sin B)^

giving a total rotation of an angle 3(1.

*Snowdon, C. “ A vector calculating device’* Klectronic Eng. 17,19V (Sept. 1944) 146.
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Thus, in the general case, the trigonometrical operator (cos^ -f j sin ^)" gives a

rotation of an angle nB which, as explained above, is equivalent to a trigonometrical

operator

(cos nd -f y sin nB),

We have, in this way, proved De Moivre’s Theorem for the case when n is a positive

integer, and indicated the significance of the Theorem.

Applicadon of De Moivrc*s Theorem :

1.

To express cos nB and sin nB in terms of cos B and sin where « is a positive

integer.

Cos ff ^ 4- y sin = (cos ^ -f y sin B)^
„ » N

— cos** B ry cos**"‘ B. sin B ^ 2— cos** * 6. sin* ^ 4- . .

(as in Sect. 2, eqn. 83).

Then equate the real and imaginary parts of the equation, giving

cos nB = cos"
n(n - 1)

cos’*”* 6. sin* B 4

sin*^ 4 . - .

n(n - 1)(« 2)(fi -- 3)

4!
“

'

(15)

sin nB = n cos**"^ 6. sin 6

n(n — 1)(«

n(n — l)(n - 2)

3!

2)(« ~ 3)(n - 4)

5!

cos**

cos"”^^. sin^d

^r

(16)

2.

To express cos B and sin 0 in terms of write B in the form n{0/n) and expand
the sine and cosine as in eqns. (15) and 06). When n becomes large, cos {B/n)

may be taken as unity and sin {B/n) as (B/n) itself. In the limit as n tends to

infinity it can then be shown that

B^ B* B^
cos 0 = 1

-
- 2, 4!

'

61
^ * (17)

0^ 0^ B^
sin B == B -

51
*

7!
^ • (18)

where B is expressed in radians.

3.

To express sin B and cos B in terms of .

By substituting j B in place of x in the Exponential Series (Sect. 2, eqn, 87), and by
using the relationship

^iB cos B -f y sin B

and equations (17) and (18) we may obtain

£>B - ^ iB
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SECTION 7: DIFFERENTIAL AND INTEGRAL CALCULUS
(i) S/ope and rate of change (n) Differentiation (Hi) Integration (iv) Taylor's

Series (v) Maclaurin's Series.

(i) Slope and rate of change
The slope of any straight line is the ratio of the lengths of the vertical and hori-

zontal projections of any segment of the line. In Fig. 6.32 the line QP has its vertical

projection MN and horizontal projection AB ; its slope is therefore MN/AB. Its

slope could equally well be based on the projections of its segment CP, and its slope

BP/CB. In both cases the result is the same, and is equal to the tangent of the angle

of inclination which the line makes with the horizontal axis

—

slope - MN/AB - BP/CB - tan 0.

The lengths of the projections must be measured in terms of the scales to which
the line is drawn. Thus horizontal projections such as CB must be measured, not

in inches, but in the equivalent number of units corresponding to the length CB on
the X axis. Similarly with the vertical projections on the Y axis, which usually has

quite a different scale from that for the X axis.

Y

If the line QP in Fig 6.32 is rotated approximately 90 in the counter-clockwise

direction, the result will be as showm in Fig. 6.32A, the angle B being more than 90 .

The vertical projection is RS and the horizontal projection is DE. The slope is there-

fore RS/DE or OF GO, the latter applying to the segment FG. It is important in

all this work to consider the directions as well as the magnitudes of the lines : OF is

in a positive direction but GO is in a negative direction. We can therefore replace

GO by OG ; the slope of QP will then be given by (OF OG) which is described

as a negative slope. The loadlines on

valve plate characteristics are examples of

lines with negative slope (e.g. Fig. 2.22).

When a line is curved, its slope varies

from point to point. The slope at any

point is given by the slope of the tangent at

that point. In Fig. 6.33 the curve is QPR,
and the slope at P is given by BP/CB or

tan 6.

Rate of change
One of the most important relationships

between the variables in any law, formula

or equation is the rate of change of the

whole function with its independent vari-

able.
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Dcfinitioii

The rate of change is the amount of change in the function, per unit change in the

value of the independent variable. The rate of change of the function is therefore

the ratio of change in the function to the change in the variable which produces it.

Consider the equation for a straight line

y ~ ax h b

where a and b are constants. Let us take two values of x, one equal to x
^
and the other

(xi Ax)y where Jx is a small increment of x.

Point 1 : X - X
,

.•
. 3; 1

- ax

,

* b (1)

Point 2 : x - (xj -t- J.x) :.y-i ^ a(x, f- Jx) T b (2)

Subtracting ( 1 ) from (2), (3^ a ^Vi) a.Jx
Putting (3>j - 3^

1 )
=- J3', J3^ a.Jx

Dividing both sides by Jx,
Ay

Jx (3)

Here Ay is the amount of change in the function for a change Jx in the independent
variable. The “ rate of change ” is defined as the amount of change in the function

per unit change in the independent variable, that is

rate of change ^ J_v Jx (4)

Referring to Fig. 6.34, we have a graph of jy ax r b which is, of course, a straight

line cutting the Y axis at a height b above the origin. The first point (x is at P,

and the second point (xj * Jx, -f dy) is at Q. In the preceding argument we
found that Ayj Ax ~ a. In Fig. 6.34 Jx - PR and Ay RQ, so that Jy Jx
RQ/PR, which is the slope of the line v ax • b. Thus

RQ Jv
slope a (5)

Equations (4) and (5) prove that the rate of change is the same as the slope
for a straight line.

We now proceed to consider the general case when the function is not linear. In
Fig. 6.35 there is plotted a function which may be of the form

y Qx^ T bx • c

where a, b and c are constants. As before, the independent variable (x) is plotted

horizontally, while the dependent variable (3/) is plotted vertically. The vertical

coordinate of any point P (i.e. AP in Fig. 6.35) represents, to its proper scale, the value

of ax“ - bx ^ c which is a function of x, while the horizontal coordinate (OA) re-

presents, to its own scale, the value of x.

As with the simpler case of the straight line, take a second point (Q) with its x
coordinate increased by Jx. Also, as before, call the increment in the y coordinate
Ay. It will therefore be seen that, commencing at point P, an increment (Jx PC)
in the value of x results in an increment {Ay -- CQ) in the value of y.
The average rate of change over this increment is, as before, AyjAx which is

the slope of the chord PQ and the tangent of the angle 0, which PQ ntakes with the
horizontal. Ifnow, leaving point P unchanged, we gradually move Q along the curve
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towards P we will sec that, as Q approaches P, approaches 0^ until in the limiting

case the slope of the chord approaches the slope of the tangent (PT). The tangent

to a curve at any point shows the instantaneous slope of the curve at that point and
therefore the instantaneous rate of increase of the function at that point.

(ii) Differentiation
We may express the foregoing argument in the mathematical form of limits -

Lt (Jjy/Jx) tan 6
1 (6)

Jx 0
which says that the limit (as Jx is made smaller and approaches zero) of Jjy/Jx

is tan or the slope of the tangent PT, which is the instantaneous rate of increase

at point P.

This is given the symbol dy/dx which is “ the differential coefficient (or de-

rivative) of y with regard to x,’* and is spoken of as “ dee y by dee x.”

It should be noted that dy ‘ dx is a single symbol, not a fraction, and is merely a

short way of writing

Lt (Jv dx).

Jx - 0

Differentiation is the process of finding the differential coefficient (or derivative).

Some examples arc given below and in each case the result may be obtained by con-

sidering the increase in the function which results from an increase Jx in the inde-

pendent variable.

Note : u and v are functions of x ; b and c are constants.

1. Derivative of a constant
! y c\ dy dx 0 (7)

2. Derivative of a variable with respect to itself

ly x) : dy dx dx dx 1 (8)

3. Derivative of a variable multiplied by a constant

(.V cx] : dy dx c (9)

4. Deriv2\tive ot powers of a variable

1.V X-
1

: dy dx 2x (10)

13- - x^l : (iy dx 3.v2 (11)

l> - = X*] : dy dx 4x^ (12)

(> xM : dy dx r/x"-* (13)

This applies for ri negative as well as positive

5. Derivative of a constant times a function of a variable

Iv cx^
1

: dy dx 2c V (14)

l.v c.u] : dy dx C.dli, d. c (15)

6. Derivative of fractional powers of a variable

Iv xM : dy dx 5x“!- (16)

!>• x> M : dy dx (1 ^/)x'
1 r. ) - 1 (17)

7. Derivative of a sum or difference

Lv u ^ r) : dy dx du dx i dv dx (18)

Lv ax'* ‘ 6x* cx] ; dy dx 3c2V‘ 2b X - c (19)

8. Derivative of a product of two functions

dl' du
ly M.ul : dy dx

''dx
'

^'dx
(20)

(x -h 1) x*l : dy dx (x : n.2x -i x*.l

3x^ : 2x

9. Derivative of a quotient of two functions

dy

dx[y - u/v] :

10. Differentiation of a function of a function

dy
(3> F(u) where u F(x)l :

\y u* where u ax* { b] : dy/dx

du

^dx

dv

'^dx

dy

du

du

dx
2(a** b){2ax)

(21 )

(22)

(23)

(24)
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11. \y = €*]

:

dy/dx = €* (25)

[>> = a-e”*] : dy/dx == (26)

ly e“]

:

dy/dx — €“. du/dx (27)
12. [y -= log(X] : dy/dx \/x (28)

[jy
-= log< m] : dy/dx (l/w)(dM/dx) (29)

l>> = logi, «J : dy/dx -= i\/u)idu/dx) logio€ (30)
- (0.4343)(l/M)(dM/dx) (31)

13. - sin x] : dy/dx cos X (32)

[y ~~ cos x) : dy/dx — — sin X (33)

[y tan x] : dy/dx ^ sec* X (34)

[y — cot x] : dy/dx --= — cosec* x (35)

[y — sec x] : dy/dx - sec x. tan x (36)

[>> cosec x] : dy/dx ^ — cosec x. cot x (37)

14. [y sin“‘ x] : dy/dx - 1/N/ l -~x^n (38)

[y ^ cos~^ x] : dy/dx = - l/\/l - (39)

[y ~ tan~^ x] : dy/dx -- 1/(1 + x*)t (40)

15. [y = sinh x] : dy/dx cosh x (41)

[y = cosh x] : dy/dx sinh x (42)

[y
— tanh x] : dy/dx sech* x. (43)

Successive differentiation

If >» is a function of jc, then dy/dx will also be a function of x and can therefore be
differentiated with respect to x, giving

d (dy\
.

d^y
~ r\ j J which IS written as -

dx\dx/ dx*

and spoken of as dee two y by dee x squared.” Here again this is only a symbol
which must be handled in accordance with its true meaning. The same procedure
may be applied again and again.

Example : y x” function Fix)

dy

dx
d^^

dx^

d^y

dx*

^ nx^~^ derivative F'ix)

nin - second derivative F"ix)

^ nin -- \)in — 2)x"“® .... third derivative F'"ix)

Application of differentiation

The plate current versus grid voluge characteristic of a triode valve (for constant

plate voltage) is a function of the grid voltage, and follows approximately the law

/, ^Ki^E„ -t-

where Ky ^ and arc constants. The derivative with regard to E, is d/p/dE„
which is the mutual conductance. The second derivative is the rate of change of the

mutual conductance with regard to Egy and is useful when we want to find the con*
ditions for maximum or minimum mutual conductance.

In Fig. 6.36 there is a curve with a maximum at point M and a minimum at

SK>mt N. It will be seen that the instantaneous slope of the curve at both points M
and N is zero, that is dyjdx == 0.

Part of curve : P to M M M to N N N to Q
Slope (dy/dx) : + ve O — ve O 4- vc

d^yjdx^ : — ve 4- vc

A maximum is indicated by : J
^ dy/dx - 0

1 d*y/dx* negative

A minimum is indicated by
: ^(

dy/dx = 0
\^d*jy/dx* positive

I
X mesfured in radians.

*Poaitive sign if sin~ i x lies in first or fourth quadrant, negative sign if sin** i x lies in second or third
quadrant.

tNegative sign il cot" ^ x lies in first or second quadrant, positive sign if cos " i x lies in third or fourth
quadrant.
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A point of inflection* is indicated by :

d^yldx^ - 0

Curve concave upwards indicated by : d'^yldx* positive

Curve concave downwards indicated by : d’^yjdx^ negative

Examples

(1) To find the maximum value of

y lx x^ H 4

dyfdx ~ 2 2x

For a maximum dyjdx 0, therefore

2 — 2x - 0, and x

This is the value of x at which a maximum,
or a minimum, or a point of inflection occurs.

To see which it is, take the second derivative

d^yjdx- - 2 which is negative.

Therefore the point is a maximum.
To find the value of y at this point, put the value

(x ^ 1) into y 2x — x^ 4- 4.

Therefore y 2 1 -f- 4 ~ 5.

(2) To find the points of inflection in the curve

y = X* - 6x^ — X -i- 16.

dy!dx 4x^ — 12x — 1

d}yjdx^ - 12x2 - 12.

For points of inflection, d}yldx‘^ 0, therefore 12x2 — 12 0
Therefore 12x2 j2. Thus x - ± 1.

There are thus two points of inflection, one at x — f 1, the other at — 1. The
values of y at these points arc given by substituting these values of x in the function :

X -f 1 : V - 1 - 6 - 1 -f 16 - -f 10.

X - - I : y ---
1 - 6 4- 1 -i- 16 - -f 12.

It is always wise to make a rough plot of the curve to see its general shape. Some
curves have more than one value of maximum and minimum.
Partial differentiation

Partial differential coefficients, designated in the form dy\ dx (the symbol d may be
pronounced “ der ’* to distinguish from “ d in dy;dx) are used in considering the

relationship between two of the variables in systems of more than two variables such
as the volume of an enclosure having rectangular faces, the sides being of length

X, y and z respectively :

V X y z (44)

Thus, the rate of change of volume w'ith the change in length of the side .v, while
the sides y and z remain constant, is

dv/dx = y z (45)

Similarly dv/dy z x, where z and x are constant (46)

And dv/dz ' xy where x and y arc constant (47)

In three-dimensional differential geometry, the equation representing a surface may
be represented generally in the form

y F (x, z)
^ (48)

In this case, the partial differential coefficient <7y/ox represents the slope at the point

(^> .y> of the tangent to the curve of intersection of the surface with a plane parallel

to the plane passing through the x and y axes and separated by a fixed distance z
from the latter

Thus dy/dx represents the slope of a tangent to a cross section of a three-dimensional

solid, the partial derivative reducing the three-dimensional body to a form suitable

for two-dimensional consideration. “ dy/dx ” is equivalent to “ dy/dx {z constant)
**

when there are three variables, x, y and r.

•A point of inflection ii one at which the curvature chanj^es fn>m one direction to the other (e.g. S
in Fig. It it necetaarily a point of maximum or minimum slope.
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Partial differentials are therefore particularly valuable in representing Valve Co-
efficients [see Chapter 2 Sect. 9(ix)].

Total differentiation

When there are three independent variables (x, v, z) which are varying simul-

taneously but independently of each other,

u = F(x,yyZ) (49)

the total differential is

du flu flu
du ^ dx

I ^ dy
\

^ dz (50)
ffx ffy f/z

and similarly for two, or any larger number of independent variables.

When the independent variables are functions of a single independent variable (f)

the total differential with respect to t is

du flu dx (lu dy Pfu dz
.

- - f *7 ^51)
dt ffx dt f)y dt ftz dt

(iii) Integration
Integration is merely the inverse of differentiation, h'or example -

d
Differentiation— , (4x‘* \ 2) 12a-

dx

Integration -
j

12-x- dx - 4a ’ C

The sign
J

(called “ integral ”) before a quantity indicates that the operation t>f

integration is to be performed on the expression which follows

The dx which follows the expression is merely a short way of writing “ with respect

to A.” Just as the constant 2, in the function above, disappeared during the process

of differentiation, so it is necessary to replace it in the inverse procedure of integration.

But when we are given the integral alone, we do not know what was the value of the

constant, so we add an unknown constant C, the value of which may be determined
in some cases from other information available.

Useful rules for integrals

a. c ^ constants ; C == constant of integration ; u and v are function.s of X.

‘J1

a.F(x) dx — a F{x) dx ; a dx -ax \ C (52)

^•J
\

{u L v) dx
j
u dx

j

v dx (similarly for more than two) (53)

ix^dx --
! 1 ^

n 4- 1
in /- - 1) (54)

'‘•J
dx — (a'/logfO) C (55)

[
dx 1 C

; J
dx - (\/a)€'*' i C (56)

J

I'xc'dx -- €%x 1) 4- c
;

j

^x"*f'dx x’''t' m jx'"~^c'dx c* (57)

6.
1

C dv J f du

1 \dx^^
(integration by parts) (58)

"•J

cdx rl

L log,x ^ C logr c X (59)

8. 1|a' logt a dx a' C
;

j

log,, a dx x log,, (x/c) f C (60)

9.
r .

iox ' b )
" •

\(ax~bydx 4 C (n / - 1) (61)

m 0.
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\ ax ^ b

r X dxr X dx C X

J ax I b J ax b

r X dx
f

^

}(ax " )(ax -f by

r x^ dx r x*

lax
- (1/a) log. (ax + fc) + C

f
—

^ ,

,
dx (1/a^) [ax -f 6 - 6 log, (ax + r C

ax ^ b

- b

Lax 4 ^
^

j'Cax + byr X* 1 r(ax 4- by

J ax 4- ^ ^ a*L 2

bnogt (ax 4 4- C

loge (ax 4-

6)J
f- C

— 26(ax 4- 6)

dx
1

r 1 1 X 1 ^
tan ‘

- H C — - cot ^ ^ C
4' a* J

' X* 4 a* a a a a

dx
j

f 1 1 X - a 1 a -
— a* J

2
' X* - a* 2a X r a ^ a l

(65)

(66)

C (67)

16.
r dx

J a* x2
f

,
iix sin ’ (x a)

. \ a* - X-
C cos ^ (x/a) ' C (68)

17. [
V'x» ± a‘

1 ,
..dx log, (x t V

' \ n: a~
X- a-) - C (69)

18.
j

sin ax dx - (1/a) cos ax 4 C (70)

19.
j

cos ax dx (l/a) sin ax r C (71)

20.
J
tan ax dx - - (1/ a) log< cos ax • C (1 a) log, sec ax - C 02)

21,
j

coscc ax dx (1 /'a) log^ (cosec ax cot ax) ‘ C (73)

(1/a) log^ tan (ax/2) r C (74)

22.
j

sec ax dx (1 /a) log^ (sec ax • tan ax) - C (75)

(1 ^a) log, tan ((ax 2) n 4] c (76)

23.
j

cot ax dx (1 a) log, sin ax C (1 a) log, cosec ax C (77)

24.
j

sin’ ax dx X, 2 (1 2a) sin ax cos ax * C (78)

X 2 (1 4a) sin 2 ax i C (79)

25.
j

cos* ax dx X 2 ' (1 4a) -sin 2ax C (80)

26.
j

sinh X dx cosh X (81)

27.
j

cosh X dx sinh X (82)

Rules to assist integration

1. If the function is the sum of several terms, or can be put into this form, integrate

term by term.

2. If the function is in the form of a product or a power, it is usually helpful to

multiply out or expand before* integrating.

3. Fractions may be either divided out, or written as negative powers.

4. Roots should be treated as fractional powers.

5. A function of x may be replaced by a, and then

I

F (x) <ix
J
F(x) du.
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Areas by integration

If the area under a given portion of a curve is A (Fig. 6.37), then a small increase

Jx on the horizontal axis causes an increase AA in area, where
dA = JxCy + i^y)-

As dx and are made smaller, in the limiting case as dx approaches zero, the value

of (y + k^y) approaches

i.c.

Therefore ^ > F(x)
dx

Therefore dA -y.dx F(x) dx

Thus /I
\

y dx
J
F(x) dx (83)

The area is therefore given by the in-

tegral of the function, over any desired

range of values of x.

Example
To find the arei under the curve y — 3x® from x 1 to x 4.

A ^
I

dx - + C

when X — I, A Oy therefore x* ^ C - 0, therefore C ~ - 1

when X == 4y A x^ - I -^4^ -1 ~ 63.

Definite integrals

When it is desired to indicate the limits in the value of x between which the integral

is desired, the integral is written, as for the example above,

r

'

J X I

3x» dx or 3x* dx.

These limits are called the limits of integration, and the integral is called the de-
finite integral. For distinction, the unlimited integral is called the indefinite

integral.

The definite integral is the difference between the values of the integral for x b

and X = a —

-

J
fix) dx - |^F(x)J

- Fix - b) - F(x - a) (84)

Owing to the subtraction, the constant of integration docs not appear in definite

integrals.

Special properties of definite integrals

^/(x)dx - -

fix) dx fix) dx 4 fix) dx

Examples :

Crr/z

I $in 6 d0 [- „»
.]j

= [- cos ir/2 + cos 0] =» 0 + 1 = 1 (87)
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cos B dd

sin Odd

cos 0 dB

sin B dB

cos B dB

[smn/2 - sin 0] - 1 - 0 - 1 (88)

[— cos 7T -h cos 0] — 1 + 1 — 2

[ sin n - sin 01-0 — 0^0

[— cos 2tt * cos 01 ^ — 1 1 ^ 0 (91)

[sin 2tt sin 0] 0 ^ 0 0

sin- tiB dB U B (1 2ti) sin 2n B
|

cos- nB dB ( 1 sin- tiB dB) dB

The following may also be derived* where

cos nO dB 0

cos- nB dS

sin m 0 sin nB dB 0

sin nB dB 0

sin- nB dB

sin m B cos nB dB 0

cos m B cos nB d B 0

sin n B cos n B d B 0

Average values by definite integral

The value of the definite integral is the area under the curve between the limits

on the horiztmtal ( v) axis. 7'hc average value of the height is determined by dividing

the area by the length, or in other words the average value of v is determined by
dividing the definite integral by the difference in the limiting values of .v.

Examples :

1. V from .v 1 to .v 4.

1 r ir V >r 1
3.\* dx .v’ 64 1

'
1 a Ji j

2. e iim sin B from B 0 to B n.

1 r" iT V :

„ I
sin B dB hfr, cos B

^Jo "L Jo
sin B dB Hn

•This also applies with limits from k to {k ' Ittk
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This is the average value of a sine wave voltage. It was taken from 0 to w since
this is the range over which it is positive. The other half cycle is similar but negative)
so that the average over the whole cycle is zero.

Therefore = 1J\^2 ^ 0.707 /^.

This is the root mean square value of the current with sine waveform.

(iv) Taylor’s Series

If/(:jc) be a function with first derivative f\x\ second derivative /"(x), third deriva-
tive /'"(^)> etc., and if the function and its first n derivatives are finite and continuous
from X ^ a X.Q X ^ then the following expansion holds true in the interval from
X ~ a X.O X ^ b \

fix) f(a) f
,

‘’/'(o') -r

2
/"('')

ix -

3!
' /"(a)

where a < x^

4- . . . -f-

< b.

(x ~ a)^~^
i fn~l

(n - 1)!
^

(x - a)'*
' /"(xj

( 100)

The final term is called the remainder ; if this can be made as small as desired by
making n suflRciently large, the series becomes a convergent infinite series, converging
to the value /(x).

Another form of Taylor’s Series is :

/(a -i- h) ^~f{a) -
j

,/-(a) r

2 '/ ' 3
'

(« - 1 )!
-f-

/i"

n\
PM ^

( 101 )

The sum of the first few terms of Taylor’s Scries gives a*good approximation to /{x)
for values of x near x - a.

Examples of the use of Taylor’s Scries :

(1) To expand sin {a ^ h) in powers of h.

f{a) =- sin a and f{h) sin h

Differentiating in successive steps we get

f\a) cos a

f"{d) - * sin a

f"Xa) -- cos fl

sin a

Applying the alternative form of Taylor's Series,

/ .
. A* h*

sin (.a f h) - sin a ^ h cos a a -

^ ^

cos a -j sin a f ... (102)

(2) Similarly

/ . I. 1.
• A’ h*

cos (fl 4- h) cos h h sin a
2

-f
^ j

sin a 4 ^ ,

cos j + . . . (103)
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(v) Maclaurin’s Series
Maclaurin’s Series is a special case of Taylor’s Series where a = 0.

I{x) - /(O) r
j j

I

2\ 3!“^ ^ ‘

The sum of the first few terms of Maclaurin’s Series gives a good approximation
to f(x) for values of x near x ~ 0.

Example of the use of Maclaurin’s Series :

cos Xfix)

then cos x

where /(O)

/'(O)

/"(O)

rm
/" '(0)

m f
/'(0)X

,

/'X0)x*
,

f"X0)x^
.

r'X0)x^

1 !

'

cos 0 1

sin 0 0
- cos 0 - 1

sin 0 0
cos 0 - 1

2! 3! 4!

I he series may then be written down as

x'^ X* X* X*
cos X I

2! ^ 4! (b\

i - -

' 8!
(105)

Similarly

x" .V X' x'^

sin X X
3!

‘ 5! 7 !

' 9!
(106)

x^ x’
/ sin X fix

3! 51
.)

v* x« \ Y x' x'> X'
cos V ' j sin X

\ 2 ! 4 ! 6 !

) -

3! ^ 5! 7 !

"

rx- rx‘ /•.v*

1 ;x •

2 !

’

3 !

• 4!
’ ••• (107)

Also it may be proved that

X- x" X*
log, (1 ; .\)

' 2 3 4
^ (108)

and 1 jx
;‘.x-

0 J 3 ! 4 !

cos \
; } Mn .X (see cqn. 107) (109)

SECTION 8 ; FOURIER SERIES AND HARMONICS

(i Periodic aud the Founcr Sene^- (n) Other jppliejtioft^ of the Fourter

Senes (tii) Graphical Harmomc /Ihu/v'i.'.

(i) Periodic waves and the Fourier Series

The cquati^m for any periodic wave can be written by substituting the correct

values m l*ouricr’s Series ;

V /'( Oj B 2 /I, sin h el. sin 2ff el , sin ^ ...

/j ,
cos h B. cos 2 0 B

\
cos 3 ... ^1)

where B 2 is a constant which is zero if the wave is balanced about the .v axis ;

Its value IS the average value ot ^ mer one cycle and may be

determined by putting u 0 in the expression for /?„ below,

1 l'-""
el„ I b\ 0 sin nO dO where ti 1,2,^, etc.

- J 0

2 average value of F(0) sm nO taken over 1 cycle,



300 (i) PERIODIC WAVES AND THE FOURIER SERIES 6.8

1

Fi
^ jo

F(d) cos nd dS where n ^ 0,1,2,3, etc.

2 X average value of F( d) cos n 0 taken over 1 cycle.

0 ~ Oit ~ 'I’lrft

2 0 = 2 wt ^ 2n(2f)t

3 0 3 iot =: 27r(3/)r

etc.

/ == fundamental frequency

(2/) — second harmonic frequency

(3/) =- third harmonic frequency

Special cases '

(1) F(0) is an even function
If the waveform is symmetrical about the v axis (c.g. Fig. 6.39), /*'( 0) is called an

even function and 0 , giving the simplified form
F(0) Bo 2 — By cos 0 f B, cos 2 0 * E, cos 30 } . . . (2)

This is the equation which applies to all types of distortion introduced by valves.

(2) F{0) is an odd function

If the waveform is such that the value of y is equal in magnitude but opposite in

sign for plus and minus values of x (e.g. Fig. 6.40), F( 0) is called an odd function and

Bn ^ 0, giving the simplified form :

F(0)
,
sin 0 -r- /I. sin 2 0 r /1 3 sin 3 0 -i ... (3)

This is the equation for the condition when the fundamental and all the harmonics

commence together at zero.

(3) F(0) - F{0 ' rr)

If the waveform (Fig. 6.41) is such that the value of y is equal in magnitude but

opposite in sign for x Xj and x (x, \ rr), the expansion contains only odd

harmonics :

F{0) A I
sin 0 * /4a sin 30 f >4 3 sin 5 0 f . . .

^ Bi cos 0 * Bn cos 3 0 f cos 50 f . . . (4)

(4) F( 0) U an even function, with the positive and negative portions identical

and symmetrical (Fig. 6.42) :

F(0) ^ B, cos 0 f Bn cos 3 0 Bi cos 50 4... (5)

or if the (^igin is taken at /I,

F(0) B, sin 0 Bn sin 30 i B 5 sin 5 0 ... (6)

This is the equation for a balanced push-pull amplifier.

The general equation (1) can also be expressed in either of the alternative

forms :

F(0) - BJ2 4 C, sin(0 f ^,) 4 C, sin (20 i ^ 3) i . . (7)
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F{d) = Bo/2 -f cos (6 - <!>,') + C^ cos (26 - + . . . (8)

where C„ ^ \J A,

^

-f

and tan = B„!Ao ; tan = AJB^^
The angles <^ 2 > • • • in eqn. (7) are- the angles of lead between the harmonics

of the sine series and the corresponding sine components in eqn. (1). The angles

i', <^ 2 ', . . . in eqn. (8) are the angles of lag between the harmonics of the cosine series

and the corresponding cosine components in eqn. (1). All the angles
<f>
and

<l>'
in

equations (7) and (8) are measured on the scales of angles for the harmonics

Harmonic composition of some common periodic waves (Fig. 6.43)

Square wave (A)

AEf cos 3^ cos 5 6 cos 16 \

y -----

^
(^COS 6 -

3

'

' 5 7 • 7 (9)

Triangular wave (B)

y -- [ cos 0 -t

cos 3 6

9

cos 5 6

25
- ) (10)

Saw’tooth wave (C)

2E/ sin 2 6 sin 3 6 sin 4 0 \

y 1 sin 6 -

77 \ 2 ' 3 4 ^ y OP

FIG 6 43

A

U
V

11
— i

E

0

1 tj t
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Short rectangular pulse (D)

, 2 ^ ^ sin 2kn cos 2 6
Ar -f ~ (sin cos d + 4-= £[*

sin nkrr cos n 0

n ...o]

E/ n CO
= A* +

Half-wave rectifier output (E)

TT cos 0 2 cos 2 0 2 cos AQ 2 cos 6 0

2
' ~

3 15 "
35

. . . (
1)” '

^

j

cos nO . . {n even)

Full wave rectifier output (F)

2 cos 2 0 2 cos 40 2 cos 6 0
1 4

15 35

2 cos nO \
even)

F»C. 6.-43

"J
2TTh

1 -H U-

1; [jl H-
-• 2TT »4

A
0

'JVwi

( 12 )

(13)

(14)

(ii) Other applications of the Fourier Series
The Fourier Series is particularly useful in that it may be applied to functions having

a finite number of discontinuities within the period, such as rectangular and saw-
tooth periodic pulses.

The Fourier Series may be put into the exponential form, this being useful when
the function lacks any special symmetries.

The Fourier Scries may also be applied to non-periodic functions.

For information on these applications, see the list of references Sect. 9(B;.

(iii) Graphical Harmonic Analysis
Any irregular waveform may he analysed to determine its harmonic content, and

the general method is to divide the period along the X axis into a suitable number of
divisions (e.g. ’Fig. 6.44 with 24 ordinates), the accuracy increasing with the number
of divisions.

Ordinates arc drawn at each point on the X axis and the height of each ordinate
is measured. The minimum number of ordinates over the cycle must be at least

twice the power of the highest harmonic which it is desired to calculate. Various
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methods for carrying out the calculations have been described. Some are based on
equal divisions of time (or angle) while others arc on equal divisions of voltage.

In the harmonic analysis of the distortion introduced by valves on resistive

loads, it is possible to make use of certain properties which simplify the calculations :

(1) All such distortion gives a waveform which is symmetrical on either side of the

vertical lines (ordinates) at the positive and negative peaks.

(2) It is therefore only necessary to analyse over half the cycle, from one positive

peak to the following negative peak, or vice versa.

(3) Even harmonic distortion results in positive and negative half cycles of different

shape and area, thus causing a steady (‘‘ rectified ”) component.

(4) Odd harmonic distortion results in distorted waveform, but with the positive

and negative half cycles similar in shape.

(5) Even harmonics are in phase with the positive fundamental peak, and out of

phase with the negative peak, or vice versa ; they are always maxima when the funda-

mental is zero.

(6) Odd harmonics are always exactly in phase or 180 out of phase with both

positive and negative fundamental peaks, and arc zero when the fundamental is zero.

The relative phases of the fundamental (//,) and the harmonics (up to are shown
in Fig. 6.45. The fundamental and third, fifth and higher order odd harmonics

have zero amplitude at 0 , 180 and 360 on the fundamental scale. The second,

MnilliliiiiilHillm cf 7Acf

nr IKT JlCf inP
lij* 1 ifM jjfl

I ? ??

rnf
—.J Dynamic Curve

5S U•1*1

fourth, and higher order even harmonics reach their maximum values (either positive

or negative) at 0 , 90 , 180 ,
270 and 360 on the fundamental scale.
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The amplitudes of the harmonics as drawn in Fig. 6.45 have been exaggerated for

convenience in drawing, while their relative magnitudes are quite arbitrary. Their

relative phases are, however, quite definite.

In proceeding with Graphical Harmonic Analysis it may be shown that it is possible

to select thirteen points on the X axis which will enable the exact values of the first,

second, third and fourth harmonics to be calculated (Ref. C9) on the assumption that

there are no harmonics of higher order than the fifth, or that these are negligibly small.

These points are limited to the range from 90 to 270 on the fundamental scale, as in

Fig. 6.45. They may be expressed in terms of the grid voltage Ff, the static operating

point being — and the operating point swinging from E 0 on the one side

to 2Ef on the other side.

It is only necessary to determine the plate currents at the specified grid voltages,

to insert these into the formulae given in the article and to calculate the values of the

harmonics.

The preceding exact method has been approximated by R.C.A. (Ref. CIO) to give

greater case in handling. In the approximation there are eleven specified points
in place of 13 in the exact form, the values of the grid voltages being (see Fig. 6.45) :

0; -0.\9lEc l - 0.293£. ; -0.5E, ; 0.691£, ; ; 1.309£, ; -1.5£, ;

~1.707£c; -1.809£e; -'2.0£-.

These have been approximated by R.C.A. to the nearest decimal point, and the

approximate values have been used in the “ eleven selected ordinate method ** of

Chapter 13 Sect. 3(iv)D and Fig. 13.24.

The equation giving the second harmonic distortion eqn. (28) in Chapter 13 Sect.

3(iv)-- only requires the values of plate current at three points. This is an exact

form and is used for triodcs in Chapter 13 Sect 2(i) eqns. (6) to (7b) inclusive and
Fig. 13.2.

The “five selected ordinate method,'' described in Chapter 13 Sect. 3(iv)A

and used for calculating second and third harmonic distortion in pentodes, is exact

provided that there is no harmonic higher than the third. It is, however, a very close

approximation under all normal conditions. The same remarks also apply to the

simple method for calculating third harmonic distortion in balanced push-

pull amplifiers, described in Chapter 13 Sect. 5(iii) eqn. (23) and Fig. 13.37.

An alternative method, based on equal grid voltage divisions, has been devised

by Espley (Ref C6). This gives harmonics up to one less than the number of voltage

points. Two applications are described in Chapter 13 Sect. 3(iv) five ordinates
giving second, third and fourth harmonic distortion, and seven ordinates giving

up to sixth harmonic distortion.

When the loadline is a closed loop, as occurs with a partially reactive load, these

conditions and equations do not apply, or arc only approximated.
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1945) 556 ; 17.209 (July, 1945) 606.

B5 Moss, H “ Complex waveforms,” Electronic Eng. The harmonic synthesiser, 18.218 (April,
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SECTION 1 : FUNDAMENTAL TYPES OF FEEDBACK

(i) Feedback
j
positive and negative (tt) Negative voltage feedback at the mid-fre-

quency (wi) Negative current feedback at the mid-frequency (iv) Bridge negative

feedback at the mid-frequency (v) Combined positive and negative feedback at the

mid-frequency (in) Comparison between different fundamental types at the mid-

frequency.

(!) Feedback, positive and negative

Feedback may be applied to any amplifier, at any frequency, and may be either

positive or negative. The application is illustrated in Fig. 7.1 where an amplifier,

with voltage amplification Ay develops a voltage Eq across its load. Portion of the

voltage across the load (^Eo) is fed back in series with the input terminals, so that the

input voltage E',' differs from the voltage (E,) across the input terminals of the ampli-

fier itself. It is obvious that

E« = AEi and that E/ -- E, i j^Eo,

the sign in front of /SE© taking account of phase relationships. The quantity 8 is

sometimes called the transfer coefficient.

Fig. 7.1. Block diagram of art

amplifier unth feedback.

ric 7 I

The effective overall amplification with feedback is therefore

^ E/ '
E, J ^Eo

‘

If the effea of feedback is to increase the gain, the feedback is positive* ; if it

decreases the gain, the feedback is negative. Positive feedback is used to convert

•If /SF® is much greater thtn E^, then the gain

front of

Will theoretically be reduced irrespective of the sign in

306
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an amplifying valve into an oscillator (see Chapter 24). Negative feedback is used
mainly in amplifiers, both at radio and audio frequencies, although this Handbook
covers only low frequency applications.

The voltage may be proportional to ify, in which case it is described as voltage
feedback ; or it may be proportional to the current through the load, when it is

called current feedback. These two are, of course, identical if the load is a constant

resistance, since the voltage and current are then proportional.

Bridge feedback is a combination of voltage and current feedback.

A network may be inserted in the feedback circuit to change the phase of the fed-

back voltage, or to change its magnitude and or phase so as to discriminate between
different frequencies.

Use of symbols
Black (Ref. Al) and others use the symbols fj.fi to indicate the same quantity

which is here indicated by fiA. Some authorities use the symbols Afi, but in certain

equations (e.g those involving efl'cctive plate resistance) it is necessary to introduce

or fifi where n is the amplification factor of the final valve. The latter form might
be confused with Black’s fiS which has an entirely different significance. Hence the

use of in this chapter. A further, but minor, advantage from the use of fiA is

that the beginner, in considering operation at the mid-frequency, is able to regard the

magnitude for /f as being simply a fraction.

FIG. 7.2C FIG. 7. 20

Fig. 7.2. Block diagrams of amphjicrs tvtth ftcgativc feedback. It is assumed
that (Ri ‘ R f) has a resistance very much greater than the load impedance ; (A)
and (B) have feedback external to the amphper connected in scries zviih the input

voltage (C) has feedback connected in shunt tath the input voltage (/)) has the

feedback connected to a cathode in the amplifier.

(il) Negative voltage feedback at the mid-frequency
Block diagrams of two conventional forms for applying negative voltage feedback

are shown in Figs. 7.2A and B. The polarities marked on the diagrams are instantane-

ous values at an arbitrary time. In each case the feedback voltage is derived from a

voltage divider RiR^ across the output and is applied in series with the input

voltage so as to give negative feedback. In Fig. 7.2A the polarity of the output

voltage is opposite that of the input voltage this is regarded in net^^'ork analysis as

being equivalent to an amplification of A. The amplifier of Fig. 7.2A may con-

sist, for example, of one, or any other odd number of resistance-coupled stages.

In Fig. 7.2B the polarity of the output voltage is the same as that of the input voltage

this being regarded as equivalent to an amplification of i A. In Fig. 7.2B the

feedback voltage is marked \fiEa\ thus indicating the magnitude of the voltage and
leaving its polarity to be indicated by the positive and negative signs.

In this section the treatment is limited to the mid-frcquency at which the amplifier

has maximum gain and zero phase shift.

The combined amplifier and feedback circuit, from input back to input, is called

the feedback loop.
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The magnitude of ^ is equal to Ri/iRi -r /?*). In all cases, for negative feedback,

PA must be negative and the feedback network must be arranged to give this result.

An alternative method of applying the feedback voltage to produce degeneration

(Fig. 7.2C) connects the feedback voltage in shunt with the input voltage. In
this case the amplification must be negative, that is to say there must be an odd number
of stages unless a transformer is incorporated (Ref. A 17), and p must therefore be
positive.

A still further variation is when the feedback voltage is applied to the cathode
of one of the stages in the amplifier (Fig. 7.2D). In this case the amplification

must be positive, for example an even number of r.c.c. stages with the feedback

returned to the cathode of the first stage, which must have some impedance between
cathode and earth. Alternatively the feedback may be returned to the cathode of the

penultimate stage of a multi-stage r.c.c. amplifier. The value of p should be con-

sidered as negative on account of the method of connection of the feedback loop.

The following treatment is based on the circuit of Fig. 7.2B but the results may
also be applied to any amplifier with the feedback applied externally to the amplifier

and in series with the input voltage. It is understood that in all cases the polarity

of the feedback voltage is arranged to give negative feedback.

(A) Gain without feedback
A - Eo/E, (1)

and if feedback is applied and the input voltage increased to E/ to give the same out-

put voltage Eq as without feedback, then follows

(B) Gain with feedback

J, __ ^0 ^0
E?- E, - pE\

Combining (1) and (2a),

A 1 A
~

1 - M~ (I /A) - a ~ rrlAR,/(R, - R,)]

(for chart showing relationship between A' and A see Ref. A21),

and if ipAj >1
then A' ^ l/( - /3)

The value of P is given by

P - RJ{R, -r Rz)

The effect of feedback on gain is therefore

A ^o/^i ^ 1 _ ^ 1 ^ ba
A' “

£o/(Bi - PE,) E,
' ^

(2a)

(2b)

(2c}

(3a)

(3b)

The quantity PA is negative for negative feedback ; A/
A'

1 - pA is always

greater than unity.

The quantity (1 ~ PA) is called the feedback factor*. The degree of feedback

is indicated by the reduction in gain. For example, an amplifier with “ 20 db feed-

back ” is one in which gain has been reduced 20 db by feedback.

In the general case, when the phase angle displacement is not restricted,

Vl -f'lMI*'- 21MI co«>
[which becomes A' = ^/(l — PA) when ^ — 180°]

where ^ ^ phase angle displacement of amplifier and feedback circuit loop.

(C) Effect of feedback on harmonic distortiont
Let the input voltage E/ be expressed in the form Ei^m' cos wt.

Then the output voltage (E©) will be given by
cot wt i Eim cos 2wt -f Elm cos 3wt (4;

*Som< luthoritics call pA the feedback factor, and care ihould therefore be taken in the use of this

tTreauneni adapted from K. R. Sturley.
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where E’en, peak value of fundamental frequency,

Ein ^ peak value of second harmonic,
and — peak value of third harmonic.
The feedback voltage (— pEo) will therefore be

- P(Eom COS wt 4 cos 2ajt E^m cos 3ojt).

The voltage applied to the input of the amplifier will be

E,' 4 ^Eo
E,^' cos wt 4 P(Eom cos wt 4 Ejm cos 2wt ^ Ej^ cos 3wt)

I m PE^rn) cos wt pE^fff cos 2 wt ~i pE^ff^ cos 3wt,

The output voltage will therefore be

AEt t harmonic distortion

- Al{E,m' - PEom) cos wt f pEtm cos 2wt - pE^m cos 3wt]
• AiE,m' - ^EomX^2 cos 2uir t //sCosB^of) (5)

where - ratio second harmonic to fundamental voltages in amplifier without

feedback,

and Hi ratio third harmonic to fundamental voltages in amplifier without

feedback.

But we already have the output voltage in (4) above.

Equating fundamental components in (4) and ’(5),

Eom = AiE^rn' t pEo„)
E,„' (1 pA)E,^fA (6)

Equating the second harmonic components in (4) and (5),

Ei^ pAE,^ * A(E,^' pEoJHi.
Inserting the value of E,rn' from (6) above,

E,,,, pAEi^ • (d pA)Eo^ • PAEo^]H,
Therefore E,^ (1 pA) E^^Hi

Therefore
i

Similarly for the third or any higher harmonic,

Ein. Hi
E„^ \ pA

O)

(8 )

That is, the magnitudes of all the harmonics (and of course the intermodulation
products) introduced by the amplifier are reduced by negative voltage feedback in the

same proportion that the gain is reduced.

This result is based on the assumptions :

(1) that Eo is exactly 180 out of phase, or exactly in phase, with E,

(2) that the amplification A is the same for the harmonics as for the fundamental

(3) that the intcrmodulation voltages are negligibly small. The presence of

intcrmodulation* has no effect on the second harmonic, but in certain cases

the higher order harmonics can increase owing to a small amount of negative

feedback ; when the feedback is raised sufficiently these harmonics will

decrease again. When H^ 0, Hj, with feedback will be as indicated by
eqn. (8). In any case, the effect is small if the amplifier distortion is initially

fairly small.

(D) Effect of feedback on hum or noUe introduced by the amplifier
Following a similar method-

input voltage E/ E,^' cos wt

Output voltage - E© ^ Eom cx)s wt ^ E„„' cos w^t (9)

where E„„' - peak value of noise or hum output voltage introduced by
the amplifier with feedback,

and <11 „ 2n y frequency of noise or hum voltage.

•Tellcgcn, B. D. H., an<i V. C. Henrinucz ’* Inveme fccd-bicK,” W.H. 14.167 (Aug. 1937) 409

—

quoting R. Fcldikcller ; also correspondence by R. W. Sloane and J. Frommer *‘ Distortion in negative

feedback ampUfters W.B. 14.164 (May 1937) 259 j 14.166 (July 1937) 369 ; 14.170 (Nov. 1937) 607 ;

15.172 (Jan. 1938) 20.
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The feedback voltage is therefore

- COS cut : Enm' COS cuj).

The voltage applied to the input of the amplifier is

^ E,' — ^Eo EtJ cos cot • cos cot cos cv„t)

ftEo,u}cos cot
' /J£„„/cos co„t.

The output voltage is therefore

Eq - AE, - noise voltage without feedback

A{E^,n cos cot SAE^J CO'?, coj £’„^cos to„t (10)

Equating the fundamental components in (9) and (10),

£om - • fo..).

Therefore E,J (1 ffom A (11)

Equating the noise components in (9) and (10),

£„,n'(l - ^A) E.,^

- MON
1 M

Thus the feedback reduces noise or hum voltages introduced by the amplifier in

the same proportion that the gain is reduced, provided the following conditions arc

fulfilled :

(1) That the signal input voltage is increased with feedback, to maintain the

signal output voltage constant.

(2) That and A have the same values for the hum (or noise) frequency as for

the signal frequency.

(3) The voltage fed back does not include any voltages other than the fraction

of the amplifier output voltage. In many circuit arrangements this con-

dition is not satisfied ; the most important of these arc covered in Sect. 2.

When all noise is considered as originating at the input (e g. thermal noise), the

signal-to-noise ratio is unchanged by the feedback.

(E) Effect of voltage feedback on the output resistance of the amplifier
Every linear network which has a pair of output terminals may, as regards its ex-

ternal effects, be replaced by its equivalent open-circuit voltage in scries with its

equivalent resistance.

A
nc 7 3

Ei^. 7.3. EqiavaUni ctrcuit dm-
j^ratns of amplifit r and load rcustance

(A) zviihoKi feedback B' 7vtth

feedback.

The following treatment is based on a single stage, but may be applied to any ampli

fier provided that the values of ft and r, are as defined below.

Fig. 7.3A shows the equivalent circuit of the amplifier without feedback ;

( \ (13)
7.. Rj

,.R,
(I4a)A

r „ R,
where amplification factor (i.e, amplification with an infinite load resistance)

and r
,,

plate resistance of final stage.

If the amplifier has more than one stage // must be defined by

/i Aifi-: (1 4b)

where A, amplification between input and grid of final stage ( with due regard to

phase reversal)

and fc. amplification factor of final stage.

Fig. 7.3H shows the equivalent circuit of the amplifier with voltage feedback

OS

••Based on B. I>. H. I clJcKcn *' Inverse feed-back ” Philips I ec. Rev. 2,10 (Oct. 1917) 289.
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But Eq A'Ei
e:

(IM) - P
Applying the value of A from (14a),

p _ hEi Ej'
__

r, : R,(l - M
This may be arranged in the form

( ri\)(

—- from eqn. (2b).

)
T K,)Vr,/(1 ~ M

which is the same as eqn. (15) except that

1 - ^
r .

and r

,

(16)

n?)

(18)

(19)
1

•

Equations (18) and (19) give the effective amplification factor and plate resistance

respectively with feedback. It will be seen that these are each equal to the corres-

ponding value without feedback divided by (1 ^/x), whereas the gain, internally

produced hum or noise, and distortion are divided by (1 pA). If the amplifier

has more than one stage, the value of m must be as defined by eqn. (14b), while the

plate resistance will be that of the final stage.

However, it is important to remember that the actual valve characteristics arc not

changed by feedback, since feedback is external to the valve ; while the optimum
value of load resistance is also unchanged by feedback except under certain very

special conditions.

It may be shown that negative voltage feedback as a method for reducing the

effective plate resistance, when compared with a transformer giving the same reduction

of gain, is more effective than the transformer with low feedback factors, is equally

effective with a particular feedback factor, and is less effective than the transformer
with feedback factors greater than this value.

Example ; 6V6-GT with 218, and A 17.

Gain

12
1 10

1/100

1

9

99

1/^/*

12.8

115

1270

1 13.8

1 116

1/1271

Transformer

impedance
ratia

1/4
1 100

1/10000

The ** looking-backwards ” output terminal impedance of the amplifier is

equal to in parallel with Rjy

Ro
rv'Ri rMi

(19a)
r R f

Ty, \ Rj{l - Pn)

If r,/ is very much less than R^y eqn. (17) bewmes
pE,'^

1 p^:
that is to say, the output voltage is independent of the value of Rj. This is an in-

dication of good regulation.

Eo ^ (20)

(F) Effect of voltage feedback on the input resistance
The effect of feedback on the input resistance depends on the method of application

of the feedback and not on whether it is voltage or current feedback. For example,
consider the amplifier of Fig. 7.2B. Let the input resistance of the amplifier without
feedback be r,.

Then EJIi,
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With feedback) the same current will flow, but the input voltage will be
e: =r e,{\ - M)

Therefore r/ == Ei/I^ {EJI{){\ - ^A)
Therefore r,' == r.(l ~ M). (21)

Thus in this case the input resistance is increased by feedback in the same proportion
that the gain is decreased. This applies to all cases in which the feedback voltage
is applied in series with the input voltage, including the current feedback case of
Fig, 7.4, as will be shown later.

On the other hand, if the feedback voltage is applied in shunt with the input voltage

the input resistance will be decreased as proved below for Fig. 7.2C

—

The input resistance of the amplifier without feedback is

r. E, h.
With feedback, the current ly will be unchanged, but there will be an additional

current h through Ry and of direction such as to increase the current from the source,

which will therefore become {ly /,). The input voltage applied to the input
terminals of the amplifier will be the same as without feedback

Therefore r,' - r,-
- -----

which is less than r,.

Other special cases are covered in Sect. 2.

(iii) Negative current feedback at the mid-frequency
The block diagram of an amplifier with negative current feedback is shown in

Fig. 7.4. In this case the feedback voltage is derived from the voltage drop across a

resistor in scries with the load impedance. 'I'he resistance of ks should be very
small compared with the load impedance. This diagram also i*; for the case with the

polarity of the output voltage opposite that of the input voltage.

It

7 4 ftc 7 ^

Fig. 7.4. Block diagram of an amplifier zvith negative current feedback. The
resistance R^i is very much smaller than the load impedance.

Fig. 7.5. Block diagram of an amplifier utth bridge feedback.

Without feedback but with /iJ, in position (Fig. 7.4)

-fo hE /

£/ r, R, R,

With current feedback.

(22 )

Eo I

£, (R, Ri)E^ (E, Eo) R^ Ri

Er
A

1 ‘ AR^/RJ 1 . ^^R, (r, R, £,)
It is sometimes helpful to substitute

- y - Rji/Rf
where y has an application similar to that of p in the case of voltage feedback.
(24a) may thus be put into the form

A' A/(l ~~ yA).

Equation (23) indicates that for a single stage amplifier

Therefore A'

Therefore A'

E„ Eo

e: £, ^ /?,/o

• 1)R, • r.

A

(23)

(24a)

Eqn.

(24b)
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(A) the amplification factor with current feedback is the same (/x) as without

feedback

(B) the effective plate resistance with current feedback is

rp' - r,, v (/X ^ l)/?3 (25a)

and Tp'/rp - 1 ^ (/x \)R,^ r„ (25b)

The increase in plate resistance (cqn. 25b) is proportionally greater than the decrease

in gain (eqn. 24a).

When the voltage is fed back over more than one stage, the effective plate resistance

with feedback is given by
Tp' rp ^ A, . l)/?3, (25c)

where amplification between input and grid of final stage (with due regard to

phase reversal)

and /xj ^ amplification factor of final st£<ge.

The ** looking-backwards ” output terminal impedance of the amplifier is

equal to rp' in parallel with

r^R, [rp Ox \)RAR,
^ ,for single stageR^' -

or /?o

\)R.

1 ) R^\ Ri
Rrrp • K,

[r,, • A, (/X2

r„ A, (m.. \) R^ R,
(C) The ratio of amplification with and without feedback is given by

for more than one stage.

A
r

(f^ ' l)/?3

Ra rp

Rr

which may be put into the form
A A 1 A(Ri.Rj) 1 yA.

(26)

(27)

ri)) Approximations when fx is very large
If is very large,

A' ^ R, R3 ^ 1 ( - y) (28)

which is independent of the amplifier characteristics.

Also, if It is very large,

/o ^ Eo Rt ^ ^3 (29)

which gives an output current which is constant, irrespective of R j

.

(E) Input resistance with negative current feedback
In the circuit of Fig. 7.4

Without feedback
r. E. /,

With feedback

,
E/ E, ^ (R, Ri)Eo E, . {R, Ri)AE,
fj fi

Therefore r,' r,(l • AR^ R,) r,(l yA) (30)

which indicates that with this circuit the input resistance is increased with negative

current feedback in the same proportion that the gain is decreased (eqn. 27) and the

effect is therefore the same as with Fig. 7.3.

(F) Harmonic distortion with negative current feedback
It may readily be shown that, as with negative voltage feedback, the harmonic

distortion is reduced in the same proportion that the gain is reduced, subject to the

conditions enumerated above (following eqn. 8) :

1 i AR:,;R, \ yA

(iv) Bridge negative feedback at the mid-frequency
Bridge feedback is a combination of voltage and current feedback, as sho\\Ti in

Fig. 7.5. It is assumed that (R, i R^) > Rj and that Rj.

Without feedback: A ^ Eo/E, ^ #xR^/(rp * - R^).

With feedback :

Feedback voltage RiEq/(Rx ^ Rt) ^ /o^a
Therefore -- £, i RjEo/(Ri t £«) /qR^

m .d .n.—11
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Therefore A'
AB,

b7
AB,

E, ^ AE,R, \R, r /?>) - R\AE,/Rj

Therefore /I
\ . aRi {RV r^)^AR^R^i^

Comparing this with (2b) and (24a), it will be seen that the denominator in (32)

includes the second terms of the denominators of both (2b) and (24a). Equation (32)

may be put into the alternative forms

A' — — -
L (\y\

r, ^ (;x . 1)^3 • Ri{\ • - R-^
^ ^

^ "
1 fxi?r(R. • Ri) r, . (^ : DR, (34)

1 • f.R, (R,
"

R,)

Equation (34) indicates that

(1) the amplification factor is reduced by the factor

1 ri' /n , n" " which is the same as for voltage feedback
1 fiKi {Hi - Hi) 1 “ pfi

alone (equation 18).

(2) the effective plate resistance is given by

, _ rp_- (,. - l)R, rp (/f . l){yR^)

1 - XRi - R,) 1 pp
^

Compare this with equation (25a) for current feedback alone and (19) for voltage

feedback alone.

If the amplifier has more than one stage, p must be defined as

p - AiPi (35b)

where Ai amplification between input and grid of final stage (with due regard to

phase reversal)

and P 2 amplification factor of final stage, thus giving the expression for effective

plate resistance

(AiPi - \)R:i Tp (A1P2 * l)(y^/.)
'

'l -
*

1

where y — RvR/.

(35c)

Special applications of bridge feedback (Ref. A9)
(A) The output resistance may be adjusted so as to equal the load resistance.

If the voltage and current feedback resistors arc adjusted so that

Ri/(Ri - R 2 ) - R^/R^, that is ^ y,

then fp' Ri
provided that ( j3^) >> 1

and that ( ~ PpR^) >*rp.

(B) Negative voltage feedback may be combined with positive current feedback

to decrease the plate resistance r ^ to zero or even to make it negative. This is little

used in amplifiers because the positive current feedback increases the harmonic dis-

tortion. However, it is possible to combine negative feedback in the output suge
with positive feedback in an earlier stage to give very useful results see Sect. 2(xf).

This somewhat resembles one form of the balanced feedback in (v) below, except

that the design is less restricted.

(C) Negative current feedback may be combined with positive voltage feedback

to give very high effective plate resistance.

(v) Combined positive and negative feedback at the mid-frequency
The distortion in a two or three suge amplifier is mainly in the output lUge, and

the distortion in a well designed first stage will be relatively quite small. It is practic-

able to apply positive voluge feedback to the first suge only, and then to apply nega-
tive voluge feedback over two or three suges in order to secure very low ^stortion

and low output resistance.
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This arrangement is shown in the simplified block diagram of Fig. 7.6. The effect

of positive feedback on is to increase its gain from Ai without feedback to A' with

positive feedback. The effect on the whole amplifier, so far as effective plate resist-

ance, distortion in the final stage and gain are concerned, is the same as though Ay
with positive feedback were replaced by another amplifier without feedback but with

gain A'. The positive feedback in Ay will increase the distortion of this stage, but

!l EFFECTIVE
I GAIN A'

INPUT

FIG. 7.6

fT^ ^r- li

/

J 1

J

Fig. 7.6. Simplified block

diagram illustrating one possible

arrangement of combined posi-

tive and negative feedback.

w'ill decrease the distortion of the whole amplifier provided that the initial distortion

in
I
is small in comparison with that in A 2 . A general purpose triode may be used

in the first stage, and yet have an effective stage gain greater than that of a pentode

with a plate load resistor of 0.25 megohm.

Practical amplifiers using this principle are described in Sect. 2Cxi;.

Balanced feedback amplifiers

A balanced feedback amplifier is one using both positive and negative feedback

in such proportions that the overall gain with feedback is equal to that without any

feedback i;Ref. A20). There does not seem to be any real advantage in achieving

exact balance between the two feedback systems and the designer will generally prefer

complete liberty on this point.

(vi) Comparison between different fundamental types at the mid-
frequency

Negative feedback :

Voltage

Feedback
decreases

decreases

Current

Feedback
decreases

decreases

Effect

gain

effect of variations of valves and other corn-

decreases

increases

or

decreases

decreases

decreases

increases

increases

increases

decreases

increases

increases

or

decreases

decreases

increases

decreases

decreases

increases

decreases

Positive feedback :

ponents on gain

effective plate resistance

input resistance*

harmonic distortion

effect of load impedance on output voltage

effect of load impedance on output current

damping on loudspeaker

frequency response (band width)

hum and unwanted voltages introduced in the

amplifier (subject to certain conditions).

Voltage

Feedback
increases

increases

increases

Current
Feedback
increases

decreases

increases

Effect

gain

effective plate resistance

harmonic distortion

• The effect on the input resistance depends on the incihi>d of applying the input voitage.
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Characteristics of amplifiers with negative feedback
Characteristic No feedback Voltage feedback Current feedback!

Voltage gain
fiRi

r p -r Rj r^ f R,(l - r/;-Rjr-y(Ai H)]

A A
or A

1 ~ M 1 yA
Effective amplification

factort

1 -
Effective plate resist-

ance of final stage t r:v {
r,. ^ - l)R,

y(/^ \)R

Input resistance r.(i - r.(l yAy^

Second harmonic dis-

tortion
1 ^A 1 yA

Hum or noise intro- En En
duced by amplifier E.

1 ^A 1 yA

\or€
: ^ is negative throughout.

y is defined by - y ffj R^.

SECTION 2 : PRACTICAL FEEDBACK CIRCUITS

(i) The cathode follotver (ii) The cathode degenerative amplifier and phase splitter

(ill) Voltage feedback from secondary of output transformer (it;) Voltage feedback

from plate transformer input (v) Voltage feedback from plate r.c.c. input (vi)

Voltagefeedback over ttvo stages (vii) Voltagefeedback over three stages {viit) Cathode

coupled phase inverters and amplifiers (ix) Hum (x) Some special features of feed-

back amplifiers {xi) Combined positive and negative feedback (xii) Choke-coupled

phase inverter.

The idealized conditions assumed in Section 1 do not always hold. At very low

and very high audio (or ultrasonic) frequencies, the reactances cause phase angle

displacements tending to nullify the “negative*’ feedback which, in extreme cases,

may even become positive. The resulting effects may be evident as poor response

to transients (damped oscillations), parasitic oscillations extending over a portion of

a cycle of sine waveform or, in extreme cases, oscillation at a very low or very high

frequency. This aspect is considered in further detail in Section 3 for those who
wish to have anything beyond the most elementary understanding of the problem.

Other complications arise from (a) certain circuit connections affecting the amount
of hum, and fb) the application of feedback in parallel with an impedance within the

amplifier.

(i) The cathode follower
With a cathode follower the load impedance is connected between cathode and earth

instead of between plate and earth in the more conventional arrangement. It is there-

•Applic* only to circuitJi «uch a$ Fig. 7.2A or 7.2B in which the feedback voltage it applied in teriea

with the input voltage.

^Over tmgle ttage.

;if the amplifier has more than one stage, the amplification factor mutt be defined by ^
where At amplification between point at which feedback is introduced and grid of final stage

and /x; ^ amplification factor of final stage.

** Applies only to circuits such as Fig. 7.4 in which the feedback voltage is applied in series with the

input voltage.
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fore frequently referred to as “ cathode loading *’ in distinction to the conventional
“ plate loading.’* As a result of 100 per cent, negative voltage feedback inherent in

a cathode follower, both the distortion and the output impedance may be very low.

The basic circuit of a triodc cathode follower is shown in F'lg. 7.7. It is understood
that the input circuit must be conductive to provide a grid return path, and that a

suitable grid bias value is achieved by inserting an appropriate battery at, say, point D.
The input voltage is applied between grid and earth while the load resistance {R k)

is connected between cathode and earth. I hc voltage developed across R
,,

is the out-
put voltage, and the maximum output voltage is slightly greater than for the con-
ventional case with R^ as the plate load resistor. The stage gain, htnvcver, is neces-

sarily less than 1 since the input voltage is equal to the grid-to-catht)de voltage plus

the output voltage (with a medium-mu valve the voltage gain normally approximates
0.9). Since the stage gain is always less than unity, the input voltage is always
greater than the output voltage. Thus the input voltage may be very much greater

than the grid bias, but grid current will mn How until the instantaneous difference

between the input and the output voltage exceeds the bias.* In some cases the input
voltage will be very high as, for example, when a high power output is required from
a cathode-loaded low-mu tri<»dc operated with a high plate voltage. In extreme
cases there may be dilliculty in obtaining suthvient voltage in the preceding stage to

7.7. Lircuu

SiiKC a cathode lolhwver does not amphly the input voltage it might, at first sight,

be thought that the arrangement lultillcd no useful purp<'sc. Its principal usefulness,

however, lies in its impedaiHc charaetcrisiics. I he input impedanse is high while

the I'uipui impedance R„ is low, and the whole device may thereh're be regarded

as a kind Impedaiuc I ranslormer sec ,b'I bciv>w

.

The low output impedaiKe of the cathodt follow cr makes n particulailv useful as a

driver Mage tor ( lass .\H or ( lass H amplihers, or lor puKe tec}inique.> where a low

impedance source is reciuircvl.

With the cathode tollovver, the grid and cathode are m phase with i>nc another, so

that there is no reversal of polarity as with plaie-lv*adcd amplitiers this characteristic

is sometimes useful in amplifiers, and particularly with pulse lechntc^ues.

A cathode follower will work into practically any value of load resistance, although

there IS a broad optimum value for any particular application.

'I'he effect of mterclcctrodc and wiring capacitances on the gam is generally negli-

gible up to a frequency of 1 N\c s.

It is impviriant to remember that all electrode voltages mu^i be st.iicd with respect

to the cathode ; these will nv>rmally have the same values .is to.- plate heading.

'I he graphical treatment ;s given on pages >u.j.

(A) Voltage gain at low frequencies

'I'hc voltage gain without Uedb.ick would be

'I'he value I'f the transtcr coefluient will be . I

excite fully the cathode follower.

o

FIC
’

cT'ol ^wrriiu vross-o\cr pointMore pro. i>tl\ , the clifteti iu^ hc;\vv.ti) ;h«. Im.i. .irU tl'» \oU.t,»e t : i .i
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The gain with feedback will therefore be

A- - A „ A .

1 - ~
I A

Therefore
in - \)R, •

which may be written in the form

A' - ^ ^

n - 1
' R, * r, in 1)

Equation (la) may also be written in the form

\ n ^ Sm
where mutual conductance in mhos.

(la)

(lb)

(l c)

If M >•

A' ^

1, the gain with feedback w'ill be approximately

n.R k

1 gn.Rk
(2 )

Rk is the resultant of all resistances between cathode and earth, whether internal

or external to the amplifier itself. There is very little increase in gain through making
R k greater than about tw ice ; provided that n is not less than 10, then the increase

of gain through any further increase in is always less than 5 per cent. (It is as-

sumed that the input voltage is small enough to avoid grid current and or plate current

cut-off).

Charts giving gain
Voltage gain (exact) based on /i, and Ref. Cl 9.

Voltage gain (approx.) based on and R* for pentodes Ref. C21.

Gain in decibels (approx.) Ref. C24.

(B) Effective plate resistance ir p) at low frequencies

The effective plate resistance in the arrangement of Fig. 7.7, as with any case of

voltage feedback, is equal to divided by (1 Bn)i i c.

'•p r p \ n

\ Pn 1 - /i ^ ' 1

If n is very much greater than 1,

then Tp ^ \igm (4a)

with an error not exceeding 5 per cent, if ^ is not less than 20.

As with the gain, so too with the effective plate resistance, there is very little change

brought about by an increase in R beyond 2rp, provided that n is not less than 20.

Chart of r

^

(approx.) Ref. C24.

(C) Equivalent valve characteristics

The results obtained with a cathode follower (c.g. eqn. lb) are equivalent to those

which would be obtained from an equivalent plate-loaded triode* having ;

plate resistance ^ r/ r^/in f 1)

amplification factor /i/(/i * 1)

mutual conductance (unchanged)

and working into a load resistance Rf ~ Rk (unchanged).

Example 1 : type 6J7 (triode connection)

For 250 volts between plate and cathode, n - 20, 1900 micromhos and
r, ^ 10 500 ohms. The value of /?* for greatest power output may be assumed
to be approximately equal to 2rp, so that a value of 20 000 ohms may be adopted

(see Sect. 5 for graphical treatment). The effective plate resistance is therefore

rp-Tp/inr I) 10 500/21 500 ohms,
and the gain will be

*Sec Sect. 5(i) for graphical treatment.
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20 000
A' - A 0^

(21/20X20 000) i 525

Example 2 : t3rpe 6V6 (triode connection)
With 250 volts between plate and cathode, /x ^ 9.6, g 4000 micromhos and

r p
== 2400 ohms. If v is made equal to 5000 ohms we have

Tp 2400/(9.6 1 1) 2400 '10.6 ^ 226 ohms, and the gain will be

5000

(10.6/9.6)5000 250

(D) Distortion
The distortion, within the limits of plate-current cut-oflf on one hand, and grid

current on the other, is reduced by the same factor that the gain is reduced, namely

1,(1 • /!) where /I is the gain without feedback. In a practical case, if 20 and

Ri 2r py then the distortion is reduced to 3 /43 of the distortion with plate loading.

The maximum Input voltage which may be handled without distortion may be
calculated graphically (see Sect. 5).

(E) Calculated operating conditions
The following treatment is based on ideal valve characteristics with straight lines

instead of curves, and is therefore only approximate (Ref. C31). It is assumed that

the bias is adjusted to allow for maximum voltage swing over the whole loadline.

Operating point : 1 1 i
• Rt) (4b)

iL\t,Ri,(r^ R„) (4c)

(4d)

where E* voltage across E*.

If the circuit of Fig. 7.10 is used to provide grid bias :

Ri (rp * EO 'm Ri a (1 R„ r^)gm (4e)

where A ^^Rk {r^ ^ R^)
amplification of valve with plate loading.

Example : Type 6J7 (triode connection)

I, 125 30 500 4.1 mA
H, 125 • 20 000; 30 500 82 V
Hr 250 40 6.25 V
A 20 • 20 000; 30 500 13.1

R, 30 500 20 1525 ohms.
In the general case, use may be made of the following table, based on eqn. (4e) :

when Rk 0 1 r ,, 1 .Or p 2r p 3r ,, 4r ^ 5r

,

then Rn \ \gm 2g,„ 3 4 5 g^, 6 g,^

The peak amplitude of the voltage H is given by

iH,,R,(r, R,) (4f)

Special caac (D
If it is desired to use the minimum value of R^ to give a specified peak output

voltage the value of R^ is given by
R„ 2Ek„rp, (Ebh 2Htm)

^
(4g)

and the optimum value of bias resistor (Fig. 7.10) is given by

If

H b b

gjEbb
is small compared with

(4h)

Eft ft, Ri is thus approximately equal to l/^«,.

Special cate (2)

If Rik is greater than 1 g„ and the whole of Rj is used to provide grid bias, the

maximum output voltage is thereby reduced,

E bhR k

,
-4 (m \ l)Rk

Special cate (3)

If R A is made equal to 1 g^
effective plate resistance (rp')-

(4i)

the cathode follower works into a load equal to its own
The value of peak output voltage is given by
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r 1) (4i)

and the optimum value of bias resistor Rx is given by

i?, = ^ R* (4k)
fi \ n /

so that the valve may be considered perfectly biased by the whole of its cathode re-

sistor R It,

Special case (4)

W'hen the value of cathode resistance required to provide bias is small compared
with \,gmi the arrangement of Fig. 7.11 may be used in which Ri /?* hgmt
and R. is calculated to provide the correct bias. Since Ri is small compared with

1/^m the maximum peak output voltage will be given approximately by
r, (41)

Special case (5)

If Rt is small compared with l/g^ and Ri alone used to provide bias, the bias will

not be optimum and the maximum peak output voltage will be given by

c _ _
' rjv; -Tfx i')R\]

^

where R* is neglected in comparison with r . and n Rif,,.
The ratio of the output voltage with correct bias (eqn. 41) and that with self bias

from cathode resistor (eqn. 4m) is given by

Ratio
2

1 /xn
(4n)

(FI) The ** looking-backwards output terminal impedance (/^o )

The impedance, seen when looking backwards from the output terminals of Fig. 7.7

into the amplifier, is equal to r^' in parallel with R i. This corresponds to the

plate-loaded case where we have to consider and Rf in parallel.

„ ,
r,R, R, 1

r.' R, (r, R.) r,. • g „R , g„ I R, \ r.

Therefore R,'
r.

(5a)

(5b)

If r ^ R Rf)
R.

(0 )

1 gmRk
In special cases, where a very low value of /?„' is required, it may be convenient to

obtain it by decreasing the value of R even though this results in a serious reduction

in maximum power output. For example, with type bVb ^iriode connection) under

the conditions given above, where r/ 226 ohms,
when Rx 2400, 1000, 500, 200, 100, 50 ohms,
then Rx 206, 184, 156, 105, 69, 41 ohms.

Charts :

Rx' (approx.) based on R* and g^ Ref. C23.

Rx (approx.) but with correction factor to give exact value Ref. C22.

(F2) Resisumcc-capacitance coupled cathode follower

An alternative form of load is illustrated in Fig. 7.8 where Rx is the d.c. load re-

sistance, Cr the coupling condenser, and R^ the a.c. shunt load resistance. In cal-

Eig. 7.8. Cathode foE
lower with d.c. load
resistance Rxy capacitance

coupled to a shunt load
resistance R^.

culations regarding grid bias, the resistance of Ri should be used ; in calculations

regarding gain the resultant R RxR^/iRx * R^) should be used. As for the
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similar case with plate-loading, it is usually desirable to have Rg considerably greater

than Rf Rg may take the form of a volume control.

Alternatively, Ru may be selected to suit the grid bias, while Rg is then calculated

to provide the desired total a.c. load.

When the circuit of Fig. 7.8 is used as a power amplifier stage, it may be shown

(Ref. C32) that maximum power is dissipated in Rg when Rg ~ and Rk — \/2rpy
and that when these conditions are fulfilled the power dissipated in Rg is given by

Pm.. -= J?i*/93r,

where =- plate supply voltage Etb less the voltage where the tangent to the

Ec 0 characteristic cuts the axis (point B in Fig. 7.8A)

and r, ^ plate resistance of valve at junction of d.c. loadline with E^ — 0
characteristic (point D in Fig. 7.8A).

If in Fig. 7.8 the load impedance is re-

moved to a distance and the leads between
the cathode follower and the output ter-

minals are lengthened, the “ link ” be-

tween the amplifier and the output may
j

be used as a low impedance loaded a-f line,
^

although it is loaded unequally at the two
ends.

The term “ link **
is used to describe a

line which is so short that its characteristics

at the frequency of operation may be ne-
^

glectcd in comparison with the loading. It

should be carefully distinguished from a
“ transmission line,*’ which has a character-

istic impedance determined by the self in- 7.8A. Loadlines of circuit Fig. 7.8

ductance and capacitance per unit length ^ pozver amplifier.

and which, for the suppression of standing waves, requires to be terminated by an
impedance equal to the characteristic impedance.

(G) Transformer coupled cathode follower
With the resistance-coupled case of Fig. 7.7 the plate supply voltage must be higher

than the plate-to-cathode voltage and the whole of the power output plus the d.c.

losses are dissipated in the resistance Ri. It is possible to replace Rk by the primary

of a transformer, and the secondary of the transformer may then be loaded, e.g. by
driving the voice coil of a loudspeaker or other electrical network (Fig. 7.9). In

this case the full supply voltage, except for the small resistance loss in the transformer

primary, is applied between plate and cathode.

Fill. 7.9. Cathode foUotver hating the primary

of a transformer in its cathode circuity the secondary

of the transformer being loaded.

The maximum power output with the same load resistance as for plate loading will

be approximately the same. The distortion and the output resistance will, however,

be very much lower than for plate loading, and the damping on the loudspeaker will

be greater.

A special case of si^mc importance is when V, is the driver valve of a Class B power

amplifier (see Chapter 13 Sect. 7).

The optimum load resistance may best be calculated graphically (sec Sect. 5).

The resistance of the transformer primary will provide at least part of the voltage

for grid bias ; the balance may be supplied by a suitable resistance (shunted by the



322 (i) THE CATHODE FOLLOWER 7.2

usual by-pass capacitance) between the cathode and the upper transformer primary

terminal.

Alternatively, the primary of the transformer may be connected in place of R

,

in Fig. 7.8, and C, may be adjusted to time the primary to a suitable low frequency

to extend the frequency band to lower frequencies or to give bass boost (Ref. Cl 4).

(H) Grid circuit arrangements and their effect on input resistance and Ro'

If the voltage drop in Rt is greater than the desired grid bias, then a convenient

arrangement is to return the grid resistor (R.j) to a tapping point ex') on the cathode

load resistor, the position of X being adjusted for optimum operating conditions

(Fig. 7.10) ; the bias will be

E,, R,I, (7)

where En is the bias in volts, R. is expressed in ohms and I the plate current in

amperes. The total load resistance is (Ri R ,) which corresponds to ^ in Fig.

7.7. The correct value of C should always be selected on the basis of the input re-

sistance (R/) and not on the basis of R.j.

Fig. 7.10. Cathode follower with grid bias supplied by a tapping point [X} on the

load resistance.

Fig. 7.11. Cathode follower with separate resistances for bia^ (R. hy-pas<ed by
C.,) and load

Fig. 7.12. Cathode follower with alternative form of grid bias circuit.

The circuit of Fig. 7.10 does not apply the full degree of feedback (as in Fig. 7.8j

unless the output resistance of the preceding stage is very much smaller than R,.

In other cases the feedback is reduced by a factor {R

,

r JR j
{r p Rj) for the preceding stage.

The input resistance {R,') due to the grid resistor (R, in Fig.

because the voltage across R^ is less than E,.

R„) where R^

7.10) is greater than

Thus R:
where E,

and 2

Now 2

and E ^

E, i

the input voltage

the current through

(F, EJR,
AE,R, (R, Rf)

R, (Fig. 7.10).

Therefore R’

Therefore R/

E.

1

E,R,

F. F\
R.

A'R.JR,

F.(l

Rj)

E,R,

A R, (R, Ri)]

(8)

Special cases :

If R. 0, i.c. R., reoimed to cathode ; R/ Rg/(l A ) (9a)

If Ri 0, i.e. R^ returned to earth : R/ R^ (9b)

As a practical example take type 6J7 (triode connection; with the same conditions

as previously (Example 1). The cathode load resistance (R, • Rj) is therefore

20 000 ohms. The cathode current (from the published data) is 6.5 mA while the

grid bias is 8 volts. The resistance of R^ is therefore 1230 ohms and Rj is 18 770
ohms. If R, is taken as 1 megohm the input resistance will be

1 20 000
Rl '

t n i\'i . lo nnn An/\ r\ru\ i *7 ® mcgohms.
1 0.93 > 18770/20000 20 000 17 500

Use ** looking-backwards ” output terminal impedance with the circuit

Fig. 7.10 becofhes (Ref. C28)
of
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o ^
1

“
. fi ,

^
. 3 1 7- 1 7

R, : rJ R, R, r,

where R, source impedance of input voltage.

(Compare eqn. (10) with eqn. (5a) which applies to the circuit of Fig. 7.7.]

UR, is not greater than one fifth of R,j, the effect on the output terminal impedance
will usually be negligible.

If R, in Fig. 7.1 1 is by-passed, the a.c. load is lower than the static load resistance,

which is usually undesirable unless R^ is very much smaller than R v. For example,
if Ri is at least 10 times the value of R^y the effect is usually so small as to be negligible.

The input resistance is

R,' R;,/(l A') which is the same as (9a).

The same remarks apply as for Fig. 7.10 with regard to the output resistance of the

preceding stage.

An alternative circuit is shown in Fig. 7.12 in which the reactance of C,,at the

lowest frequency to be amplified, should be small compared with the resistance of R.
The input resistance is approximately equal to R ,y provided that {R - RJ is much
larger than the reactance of C,. With this circuit, the full degree of feedback is

obtained irrespective of the output resistance of the preceding stage.

Another method of securing the correct grid bias voltage is to connect a positive

grid bias to counteract the too-great negative bias due to R t,y either at the pKjint D
in Fig. 7.7 or at the low potential end of the grid resistor Rj. One method of obtain-

ing the negative bias without requiring a separate bias voltage source is shown in

Fig. 7.1 3 where R^ and R^ form a voltage divider across the plate voltage source. The
input resistance here is equal to and R^ in parallel.

Direct coupling to a cathode-follower is shown in Fig. 7.14. If the first valve has

low plate resistance, it would be practicable to drive the cathode follower into the

grid current region. The voltage drop in R
j ^

must equal the gnd-plate voltage of

the cathode follower.

Fi^. 7.13. Cathode follotver tath positive grid bias from voltage divider across

B \ y m order to counteract the too-great negative bias from Ri^.

Fig. 7.14. Direct coupling to the grid of a cathode follotver.

Fig. 7.15. Triode cathode follotver shozi'ing capacitances.

(I) Input capacitance (purely resistive load)

The cap:K!tancc from grid to plate (C^^) is effectively across the input (Fig. 7 15).

I'he effect of the capacitance from grid to cathode is reduced by the ratio of the voltage

from grid to cathode to the voltage from grid to earth. Thus
c: C.,, . (1 A )C,, (H)

or C; C,, C,, i\ A) (12)

where A has the same meaning as with plate loading, being the stage gain w^ithout

feedback, and A is the actual stage gain, being always less than 1 (eqns. la and lb).

Note the reversed Miller Effect whereby the C,i is reduced by the factor 1 (1 ’ A).

In a typical case, using type 0J7-GT (triode connection) :

A' 0.93; C\.. 1.8 /i^F ; and 2.6 ^/iF.

C, 1.8 « 0.07 • 2.6 1.8 : 0.18 1.98

This may be compared with an input capacitance of 22.4 ^i/tF under equivalent plate

loaded conditions.

(J) Output capmeitmnee
The capacitance from plate to cathode (Cpjt) and also the capacitance from heater
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to cathode (C* *) arc across the output (Fig. 7.15). The voltage across the capacitance

from grid to cathode (C,*) is (1 - A')ei and the current tl\rough is, therefore,

(1 - A') ei.jwC, fc. The current which would flow through C, * if connected directly

across is A'e^.jtoCgf Therefore, the effect of Cgn connected between grid and

cathode is the same as that of a capacitance of [(1 — A')/A'] Cgk ^ CgulA con-

nected across R It is assumed that the source of input voltage has a resistance and

a reactance each negligibly small in comparison with the reactance of With
this assumption the effect of the capacitance from grid to plate (C,p) is zero, since

it merely shunts the input voltage.

Thus, the output capacitance (Co') under the assumed conditions is given by

Co' = Cpk C,* + CgJA (13)

This capacitance is effectively shunted across (sec cqn. 5).

In the case of type 6J7-GT (triode connection), Cp* - 17.0 C^t ~ 10.5 fx^F

(approx.), Cgk — 2.6 ft/iFj and A' = 0.93 (see Example 1).

Therefore Co' = 17.0 -f 10.5 2.6 (0.07/0.93) - 27.7 /x^xF.

This is effectively in shunt with the output resistance [Rq') of 487 ohms. In the

plate-loaded case there would be a capacitance of 17.0 ^/xF shunted across 6900 ohms.

In all practical cases, both for input and output capacitances, it is necessary to make
allowances for stray capacitances in addition to the valve capacitances.

(K) Special considerations with pentodes
The discussion so far has been principally confined to triodes, or pentodes con-

nected as triodes. It is readily seen that if a pentode is operated with the screen volt-

age equal to the plate voltage, without special precautions

to isolate the screen and plate, the result is equivalent to

triode operation. The reason is that there is, in the

cathode circuit, an impedance which is common to both

plate and screen currents, so that the signal voltage drop

across it affects the voltages of both plate and screen.

Under these conditions the valve ceases to behave like a

pentode.

z

-J
k
: oo

nc 7 1*

Fig, 7. 1 6. Pentode
cathode follower with
screen by-passed to

cathode.
If it is desired to obtain pentode operation, the voltage

between screen and cathode must be mainuined steady

and free from signal frequency flucniations. This may be done by conneaing an

impedance (either a voltage dropping resistor or a choke) between the plate and the

screen, and by-passing the screen to the cathode by means of a sufficiently large

capacitance (Fig. 7.16).

The screen dropping resistor Rgt is cfTectively in parallel with so far as signal

voltages are concerned. Unless Rgt is more than 20 times greater than R allowance

should be made for its effect.

If the by-pass condenser (C) is returned to earth instead of to the cathode the result

is, again, effectively triode operation except that the screen may be operated at a

voltage lower by a fixed amount than

that of the plate. For example, if the

static voltage from cathode to plate is

200 volts, and from cathode to screen

100 volts, then the voluge from screen

to plate is 100 volts (Fig. 7.17). But,

when a signal voltage is being amplified,

the cathode voltage has a signal-fre-

quency component which may reach a

peak value of, say, 120 volts (see dia-

gram). This makes the cathode 20
volts more positive than the screen, or

this may be expressed the other way
around as the screen being 20 volts ne-
gative to the cathode. The result it
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platc-cuiTcnt cut-off and severe distortion, which can only be avoided by a reduced

output voltage. In the case of pentode operation, with the screen by-pass condenser
returned to the cathode (Fig. 7.16) this type of overloading cannot occur.

When valves having high mutual conductance are connected as triodes, it may be
found that parasitic oscillation occurs at a very high frequency. This may be pre-

vented by connecting a 100 to 500 ohm non-inductive resistor in the link between
plate and screen, using short leads.

(L) Voltage gain with pentodes
Owing to the very high values of ^ with most pentodes, eqn. (2) may be taken as

being almost exact :

-
1 ‘izR-

where gm ^ pentode mutual conductance under operating conditions in mhos.
In Example 1, the pentode may be taken as being (I y/J k) ^ triode gm ; i-c.

0.8 X 1900 1520 miCromhos.
With Rk 20 000 ohms,

1520 > 20 000 X 10 «

1 V 1520 A 20 000 10 •
'

Values of /I' up to about 0.99 are pracucable with pentodes, using higher values of

load resistance.

(M) Input capacitance with pentodes, screen by-passed to cathode (Fig. 7.16)

The input capacitance with pentode operation is different from that with triode

operation of the same valve. The capacitance from grid to plate may be neglected,

and the total input capacitance is approximately given by
C/ (1 A') X pentode input capacitance (14)

In the case of type 6J7-GT the pentode input capacitance is 4.6 and with a stage

gain (A') of 0.97 the input capacitance will be 0.03 *> 4.6 ^ 0.14 /ifiF. This is

less than one fourteenth the input capacitance of the same valve with triode con-

nection under similar conditions (prc\iously shown to be 1.98

If the screen is by-passed to earth the input capacitance will be the same as

for triode operation.

(N) Output capacitance with pentodes (screen by-passed to cathode)

With pentode operation the screen and suppressor arc effectively at cathode potential

at signal frequency (Fig. 7.16). 'Fhe “ pentode output capacitance ” is the capacit-

ance from the plate to all other electrodes except the signal grid and will therefore

take the place of the platc-to-cathodc capacitance in a triode (eqn. 13). The output

capacitance is therefore given by

Co' pentode output capacitance i

(1 .4) - pentode input capacitance (15)

In the case of type 6J7-GT with a stage gain of 0.97, the pentode output capacitance

is 12 fi/iF, and the pentode input capacitance 4.6 so that Cq' is 12 t 10.5 — 0.14

- 22.6 This may be compared with 27.7 for triode operation under

similar conditions.

(O) Circuit to avoid screen current through the

load resistance

With the normal pentode cathode follower, the screen

current passes through the load resistance with resulting

complications (see also Sect. 5). One w^y of a\^iding

these is shown in Fig. 7.18 which produces results

identical with those of the cathode follower. The input

is applied between grid and plate, the load resistance is

in the plate circuit, and the cathcxle bias resistor has the

same value as for normal operation. It has the disad-

vantage that neither input terminal is earthed, and
transformer input is necessary.

Fig. 7.18. Alternative to

the cathode /o/Zewer, giving

similar resultSy with input

applied bettvecn grid and
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(P) Circuit to make the screen current constant
One other method of avoiding the troubles caused by the screen current involves

the use of an additional valve to apply signal voltage of the correct value and phase

to the screen, and thereby maintain the screen current constant (Ref. C25).

(Q) Screen-coupled cathode follower
The cathode of a cathode follower may be directly coupled to the screen of the

following stage, this being particularly valuable in d.c. amplifiers. See Ref. C26,

also Chapter 12 Sect. 9(vi).

(R) “ Infinite impedance detector
’’

The circuit arrangement of the cathode follower is the same as for the so-called

“ infinite impedance detector ” or reflex detector," but in the latter case it is essen-

tial for the plate current to cut off for part of every r-f cycle.

For further information see Chapter 27 Sect. l(ii)D.

(S) Amplification at all frequencies complex load
It is impossible in practice to have a purely resistive load owing to the unavoidable

effect of the interelectrode capacitances plus stray wiring capacitances.

When the load is a resistance in parallel with a capacitance, the input re-

sistance (and conductance) may become negative, thus leading to oscillation under

certain conditions. This may be prevented, where necessary, by the addition of a

non-inductive grid-stopper of 100 to 2000 ohms resistance
;

in resistance-coupled

a-f applications a grid stopper is unnecessary. When an inductance is coupled to the

grid circuit (e.g. the secondary of an a-f transformer it may be necessary to shunt it

by means of a fairly low value of resistance to avoid instability.

When the load is inductive the input resistance and conductance are always

positive.

The input reactance is always capacitive.

References Cl 4, C20.

(T) Gain with capacitive load
When the load impedance is a resistance (as in Fig. 7.16) shunted by a capacit-

ance C k, the gain is given approximately by (Ref. ((6;,

where /x * 20

f frequency at which the gain is calculated,

/o 1 2nR,C,

and B tan ‘ ( ,

^ u )
'

The expression within the square root sign in cqn. (16; is knovsn as the relative

gain, and has been plotted graphically (Ref. C6b, Data Sheet 3Q). Fhc phase angle

0 has also been plotted (Data Sheet 41).

Referencc.s C6, C9 ; Reich (Ref. A30) pp. 166-168 equations 6-34 to 6-341’.

The transient performance under puhe conditions is given in Refs. JI, J5, J6.

(U) Input impedance with capacitive load
Input resistance

(1 - * (//,,y

Input capacitance

when /x ” 1

c; when 1

1 ^ ^ {/'JoV
'*(1

f ^^R,y t U'/oY

References C6, C9, C20, J7 ; Sturicy (Ref. C34) Vol. 2, pp. 119-120.

(17)

(18)



7.2 (i) (V) PLATE RESISTANCE WITH CAPACITIVE LOAD 327

(V) Plate resistance with capacitive load

gmR k ^ +
1 ^ i +Kf/fo)

i] (19)

(W) EfYect of impedance of input voltage source
This is covered partly by Lockhart (Ref. C6) and more completely by Jeffery

(Ref. C9)

(X) Wide band amplifiers
The cathode follower is a valuable method of coupling in wide band amplifiers

(Refs. C2, CIO, C14).

(Y) Cut-off effect and overloading with capacitive load
When a cathode follower w'ith a capacitive load has a quickly-changing voltage

applied to its input, the plate current tends to cut off and positive grid current tends

to flow even with input voltages less than those practicable with low frequency sine-

wave input. At low input voltages it behaves quite normally, and the time constant

of its load impedance (R, and in parallel) is

-f R,).

When the plate current has been cut off, the time constant becomes RkCky which is

more than times greater (it is assumed that R * is not less than r p), and the advantages

of the cathode follower are lost. It is therefore essential to ensure that plate-current

cut-off never occurs. This effect occurs with a rectangular waveform, a steep saw-

tooth waveform or with a high frequency sinewave input.

References C13, C15, J3, J4, J5, J6, JO

(Z) Noise in cathode followers
A triodc cathode follow’er has the same reflected noise voltage in the grid circuit,

and the same reflected equivalent noise resistance as when used with plate loading.

The high input resistance has the effect of improving the signal noise ratio.

A pentode cathode follower always has a higher equivalent noise resistance than a

triode, but the noise resistance is greater when the screen is by-passed to earth than

to the cathode.

Refs. Bl, B2, C6a (Part 3-A), J12,

(ii) The cathode-degenerative amplifier and phase splitter

With conventional plate loading, the whole load is in the plate circuit ; with the

cathode follower the whole load is in the cathode circuit. We now consider the case

when part of the load is in the plate circuit and part in the cathode circuit.

Fig. 7.19 shows the general form of the cathode degenerative amplifier with plate

load Z

I

and cathode load Zjt. The output may be taken from K and earth, or from
P and earth, or from both.

(A) Unbypassed cathode resistor

Fig. 7.20 is a particular case commonly knowm as the unbypassed cathode resistor,

Although not shown in the diagram, there are valve and stray capacitances which can

only be neglected at low audio frequencies ; this condition will be assumed as a first

approach. Here Rf is the load resistance, Ri is the unbypassed cathode resistor

and R, the grid resistor. In this application R^ usually has a much lower resistance

than Rf, If the signal current through the valve and through Rf is called /p, then

the signal voltage drop across is R i/p, which is proportional to the signal current

through the load ; hence the current feedback. The formulae used below are taken

from Sect, l(iii), putting 7?^ in place of /? 3 .

Gain (equation 23, Section 1) :

’

(m t DRT I r. T

For pentodes

•For graphical treatment tee Sect. 5(v) and
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may be modified by the connection to point P of a coupling capacitance and follow-

ing grid resistor, thus providing an a.c. shunt load.

If the valve is a pentode, the suppressor is normally connected to the cathode,

although it may be connected to earth if the voltage drop across P ^ is very small ;

the screen should be by-passed to the cathode (Fig. 7.21). In calculating the grid

bias, allowance should be made for the d.c. screen current through R v.

If a less degree of feedback is desired, portion ofP * may be by-passed. In Fig. 7.22,

the value ofP * for calculations of gain, r/ and Tj,' should be P2, but for grid bias should

be (P, Rf). Alternatively, P* could be by-passed, instead of Pi.

Fig. 7.22. Cathode degenerative amplifier luith a small degree of current feedback.
Fig. 7.23, Cathode degenerative amplifier tvith a large degree of current feedback.
Fig. 7.24. Cathode degenerative amplifier with an alternative method of obtaining

grid bias.

If a higher degree of feedback is desired there are several alternatives. In Fig. 7.23

(P, • P.) Pi for signal frequencies, but only is effective in producing grid

bias. C, should have a reactance much lower than (P3 Pj). As a slight modi-
fication, C, may be returned to any tapping point along P, and P2, to give any desired

degree of feedback between zero and maximum. An alternative modification is to

by-pass P.., and to return Ci to any tapping point along P,. Finally, the arrangement

of Fig. 7.24 provides a positive voltage from the voltage divider P,, P5 which may be

adjusted to give the correct bias voltage from grid to cathode.

When Rf and Pi arc not purely resistive, they may be replaced by Zj and in

the expressions for gain which then become vecu>rs.

Current feedback is undesirable in transformer loaded amplifiers for it tends to

stabilize the output transformer’s magnetizing current j.e. make it sinusoidal) and

thus produce a distorted output voltage.

ric 7 2S

Fig. 7.25. Conventional

phase splitter.

which is always less than 1.

A' 0.9.

(B) Phase splitter

If Pfc is made equal to P^, we have the well known
“ phase splitter ” (Fig. 7.25), in which the output

from P to earth is equal and opposite in phase to that

from K to earth. Obviously (Pi d- Pj) ^ Pi- ^ Py

,

and the same signal current (/p) passes through Py,

Tp, Pj and P,. The grid resistor P, is returned to a

point on Pi- to give the desired grid bias (P^

P=/*).

The gain to either output channel is then

^iPy

(M • 2)R' r.
(28)

In a typical example where u ~ 20 and Py 4r^,

The input resistance is

1 /! «, (R, + R.)
,29)
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If - 0.9 and R, 9R„ then r/ 5.25R„.

If Rg is returned to earth, or to a voltage divider, or to a separate bias supply, the

input resistance is Rg.

If Rtf is relumed to cathode, or if is by-passed, then r,' /?„/(! /I) ^ lOR,.

If Rj is by-passed, then R^ must be increased to equal Rj and channel K should be

taken from point X. If channel K is taken from point X, and R, R,, then the

by-passing of Rj is unimportant, except that the maximum output voltage will be
reduced slightly ; this is of greater impvortance w'ith low mu valves.

The effective output resistance is different for the two output channels, since P
operates with current feedback and K with voltage feedback.

Channel P : r/ (n l)Rt where Rt R/ (30)

(from equation 25a, Sect. 1)

Channel K : r^,' (r^ * R^) (fx • 1) (31)

(from equation 3)

but this does not affect the balance at either low or high frequencies when the total

effective impedance of channel P is equal to that of channel K. The same signal

plate current which flows through one impedance Zp also flows through the other

impedance and if Z^^ then the two output voltages are equal. The ratio

of the output voltages is R^ : R at low frequencies and Z^ : Z^ at any high frequency.

The capacitive component of Z,, is the sum of the input capacitance of the following

stage, wiring and stray capacitances, and the output capacitance of P channel (eqn. 33),

and similarly with (eqn. 34). The output capacitances of the phase splitter norm-
ally differ by only 1 or 2 having a negligible effect on the balance at 10 000 c s

sec also pages 522-523.

luput capacitance (Fig. 7.25)

C/ - Ctf, (1 - A') Ctf,(l • A') (32)

Output capacitance
P channel; Co' 2C^v 0,^(1 * l/A') (33)

K channel: C/ Ctfi(l/VI' 1) C;, (34)

The equivalent source impedance that determines the high frequency attenuation

for each channel due to shunt capacitance is given by

R«
,,

(34a)
fp — Rf (ft ‘ 2)

and is of the order of 1000 ohms. Hence the excellent high frequency response

characteristic (Ref. A33).

(C) Tone control with cathode degenerative amplifier
If Rfc (Fig. 7.20) is shunted by a capacitor C*, it will cause a rise in gain which will

reach the maximum of a normal non-degenerative amplifier at frequencies where
the reactance of C* is small compared with R*. may also be connected across

portion of R*.
If Rt is shunted by an inductor L^, it will cause a similar rise of gain at low fre-

quencies.

(D) Degenerative cathode impedance (R^ * Li)
A degenerative cathode impedance with R» in scries with may be used w'ith r-f

or i-f amplifiers.

(F) Other forms of cathode degenerative amplifiers
Cathode-coupling is described in Seaion 2(viii).

A cathode-degenerative amplifier may be used as the first or second stage of an
amplifier having an overall feedback loop, to provide improved stability and a flatter

frequency response characteristic see Sect. 3(v)E and 3(vii)C.

(iii) Voltage feedback from secondary of output transformer
Voltage feedback^ may be taken from the secondary of the output transformer and

applied to the grid or any other suitable electrode in the power amplifier valve or any
earlier stage. Fig. 7.26 shows one form with feedback to the grid of the power am-
plifier valve. This is limited to transformer input, and there is a further limitation

*For graphical UMtment •«€ Sect. 5(iu) and (iv).
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in that the voltage across the voice coil may not be great enough to provide sufficient

degeneration. It is important to avoid accidental reversal of the secondary terminals.

This, and all its modifications, may be treated as pure voltage feedback following the
formulae of Sect. 1, at least in the middle frequency range where fi is equal to T^ITi,
the transformer turns or voltage ratio. It has the properties of maintaining constant

the voltage across the secondar>', thereby avoiding the effects of transformer leakage

inductance at high frequencies, and of reducing the transformer distortion. Un-
fortunately, at very low and very high audio frequencies, the phase angle introduced

by the output transformer rends to cause instability, the tendency being more pro-

nounced as the feedback is applied over 2 or 3 stages. This subject is treated in detail

in Section 3.

Fig. 7.26. Voltage feedback from

secondary of output transformer,

01 'cr one stage.

rhe push-pull form is merely a mirror image of the single-ended variety, and
involves two separate secondary windings on the input transformer, and a centre-tap

on the secondary of the output transformer, which is earthed.

In either case, if the feedback voltage is greater than desired, the connection may be
taken from a voltage divider across the voice coil (or each half of the transformer

secondary).

Fig. 1.27. Wyltage feedback from secondary of output transformer to cathode

of preceding stage.

Fig. 7.28. \\yltage feedback from secondary of output transformer to grid of
preceding stage.

A form suitable for feedback over two stages is shown in Fig. 7.27 where the feed-

back vt>liagc IS reduced by the voltage divider and applied to the cathode of \\.

'Fhe vt>lragc divider total resistance (K, Rf sht'uld be at least 20 times the voice

coil impedance, while should preferably be less than one tenth of R otherwise

there will be an appreciable amount of negative ciirrent feedback* in V,. Here

A voltage gain from grid ot V, to plate of V.,

and r, R^ ai mid frequencies (36)

Portion of the plate current of V, will flow through the secondary winding It is

sometimes found that a very small condenser C connected from the plate of \\ to the

cathode circuit of V, reduces the tendency to instability.

A mtxlifted form providing feedback to the grid circuit of V, is shown in Fig. 7.28

(note the reversed connections to the secondary of the output transformerV This

•In prMctur, this m«y be dcsjr.iblc.
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avoids d.c. through the secondary winding,' but the impedance of the preceding stage

(Ro) affects the value of jS, A being unchanged.

8 ^
Vr, I- i?,/\r,/VRo + rJ-

(37a)

In this case the input resistance is decreased because the feedback voltage is applied

in shunt from grid to cathode,

r/ = R,/{1 - M). (37b)

This principle is also incorporated in Fig. 28.3 where feedback is taken from the

secondary to a tapping on the volume control.

A further modification, in which the amount of feedback decreases as the volume
control is increased, is described in Chapter 35 (Fig. 35.3).

See Sect. 2(vi) below for an analysis of a two stage amplifier with feedback from

the secondary of the output transformer.

(iv) Voltage feedback from plate—transformer-input
A typical power output stage with negative voltage feedback from the plate to the

bottom end of the secondary of the input transformer is shown in Fig. 7.29. The
reactance of C is normally small compared with the total resistance of the voltage

divider {R^ - R,). The condenser C is placed in this position instead of between

Rz and plate since in the latter position the circuit may oscillate owing to the capacit-

ance of C to grid. If there is a tendency to oscillate due to the leakage inductance

of the transformer, a small condenser or a resistance, or both, may be connected across

the input transformer secondary.

OUTPUT

Fig. 7.29. Voltage feedback from the

plate to the grid circuity using trans-

former-coupled input.

This arrangement reduces the amplitude distortion resulting from saturation of the

output transformer core at low frequencies, and improves the low-frequency response.

It does not, however, counteract the effect of leakage reactance at high frequencies.

A voltage gain of valve from grid to plate

P = R,/(Ri h R2)

and r/ is extremely high, being unchanged by the feedback (valve input impedance
alone).

The same method may be applied to a push-pull stage, but a transformer is required

having two separate secondaries, and each valve must have its own feedback network.
This circuit is not suitable for use with resistance coupling.

(v) Voltage feedback from plate—r.c.c. input
If it is desired to employ negative feedback from the plate to a resistance-capacitance

input coupling, it is impossible to apply the feedback voltage in series opposition to

the signal voltage. The only manner of applying it is, so to speak, in shunt with the
input signal.

The simplest circuit is Fig. 7.30 in which Vj is r.c. coupled to Va, and a feedback
path RiCi is provided from plate to grid of Vj. For normal applications C, is merely
a blocking condenser to isolate grid and plate for d.c. The resistance /?, acts as a

shunt path for signal frequencies in much the same way as the Miller Effect ; the

circuit behaves as though an additional shunt resistance equal to Ri/iAt t 1) were
connected from grid to eanh, A^ being the numerical voltage gain of V,. This de-
creased input resistance causes a reduction in overall amplification. The amplifica-

tion of V| is not affected, but Vj now has a heavy a.c. shunt load, leading to increased

distortion and possible overloading. As an example, for the gain to be reduced to



7.2 (v) VOLTAGE FEEDBACK FROM PLATE 333

half, the additional a.c. shunt resistance across Rg will be equal to the total resistance

of fpi, Rjr and Rg in parallel. A larger than normal value of coupling condenser (C)

will obviously be required.

Fig, 7.30. Voltage feedback from plate to

grid ^ith resistance capacitance coupling.

The feedback makes the a.c. shunt load on

Vi considerably less than Rg.

As a modification of Fig. 7.30, R^ may be made zero and Ci may have a capacitance

of about 10 to 100 /x^tF to provide degeneration principally at high audio frequencies.

This has been used very successfully in small receivers with very little margin of gain,

but is only fully effective when no plate by-pass capacitor is used.

An improved circuit is Fig. 7.31 (Refs. El, E3) in which R^ and R^ form a voltage

divider across the primary of the output transformer, Rj being connected to the

junaion (X). If {Ri f Rt) is at least 10 times the load resistance of Va, the divider

will have linle effect on Vj. It is obvious that the degree of feedback can be adjusted

from zero to maximum by moving the tapping point X on the voltage divider from

the end to the plate end. If Rg -r Ri where R, = r g^Rg/{r.^y + Rg)y

R R
then iS ^ ^

An electrically equivalent circuit is Fig. 7.32 (Ref. E2) in which the two resistances

R3 and Ri take the place of the three resistances R^^y R^ and R^ of Fig. 7.31. For

identical operating conditions :

(«, r /?,)/?, . _ RjRl
'

R, - Rj^

The value of ^ in Fig. 7.32 is given by

R 1111
^

^
--

i?. Vr R “ r,T + R. + % •

Fig. 7.31. Voltage feedback applied in series with the load resistor. The reduction

in effective resistance occurs in the load resistor itself.

Fig. 7.32. Electrically equivalent circuit to Fig. 7.31, using one less resistor.

Both these circuits (Fig. 7.31 and 7.32) have the effect of reducing the effective

load into which Vi works. This has the merit of extending the response to higher

audio frequencies. In Fig. 7.31 the effective value of becomes
4- 1) where !^1 ^ RJiR^ + R,)

and Ai is the numerical voltage gain of Vf. For example if \^\ =- 0.1 and ^ 17,

the effective load resistance changes from R^ without feedback to 0.37 R^ with feed-

back. The load R;/ into which Vi works is, however, not constant because At varies

due to distortion. This circuit is usually limited to values of |^| not greater than say

0.05 to 0.1 for typical applications.

A similar effect occurs with the equivalent circuit Fig. 7.32 in which the feedback
causes the effective value of R4 to change to Ri/(At -f- 1). In both circuits Vi is

preferably a pentode, although a high-mu triode may be used with less effectiveness.
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Mezgcr (Ref. E4) has shown that it is equally valid to regard the plate resistance of

V, (and consequently its aiftplification factor) as being reduced by feedback, leaving

the external resistors unchanged.

(vi) Voltage feedback over two stages

Voltage feedback over two stages permits a wide choice of circuits, without the

limitations which frequently arise with a single stage.

(A) One of the deservedly most popular circuits is Fig. 7.33 in which feedback is

taken from the plate of to the cathode of Kj. The most serious limitation to its

use is that it cannot be applied without complications* to combined second detector

and amplifier valves of the conventional type. It actually involves two types of

feedback - the primary voltage feedback, and the subsidiary current feedback caused

by the unbypassed cathode resistor in Vi.

This is a form of Duerdoth’s multiple feedback see Sect. 3(v)E and the two

feedback voltages must be added together to determine the performance. The
subsidiary feedback increases the stability by reducing the slope of the characteris-

tic over a wide range of very low and a wide range of very high frequencies.

Fig. 7.33. Amplifier mth voltage feedback from the plate of Kj to the cathode of
K,, also incidentally incorporating negative current feedback due to the unbypassed

resistor R^.
Fig. 7.34. Simplified a.c. equivalent of Fig. 7.33 for calculations.

The following theoretical ireatmentt is based on the simplified a.c. diagram
Fig. 7.34. Here K, has constants while has and r„,. Resistor

R represents Rjx and in parallel. It is assumed that, unless otherwise specified,

the impedance of the input voltage source (/?,) is zero.

The amplification of stage K, without negative current feedback is defined as Ai
where

^ i. t’pi) (41a)

The amplification of suge V. is given by
A 2 E^/E,j 2 UiRit/{Ri2 f i>i) (41b)

Also ^ Rj, {R, /?*) (41c)

Now Eo AxAjE,, (41d)
E,' E.,x • E, E,x : RJk (41e)

and /a f/i, £,„/(/? • R^ , r^,)l r fiE^/Ru (41f)

\ Rk r,x) r pAiA^/R,] (41g)
(neglecting £//(/?,,, /?*) as being very small).

Applying these values in equation (41 e)

' '•’a] («>.)

Also E. A,A,E.„ _ AtE,,
T /pl

•See Fig. 35. 3 for one possible arrangement.

t'ihe Fidiior IS mdcbicd to Mr. li. Vi'aikinson for this method. This method assumes that (r,,, R)
is large compared s^ith and that /?, is large compared with R

/ i-



7.2 rvi) VOLTAGE FEEDBACK OVER TWO STAGES 335

)( - - V-\R R\ r•,J(i i PA^A. • ^l^Rl {R Rk .

/ ihR V A,E/(R R, r,.,) N

(« R, 1',J\R Rk r,„ fiiRi, pAiA/R Rk r ,)/

E '1 \
\kR (/‘. l)R,^

r,,, pAiAoiR -r Rk - r,„)/

'
A.f^iR

[*('
,

/‘I

liA,

«
' '] [‘

Therefore Eq - E/

Also when R ^ 0 there is no current feedback :

y p
R T

,,i

The overall amplification with feedback is given bv
A' E, e:

while that without feedback is given by
A E,, E, A,^i,R (R •

I'herefore

Therefore

A'

A

A'

A-i^i^R

(41i)

(41))

(41k)

(411)

r.A

\A,ii,R/

(41m)

Output impedance
The effect of the unbypassed cathode resistor depends on the resistance of the

source (/?,)•

Let 6 R, (R, R,) (42a)

Let voltage £*0 be applied across R from an infinite impedance source with no
input voltage applied to the amplifier.

E„ E„
^42h)Then In

R, Rf - R. R:,

The final term in eqn. (42b) is the effect of the voltage Fo? a fraction of which is

fed back across /?*, and amplified by Vj and applied to the grid of Vj. The effect

in the plate circuit of Vj is the same as though a voltage Eo^bAifi-. were applied to a

series connection of r,., and R,-^.

Thus the “ looking backwards ’* output terminal impedance is given by

R '
^"/oil 1

R. R, Ri r„2 R,.

i.e. the effect of the feedback is to add another impedance,

r.i ' R,3^

in parallel with the output, as shown in Fig. 7.41.

(42c)

Input Impedance

R/ =
E.'

i:

?..[i R
nxRk

Rk_
E,,/R,\

^ r.

Therefore R,'
^

^\Rk _
R i R\ f

(42d)

(42e)
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Therefore ^ = 1 + o (^0
Ki K -i- -h Tpi

where Rt is defined as the input resistance when /? * = 0.

Conclusions
Eqn. (41m) shows that the effect of feedback in reducing gain in this circuit (Figs.

7.33 and 7.34) is not given simply by the product of the current feedback gain re-

duction and the voltage feedback gain reduaion, each considered separately

Eqn. (41h) indicates that the two feedback voltages are effectively added so far as

their effect on gain is concerned. This is in line with Duerdoth’s multiple feedback

theory in Sect. 3(V)E.

Eqn. (42c) shows that the effective plate resistance of K, differs from that of an

equivalent amplifier without current feedback only on account of 5. When the

source impedance is zero^ h has the value unity> and the effective plate resistance of

Ft is identical with that of an equivalent amplifier with voltage feedback only.

It is obvious that current feedback in cannot directly affect the plate resistance

of K,. The only indirect effect (through 8) is the result of partial application of the

feedback voltage to the grid of Vi, which must also affect the gain. In other words,

the impedance of the input voltage source affects the gain, the effective plate resistance

and the output resistance Rq'-

If the source is reactive, some non-linear frequency characteristic will occur—

•

for example, if the source is a crystal pickup there will be some measure of bass

boosting.

The circuit of Fig. 7.33 tends to produce peaks at low and high frequencies in the

response characteristic unless the feedback factor is low. An analysis of the peaks

has been made by Everest and Johnston (Ref. H5) based on the ideal condition of

zero-impedance screen circuits and unbypassed cathode resistors ; it also omits any

complications arising from an output transformer. Methods for reducing or elimina-

ting these peaks are described in Sect. 3(vi) and (vii).

The condenser C, in the feedback network of Fig. 7.33 is normally only a blocking

condenser ; it may, however, be designed to produce a fixed degree of bass boost.

AJtematively, Ci may remain as a blocking condenser and a second condenser insened

at point X to provide bass boosting ; the latter may be shunted by a variable resistance

to form a continuously variable tone control (see Chapter 15 Sect. 2 and Fig. 15.11).

It will be demonstrated in Sect. 3 that feedback over two stages of r.c. coupling is

normally stable ; this does not necessarily hold if cathode or screen by-pass condensers

are used or if an iron-cored transformer forms any part of the feedback loop.*

(B) Feedback from secondary of output transformer
See Sect. 2(iii) and Figs. 7.27 and 7.28 for the general description of such an am-

plifier.

An illustration of the effects of negative feedback on a simple 2 stage a-f amplifier

can be obtained by calculatingt the low frequency response of the circuit of Fig. 7.35.

In this simplified circuit batteries are used as voltage sources to minimize calculation,

but the effect of cathode by-passes (or of screen by-passes) could be covered without

difficulty by using Figs. 12.11 A and B and 12.3 A and C.

The values of components used in interstage couplings have also been chosen for

simplicity. Referring to Table 42 in Chapter 38 it will be seen that the reaaance of

a 0.01 ^F condenser (the coupling between the 6AV6 and 6AQ5) at 50 c/s is 318 000
ohms. It is assumed that the series impedance of R^, and the parallel combination

of Rt and the 6AV6 plate resistance [sec Chapter 12 Sea. 2(xiii) Eqn. 15] is also

318 000 ohms, so that at 50 c/s the reactance and resistance of the interstage coupling

network are equal.

*The feedback loop is the complete path, commencing from the point to which the feedback is re-

turned, through the amplifier to the point from where the feedback is uken, back through the feedback

network to the starting point.

fThe Editor is indebted to Mr. £. Watkinaon for the calculation of this example.
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Similarly the reactance of the output transformer primary at 50 c/s is equal to the

plate resistance of the 6AQ5 in parallel with the reflected load and winding resistances

(coupling 3).

COUPUNG I COUPUNG 7 COUPLING 3

Fig, 7.35. Simple feed-
back amplifier in which
setting of volume con-
trol alters feedback.

Movement of the input volume control is assumed to have no effect on the fre-

quency (12i c/s) at which the reactance of the input condenser is equal to the resistance

in series with it, say 2.55 megohms (coupling 1).

The amplification factor, of the 6AV6 is 100 and its plate resistance, r p, 80 000
ohms, so the mid-frequency 6AV6 gain, [see Chapter 12 Sect. 2(vii)] is

100 X 73 000
A _ AQ

‘ 80 000 ^ 73 000
where 73 000 ohms is the value of and R- in parallel.

The 6AQ5 ^ is 210 and its rp 52 000 ohms so that the 6AQ5 gain

210 X 5000

52 000 T 5000
18.4.

The output transformer impedance ratio is 5000 1.7 so that its gain

V 1.7/5000 1 54.

Total gain from 6AV6 grid to voice coil :

A Ai ' Az X Aft — 48 >> 18.4^54 16 times ^ 24.1 dbvg.*

When the volume control is turned to its minimum setting, one half of the output

voltage is applied to the amplifier input, i.e. P J and the factor

1 _
1 1

I pA 1 i 16 • i 9
'

As the volume control is turned up, a smaller amount of the negative feedback

voltage is applied to the 6AV6 control grid, and when the control is 50 000 ohms
from its maximum setting only one quarter of the previously used feedback voltage is

effective (ignoring the shunting effect of R;,), In this case

1 1

1 pA 3

The low frequency response curves will be calculated for each of these volume
control settings, but it is first necessary to obtain the response of the amplifier without

feedback. This is done in Table 1 . Lines 1 and 2 of Table 1 are obtained from Figs.

12.9A and B with 12 J c/s taken as the frequency for 70.7 per cent, voltage gain (when
the reactance is numerically equal to the resistance) in line 1, and 50 c/s in line 2.

Thus for the 25 c/s response in line 1

Actual frequency
^

Frequency for 70.7 per cent, frequency response

so that attenuation - 1 db and phase shift - 27% and so on for each of the other

frequencies in the two lines.

Line 3 is obtained by adding twice the auenuation and phase shift of line 2 (because

there are two 50 c/s couplings) to line 1.

Line 4 is the result of adding the mid-frequency gain of the amplifier (24.1 db)

to the attenuation and phase shift at each of the tabulated frequencies. This gives

the frequency response as plotted at A in Fig. 7.36.

In line 5 the gain A is expressed numerically, giving the actual gain at each fre-

quency.

*Gain expreised in decibels of voltage gain—see Chapter 19 Sect. l(vi)A.
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Table 2 sets out the calculations necessary to obtain the modification of the fre-

quency response by the application of feedback when ^
--

i. Line 1 results

from converting the attenuation expressed in db in line 3 of Table 1 to fractions, and

line 2 is obtained by multiplying the mid-frequency gain, the attenuation and phase

(for the frequency concerned) by jS. The result is I3A which is plotted in Fig. 7.37.

Fig. 7.36. Frequency response of amplifier of Fig. 7.35 ziith zero feedback and
two selected values of feedback.

For the method of plotting this curve and for its significance see Sect. 3 of this Chapter.

It should be noted that once the curve has been obtained the effects of feedback

on the gain and phase shift of the amplifier can readily be obtained graphically as

discussed below. Lines 3 to 9 of Table 2 are the mathematical equivalents of the

measurements mentioned below (1 and 5) which give the degree of degeneration or

regeneration and the phase shift with feedback bcrv^ccn output and input voltages

at a given frequency.

Pig, l,yi. Polar diagram for two selected values of feedback.



Mid-

,

,

frequency

200

c
s

100

c
s

50

c
s

37j

c
s

25

c
s

20

c/s

18}

c/s

16

c/s

12*

c's

7.2 (vi)(B) FEEDBACK FROMOUTPUTTRANSFORMER SECONDARY 339

f, o-
o VO O'

;
O' ’ O'm !

.^ 1

1

'-J
'

:
1

"nI

Nl
i CO i vO 1

in
;

1

I

^ :
CO

' q
cs ;

1

d

04 , 04
1

OI
00 ' 04 00 2 00
fO

i

^ *-<

''
J -i i j

r- 'U* r-

cs
!

d '

04 1

j

cs

'
' o

* "
'j

in
1

CO CO CO
'•J* o- o- o-
CO O'

vO
^ 1

'

in 'J

'4

VO

d d . d

00
' S

1

00
sO

fO vO

in V r- q
00* 00*

: in —

1

m fO CO
fO in in in
vO

J

q i o' q q
d in d CV4

00 ro 04 04 04
in — —

^
j

in in in q CO

o d d in

TT •cr

in o O o

q CO 00 q
d fO d t"'

r- 3 3 3
o

q —

1

q q
d oi CN CN

CN

04 04 04
Tf CO rev C<'

o vO in q
d d fX d

04

o o o o o

o
1

o o r- vO

! d
1

3
_ £ o ^ c^ *0 CN 73

(A
® 1

•S sJS o ua o
SPjM <

’

a -a

§ 3 !

ad
i 3

"o,
1 3
0

1 .S X , C
‘ ‘c3

0 g ^ §
1 U CO

;

O x
!

^
^ d ' Xi

1 ^ " •

S< ,

CO 4 T3
1 i ^

I

Lines 3 and 4 are the values
1 for the sine and cosine of the
I angle of phase shift [see
* Chapter. 38 Table 72 for magni-

tude ; Chapter 6, Sect. 3(iii)

for sign] Line 5 expresses

1 - pA in the form a -f jb.

Multiplying the magnitude of

in line 2 by the sine of the

associated angle gives the j term
and multiplying by the cosine

and adding 1 (because of the 1 in

1 I^A) gives the real term. For
example, at 100 c/s, 1 6.3 x
0.4848 4.05 and 6.3 X 0.8746

5.5 so that 1 M = 4.05 +
; 5.5.

Lines 6 and 7 convert \ — pA
to polar co-ordinates again (the

change to rectangular co-ordin-

ates was necessary to add 1 to

fiA)y line 6 being expressed in

the form of the square root of the

sum of the squares of the two
terms in line 5 at the angle whose
tangent is the imaginary term
divided by the real term, e.g. at

100 c s the angle is tan~' 5.5/

4.05 tan * 1.36 -- 54 to the

nearest degree. Where negative

terms occur the appropriate

quadrant is determined from the

knowledge of the sign of the sine,

cosine and tangent, all of which
are known at this stage.

Line 8 is the reciprocal of line

7, so that magnitudes are divided

into unity, and angles are re-

versed in sign. In line 9 the

magnitudes arc expressed in db,

and in line 10 the original gain A
at each frequency is multiplied by
1 (1 ^A) to give the response

of the amplifier with feedback.

Since lines 9 and 4 are both ex-

pressed in db, the multiplication

is carried out by adding the

values in decibels. Line 10 is

plotted in curve C of Fig. 7.36.

Table 3 gives similar calcula-

tions when - 18 and the

. result is plotted in curve B of

Fig. 7.36, while the smaller ^A
polar diagram is also plotted in

;
Fig. 7.37.

Several interesting aspects

I

which are common to all feed-

j

back amplifiers are brought out

I by these calculations and curves.
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<db)k9/0'

p.l^

4'

p.4^

7*

6.4/17'=

ilLlZ_40

;19.3Z.95"

118/^

144°

'9.0/.185°

0.121205'
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(10)

(db)

14.5/0’

14.6/11"

14.9/

23

116.1/

54"

;16.2/.85’

,12.3/140"

'8.0/164°

2.7/182°

-2.8/199
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(1) The degree of degeneration (or regerteration) at any frequency marked on the

polar diagram Fig. 7.37 can be obtained by measuring the distance at the appropriate

frequency from the curve to the point 1,0. The same scale is used for the measure-

ment as for plotting pA and the distance gives the amount of degeneration, e.g. the

50 c/s point on the 8 curve is 3.b6SA units from 1,0, so gain reduction
— 3.66 times 1 1.3 db (compare 11.4 db Table 2 line 9). Again at 20 c s, distance

0.2 units so gain reduction = 0.2 times^ i.e. gain increase 5 times 14 db (com-

pare 14.1 db Table 2 line 9).

It follows that at whatever frequency the ^A curve crosses the circle with centre

1,0 and radius 1, the gain of the amplifier is unchanged by feedback. For example,

with fiA - - 8, the locus cuts the circle with radius 1 unit at a frequency of 28 c s,

which is therefore the frequency at which the gain of the amplifier is unchanged by
feedback.

The same result may be obtained from Fig. 7.36 where the intersection of curves

^A 0 and 3/^1 8 is at 28 c s. At lower frequencies the feedback is positive.

(2) When dA 8 the low frequency peak is relatively much larger than when
BA - 2 (14 db when BA 8 and 21 db when BA 2) and it occurs at

a low’er frequency. The reason can be seen from the polar diagram. When BA is

large the curve is increased in size so that lower frequencies on the curve come closer

to the 1,0 point.

(3) When BA - 8, the angle of BA varies from 0 to 197 but the angle of

1 BA varies from 0 to 113 to 8 (Table 2). The reasim can be seen from the

polar diagram. Note the rapid 1 BA phase shift near the regenerative peak and

the reason from the polar diagram.

(4) From the calculations it will be seen that, close to the mid-frequency, phase

shift correction is approximately equal to 1 d BA) e.g. when iA 8 at 200

c, s in Table 2, a phase shift of 32 is reduced to 4 .

(5) Although the feedback is regenerative as soon as the BA curve cuts the circle

with centre 1,0 and radius 1, there is phase correction until the BA curve cuts the

horizontal axis (between 18] and 16 c s when BA 8\

Fig. 7.38. Construction to demonstrate correction ofphase shift by negative feedback.

The phase shift correaion due to negative feedback is not directly obtainable from

Fig. 7 .37, but a construction to illustrate this effect is given in Fig. 7.38. In the

diagram the larger curve (A^ - 16) is the polar diagram of the gain of an amplifier,

plotted as before, while the smaller curve (BA„ 8) is drawn (or B i- (t’or con-

venience, B is here taken as positive)

E

,

represents the voluge applied between grid and cathode of the input valve, and
since it is drawn 1 unit in length, the amplification curve also represents the output
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voltage Eo ( "= 16 at the mid-frequency). Similarly the PAo curve represents the

feedback voltage, and the vector sum of the grid to cathode voltage and the feedback

voltage gives the required input voltage with feedback,

i.e. Eg i pEo ^ E,'.

Thus at the mid-frequency, 1 volt of input gives 16 volts of output without feedback,

but 9 volts of input arc required for the same output voltage with feedback. Since

there is no phase shift, there is no phase correction.

However at 250 c/s a phase shift of 23 has occurred and E© has the magnitude

and phase shown in the diagram. E,' is still the vector sum of Eg and PEo as shown
on the diagram, and the phase angle between feedback input voltage E,' and output

voltage Eo is only about 3".

This checks as closely as the angles can be measured with Eqn. (51) Sect. 3(viii)

of this chapter, taking into account the fact that Eo has a smaller value at 250 c/s

than at the mid-frequency.

At 50 c/s a phase shift of 106 between the voltage between grid and cathode of the

first valve and the output voltage is reduced to about \7^ between input voltage with

feedback and output voltage, which is also in agreement with eqn. (12).

As the phase shift in the amplifier proper approaches 180 , phase shift reduction

from inverse feedback becomes smaller, disappearing at 180 and becoming an in-

crease at greater angles. This can be visualized from Fig. 7.38 or demonstrated On

a polar diagram on which the pA curve cuts the X axis between 0 and 1 and returns

to zero after passing through angles greater than 180 .

(C) Feedback from plate, with transformer coupling

The circuit is conventional, but there is danger of instability. See Sect. 3.

(D) Multiple feedback

The theory of multiple feedback for the purpose of improving stability is covered

in Sect. 3(v)E. Fig. 7.33 is an example of dual feedback, with a principal feedback

loop and subsidiary feedback through the unbypassed cathode resistor in the circuit

. 7.39 rCt0«ACK LOOPS

Fig. 7.39. Amplifier with
interconnected positive and
negative feedback loops in

which the negative loop is

completelv contained within
the positive.

Fig. 7.40. Amplifier with
interconnected feedback
loops in which the loops

overlap.

of V,. In the case of a 3 stage amplifier, the unbypassed cathode resistor could be

in the fint or second suge. It is highly desirable, in general, for some such form of

subsidiary feedback to be used. It is normally desirable that the degeneration due

to the subsidiary feedback should not exceed say 10 per cent, of that due to the prin-

cipal feedback loop, since the subsidiary feedback increases the distortion in the

final stage. For further details and more complicated circuits see Sect. 3(v)B.
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There are two general cases of interconnected feedback loops, the first in which
one loop is completely contained within the other (Fig. 7.39) and the second in which
the loops overlap as in Fig. 7.40. In each of the circuits the gain of the valves V,, V|
and Vs is Ai, As and As respectively, and the size of the resistors R is such as to intro-

duce negligible current feedback.

For the circuit of 7.39 the gain reduction factor is

1

1 — clAiA^As ^a^a^
(with a subject to the same convention as /3) and the effective plate resistance of Ks
becomes

/
''* “

1 -
For the circuit of 7.40 the gain reduction factor is

1

1 'xA\A^ ^A^Ay
and the effective plate resistance of K3 becomes

^

(vii) Voltage feedback over three stages
When the feedback is taken over three stages, there is a strong likelihood of experi-

encing instability at extremely low and high audio (or ultrasonic) frequencies (see

Sect. 3). There are several popular circuits :

FIG. 7.42

Fig, 7.42. 30 tvatt push-pull amplifier with voltage feedback from one output
plate to the screen of the first stage. Stability is ensured by adjustment of condenser C,.

(A) Feedback from plate of K, to screen of K, (Fig. 7.42)
This circuit is very satisfactory for push-pull amplifiers. As the feedback is taken

from one plate only, the output transformer should have very tight coupling between
the two halves of the primary (i.e. very low leakage reactance). The amplifier and
feedback network have been designed to give a flat response over a wide band of fre-

quencies, with the intention of introducing additional attenuation at one point only.
No insttbility has been experienced, and practically no rise in response, at low audio
frequencies. On a resistive load, the hi^ frequency response has a slight peak at
about 40 000 c/s, while on a loudspeaker load the peak is much larger and occurs at

a lower frequency. Attenuation is provided by the condenser C, from the plate of
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the first valve to earthy with the results on frequency response shown in Fig. 7.43,

for resistive loading.

FIG. 7.43

Fig. 7.43. Frequency res-

ponse curves for amplifier of
Fig. 7.42 on resistive lo^ with

several values of C,

.

In ih: absence of Ci and on a loudspeaker load, parasitic oscillations may occur at

a tairly l.igh output level. These are largely independent of the input signal frequency
but are found to occupy a small part of the cycle, with a parasitic frequency in the region
of 30 000 to 40 000 c, s. The effect on music is not very apparent, but a single input
frequency shows a slight “ breaking up ** effect when the parasitics appear. The
best check is by the use of a C.R.O.
The feedback is equivalent to overall voltage feedback, and follows the usual

formulae, except that it is necessary to allow for of the first valve in the calcu-

lations for [I and A. In this case :

^ 16 000 (16 000 • 2 000 000) - 0.008

A amplification from first grid to final plate divided by
2730/20 136.5

Calculated gain reduction 1 2.1

Measured gain reduction 1,2.2

Input voltage for 30 watts output 0.2 volt r.m.s.

Distortion at 30 watts output : 0.7'\„ - 0.T\„ ~

0.2‘’o. Total l.lb^’o r.m.s.

Intcrmodulation distortion (Amplifier A5l3) :

Conditions of test input frequencies 60 c s and 2000 c s (voltage ratio 4:1)

Power output (r.m.s.)* 4 10 14 20 24 watts

Equivalent power** 5.9 14.7 20.6 29.4 35.4 watts

Intermodulation 2.9 7.7 10 17.5 42
*r.m.s. sum of two output frequencies

**r.m.s. sum 25/17 to give the single frequency power having the same peak
voltage swing (see Chapter 14 Sect. 3).

Any further increase in the degree of feedback is likely to prove difficult Sec-
tion 3).

When a circuit is used which applies negative feedback to the screen of a
pentode, the input capacitance is increased by

:2l

where fi, is the “ triode amplification factor
”

Cgigi is the capacitance from control grid to screen

\li'\ is numerical value of ft

and A is voltage gain from grid to the point from which the feedback is returned.

(B) Feedback from secondary of output transformer
This introduces additional phase shift in the amplifier and requires very careful

design of the output transformer for all but small degrees of feedback. The feedback
voltage is usually taken to the cathode of the first valve, but if there is transformer

input to the first stage then it may be returned to the transformer secondary (as Fig.

7.26). This method may be applied equally to both single-ended and push-pull
amplifiers.

n O.H.—12
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Fig. 7.44 is the circuit of such an amplifier using push-pull triodes, with extra-

ordinarily low distortion. It is based on the design of Williamson (Refs. F4, F6).

The first triodc {Vi) is direct-coupled to the grid of a phase splitter which in

turn is r.c. coupled to push-pull triodes (K3 and and thence to the output stage.

No by-pass condensers are used and the only reactances to cause phase shift at low

frequencies are the grid coupling condensers in two stages. The circuit has a number

of refinements which are described in the references.

The original version used type L63 valves in place of each hall of the 6SN7-GT,
and type KT66 as triodes in the output stage. The circuit shown (A515) gives almost

identical results, but type 807 valves are used in place of type Kl’66.

The specifications laid down by Williamson for the output transformer are as

follows :

Primary load impedance 10 000 ohms, centre-tapped

Primary inductance 100 henrys, min.

Leakage inductance, series

(whole prim, to whole sec.) 30 millihenry s, max.

Primary resistance 250 ohms, approx.

Commercial transformers wound to the original winding data supplied by Williamson

perform quite satisfactorily, although some difficulty may be experienced where the

winding structure differs from that recommended. This is brought about by the

increase in interwinding capacitances which may result.

Several manufacnirers have recently marketed some wide range output transformers

which are a considerable improvement on that specified above.

In one particular transformer, the Partridge CFB, the series leakage inductance,

the winding resistances and weight have been reduced by a third, but the power
handling capabilities have been increased four times. The core distortion at a level
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of 16 watts has been reduced ten times and the important leakage inductance existing

between the halves of the primary has been decreased thirty times.

These improvements mean that this transformer, when used in the original William-

son circuit, will give a greater stability margin or alternatively will permit the use of

a greater amount of feedback.

Distortion will be appreciably reduced in any amplifier by the use of a well designed

transformer of such a type.

Distortion with amplifier AS 15

Power Output //, Toul r.m.s.

11 watts 0.01 0.04 0.01 0.015 0.045%
14 watts 0.075 0.35 0.01 0.26 0.44%
16 watts 0.04 0.02 0.11 0.45 (overload)

The smtK)th overload is a particularly valuable feature.

Intermodulation distortion

Conditions of test input frequencies bO c s and 2000 c s ; higher frequency

12 db lower than 60 c s level.

Power output (r.m.s.)* 4 () 8 10 12 watts

Equivalent power** 5.0 8.8 11.8 14.7 17.6 watts

Intcrmodulation 0.17 0.27 0.72 3.7 8.8^,
*r.m.s. sum of two output frequencies

•r.m.s. sum 25 17 to give the single frequency power having the same peak
voltage swing (see Chapter 14 Sect. 3).

Note :

In the circuit of Fig. 7.44, a capacitance may be inserted in series with the 5000
ohm resistor in the feedback circuit to provide bass bix^sting for equalizing purposes

in record reproduction ; see Chapter 15 Sect. 9(ii)B.

A modification of this circuit, which provides for bass boosting, is given in Fig.

15.58A.

A new version of the Williamson amplifier, together with pre-amplifier and tone

control (Ref. F9) is given in Figs. 17.35B,C,D,1%F,Cj. Sec also Chapter 13 Refs.

F4, 15, HI 5.

Modified forms of the Williamson amplifier are given in Refs. F6, F8 and Chapter
13 Refs. H5, H6, H8, HlO, H12.

(C) Bridge circuits

Amplifiers can be designed with bridge circuits in both input and output circuits,

which prevent any modification of the input and output impedances and which also

eliminate any phase sliift round the feedback Kx>p caused by reactances introduced

through the input or output circuits (Refs. Al, A2, All).

(viii) Cathode-coupled phase inverters and amplifiers
(A) Cathode coupled phase inverters

The fundamental circuit is Fig. 7.45 and requires two triodc units with both

cathodes linked, ^ common cathode resistor Ri and separate plate resistors and
R/ 2 . Three tappings are required on the battery or potential divider across the B
supply. The input voltage is applied between the two grids (Ref. Gl).

If both I", and F, have identical characteristics and R,, K,. R/» it may
be shown (Ref. Cl) that

/xE.R, (R, ,
r,) (43)

where signal input voltage applied between the two grids

and I: signal output voltage between points A and B.

Similarly, where I:
,

and are the voltages from these points to earth.

E
I

and I:
,f

-(R,

R, r,. \

r, 2(h i')Rj

Rf r,.

r, : 2(,. i l)R,

(44)

(45)
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The two voltages thus differ by a small amoimt, which can be reduced by using a

large value of R * and/or by using high mu valves. If the remaining out-of-balance

is sdll serious, it may be eliminated entirely by making slightly smaller than

so as to give exact balance.

Fig, 7.45. Fundamental circuit of a cathode coupled phase inv^ter.

Fig. 7.46. Fundamental circuit of a cathode-coupled amplifier.

One stage of a cathode-coupled phase inverter may be coupled to a second (Ref.

C7) and the output of the latter will be almost exactly balanced.

The same principle may be applied to the power output stage (Ref. G6).

The circuit of Fig. 7.46 may also be used as a phase-inverter.

See also Chapter 12, Sect. 6(vi).

(B) Cathode-coupled amplifiers
The fundamental circuit of a cathode-coupled amplifier is shown in Fig. 7.46 in

which F, and are twin triodes with a common cathode resistor R^. The output

may be taken from either A or B, A being 180 ’ out of phase with the input, while B
is in phase with the fiaput voltage.

Output from A : Gain A/
% •

(Note : R;a may be shorted-out.)

R/i -r r^ it(^ - l)/(rp Rk(h t 1)1
(46)

The minimum
(Ref. G2).

The plate resistance is increased by r , and R^(fi 1 ) in parallel,

value of A' is half the gain without feedback (when R* 0).

Output from B : (Note : R^, may be shorted out) (Refs. G2, G4)

Gain /I, , p - p ^ ^ n
If fiR^ r then

^

/xR^,/(2rp » R,,) (^)

In reality, the values of and r „ arc not constant and not equal for the two units

in the twin triode. A rigorous analysis (Ref. G17) provides a straight forward method
for the accurate derivation of the amplification when the output is taken from B.

Outputs from A and B (special case of phase inverter).

The gain is somewhat less than with Fig. 7.45, but the circuit is often more con-

venient.

There arc many applications of this circuit which arc described in References

(G) also C7, D6 and J2 ; sec also Chapter 12 Sect. 9(iii).

(iz) Hum
The hum in a practical amplifier is not always reduced by the factor 1 ^(1 - fiA)

as in eqn. (12), Sect. 1 but sometimes is decreased according to a different law, and
sometimes is even increased by the application of feedback. All hum arising from
sources within the amplifier and which is independent of the signal level, may be

represented by an equivalent hum voluge in series with the input voltage ; this is

reduced in all cases by the factor 1/(1 pA).

(A) Hum originating in the grid circuit of a single stage amplifier will be reduced
by 1/(1 pA).

(B) Hum caused by heater-cathode leakage is reduced by 1/(1 pA) with
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voltage feedback. With feedback from an imbypassed cathode resistor, however,
the cathode-to-earth impedance is often very high, and the hum is thereby increased.

With the circuit of Fig. 7.20 the hum voltage in the output is

.
L

(49')

+ r p -f Ri
where ^ heater voltage (r.m.s.)

and ^ leakage resistance from heater to cathode.

(C) Hum originating in the plate supply voltage

[ The examples below are hosed on the following power amplifier valves under typical

operating conditions ;

Triode Pentode

Type 2A3 6V6-GT
4.2 215

ft. {triode connection of pentode) 9.6

r p 800 52 000 ohms

Rl 2500 5000 ohms
A 3.2 18.8 times

Voltage feedback is taken as 20% {i.e. p - - 0.2).

Current feedback is based on 250 ohms.]

Case (1) Transformer-coupled output with voltage feedback from the
secondary (Fig. 7.26)

In this case the hum is multiplied by the factor 1/(1 jiA) [ 0.61 for type 2A3
and 0.21 for type (iV(y-GT]. The result is that the feedback reduces the hum slightly

in the case of a triode and very considerably in the case of a pentode. If a hum-
bucking coil is used, the number of turns will require readjustment for negative

feedback.

Case (2) Transformer-coupled output with voltage feedback from the plate

(Fig. 7.29)

In this case the feedback voltage is a fraction of the output voltage plus the hum
voltage across the condenser C2 .

If K, is a triode, the hum voltage without feedback is

RsRj.XR, 1 Tp) (50)

[Example : E^o 0.76£i\ for type 2A3.]
while the hum voltage with feedback is

E,o' E,Ri (Rj \ rp') . (51)

[Example : E^q' 6.S5Ek for type 2A3]
where E^o hum voltage output without feedback

£^
0

' hum voltage output with feedback

and Eh hum voltage across condenser Cn.

Since r f r^/il fifi) is less than r^, the hum with feedback is greater than the

hum without feedback :

R ko ^/. '^r I

Rko Rf \ rf 1 pA
[Example : Ehq’/Ehq 1.12 for type 2A3]
If Vy is a pentode, the hum voltage without feedback is

Rko ' Rk [Ri/iRi ^ t* p) i Rjf^atp-iRi ^p)l

[Example : E^o (0.09 r 1.96) 2.05 E ^ far type 6V6-GT]
while the hum voltage with feedback is

R ho Rh[Rf/(Ri * r p) -l RjH-gip (R I
rp P^xRj^]

[Example: £,«' (0.81 • 0.41)£, \.22E ^ far type (sV6-GT]

where ^g,p mu factor from screen to plate without feedback

^ Maip/^a.a 2 I
215/9.6 22.4 /or type tVO-GT.]

It will be noticed that the screen and plate effects are additive ; it is only with

parallel feed (see Case 3 below) that they oppose one another. The “ screen com-
ponent of E HO is equal to that without feedback multiplied by 1/(1 — pA). This is

not a good circuit for low hum, cither with or without feedback ; these remarks also

apply to Figs. 7.30, 7.31, 7.32, 7.33 and 7.42.

(52)

(53)

(54)
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If the screen is perfectly filtered, the second term in eqn. (54) becomes zero.

[Example : ^ O.^XEsfor type 6V6-GT.] The effect of feedback on the hum is

then given by eqn. (52) with the substitution of the correct values of ^ and A (
Example :

E,o'/£’a« - 9.2 /or type 6V6-GT].
Case (3) Parallel feed with voltage feedback (Fig. 7.47).

When Kj is a triode, this is an excellent circuit for low hum, both with and without

feedback, provided that L, has a reactance, at the hum frequency (i.e. twice supply

frequency for full wave rectification) at least several times the impedance of r ^ and R
f

in parallel.

When F, is a pentode, the hum due to the plate circuit is low but that due to the

screen is high. Screen filtering (L.»CJ is required for low total hum ; this is improved
by feedback so that the screen filtering may be omitted in some applications.

Without feedback, when is a triode, the hum voltage is applied to a voltage

divider with coLi in one arm and R in the other, where R r ,,R/ ^(r R
j
). For

ease in calculation it may be expressed in the form
Ef,o cos A where d tan ^Lj//^ (55)

[// cuL, ^ 25 000 ohmSf and R 606 ohms as for type 2A3,
then 6 - tan ^41.2 88.6 . Thus
cos d - 0.024 0.024£*,).

With feedback, E,f - (1 - 8A) (56)

[Example : Ef,f - 0.024 1.64 0.015 for type 2A3\.
When Fi is a pentode without feedback

^ FUcos e - RffJijzi, (Rf • r/)j (57)

where 6 tan ‘ coLt R for the triode case

and R ^ r^R^ (r^ Rf)-
The second term in eqn. (57) is only approximate, since it is assumed that the

shunting effect of a>L, on R
f
has no effect on the gain ; this is very nearly true when

oiLi is at least equal to 10/?^.

[Example : If toLi 25 000 ohms^ and R 4560 ohms as for type 6F6-G7', then

e - tan ^ 5.48 79,7 . Thus cos 9 0.179 and *^(0.179 1.96)-fc\

= —IJSE^. With screen filterings this would be considerably improved.]

With feedback, E,f = Eh. (1 - M). (58)

[Example : E,^q - (— 1.78, 4.8)£a ^ — 0.37£’^/or type 6V6-GT.)
If Lx is replaced by a resistor R, the necessary substitution for j .oL may be made in

the equations for hum. Similarly, the transformer-coupled load {R f)
may be re-

placed by a following grid resistor R,.

Fig. 7.47. Circuit of an amplifier with parallel-fed transformer output and negative

feedback suppliedfrom the plate.

Fig. 7.48. Cathode follower with parallel feed.

With this type of amplifier, hum balancing arrangements inside the amplifier are

unaffected by the feedback. An adjustment of the hum bucking coil (if used) in the

loudspeaker will be necessary. Any type of feedback circuit may be u.sed, either

from the plate, or from the primary or secondary of the output transformer.

Cate (4) Cathode follower with parallel feed (Fig. 7.48)

In this case the plate resistance is reduced by the factor \/(u- ^ 1)» and the hum
output voltage is decreased by the factor l/(/x 4 1). If a pentode is used, the screen
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capacitance by-pass to cathode (C in Fig. 7 16) may be adjusted to neutralize hum
(Ref. C14).

Case (5) Transformer-coupled output with feedback from an unbypassed
cathode resistor (Fig. 7.49)

The hum arising from the plate and screen circuits is the same as for Case (2) except
that Tp' is now greater than (Eqn. 51) : r^' ^ rp t (m 1)/?*. With a triode

the hum is less with current feedback than without feedback. [Example type lA'h :

0.54Fa 1. With a pentode the total hum from plate and screen is always de-
creased by current feedback

F ' F [
^

^
"1 /cQx

. rp -^ * 1) R, rTp ^ (m • /x,,p)/^J
where the first term is for the plate, and the second for the screen circuit.

[Example : E^,/ (0.04 • 0.97)Eh \ .01E for type 6V6-GT.]

FIG. 7 49

^ (o OUTPUT

FIG 7.50

I'lg. 7.49. Tramformer-couplcd output zvith feedback from an unbypassed cathode
resistor.

Fig. 7.50. Parallel-fed transformer-coupled output zvith feedback from an unby-
passed cathode resistor.

Case (6) Parallel feed, with feedback from an unbypassed cathode resistor

(Fig. 7,50)

With a pentode, the “ plate ” hum is increased by feedback from an unbypassed
cathode resistor, while the “ screen ” hum is the same as for transformer-coupling

(Eqn. 59) except for the sign.

- R i(

-

1) fXy, pR
yP h (60)E, r

''iRi r, Rdt^ ^ 1) Ri
The first term also applies to a triode. The approximation is from regarding Rf,

as the load, instead of R( in parallel with <oL.

[Example of triode : /:\o 0.46/:\ for type 2A3
Example of pentode : (0.95 0.97)7:',, 0.027:')..

This gives almost exact hum neutralization
. ]

References to hum : B3, B4, B5, B7.

Summary hum originating in the plate and screen supply voltages

With triodes, the output hum voltage is always less than the hum voltage from

the plate supply. In the examples given above, it varies from 4b'\, to 85‘\, of theplate

supply hum voltage with one exception. The exception is transformer-coupled output

with parallel-feed, feedback being taken from the plate, for which the output hum is

only 1.5‘\, of the plate supply hum voltage (Case 3).

With pentodes or beam power amplifiers the output hum may exceed the plate

supply hum voltage, owing to the effect of the screen. This occurs with Case (2)

which is the conventional transformer-coupled output both without feedback and

with voltage feedback from the plate. The only circuit giving very low output hum is

Case (6) which applies to transformer-coupled output with parallel feed and with

feedback from an unbypassed cathode resistor. The second best is Case (1) with

feedback from the secondary, while the third best is Case (3) with parallel feed, having

feedback from the plate.

The examples given above have been tabulatea for ease in comparison, including

some cases also without feedback, and some with the screen circuit perfectly filtered.
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Relative hum voltage with

Case Fig. 2A3 6V6-GT Conditions

1. 7.26 0.61 0.21 with feedback

2. 7.29 0.76 2.05 without feedback
0.85 1.22

0.09
*1

with feedback

r without feedback and with screen

[perfectly filtered

I
with feedback and with screen

0.81
[^perfectly filtered

3. lAl 0.024* 1.78 without feedback
0.015* 0.37

0.179
^

with feedback

r without feedback but with screen

[perfectly filtered

r with feedback and with screen
0.037

^ perfectly filtered

5. 7A9 0.54 1.01 w’ith feedback

6. 7.50 0.46 0.02* with feedback

•Vcr>’ low output hum.

(x) Some special features of feedback amplifiers
(A) It is important to ensure that the frequency range of the input signal applied

to a feedback amplifier does not extend in either direction beyond the “ flat ” fre-

quency range of the amplifier. The reason for this is explained below.

The voltage applied to the grid of the first valve in a multi-stage amplifier with

overall feedback is equal to the difference between the input signal and the fedback

voltage. For example, assuming 20 db of feedback, the signal voltage may be 1 volt,

the fed-back voltage 0.9 volt and the voltage applied to the first stage will then be

1 0.9 0.1 volt. At some frequency well outside the “ flat frequency range

of the amplifier, where the amplifier output is 20 db down, the fed-back voltage will

be 0.09 volt for a 1 volt signal, leaving a difference of 0.91 volt applied to the grid of

the first valve -i.c. nine times its normal input. This may not overload the first

stage, but it will probably overload the subsequent stages and cause serious distortion,

even though the frequency is itself inaudible.

Even at a frequency which is only 1 db down, the signal voltage may be 1 volt,

the fed-back voltage will then be 0.8 volt and the difference of 0.2 volt will be applied

to the grid of the first valve ; twice normal. It is therefore essential to restrict the

input range of frequencies, and it is also advisable to place the coupling having the

highest attenuation as close as possible to the input of the amplifier (Ref. F7;.

(B) Damping on transients

See Sect. 3(v; including “ Design Tests.”

(C) Overload test

See Sect. Xv; ” Design Tests.”

(xi) Combined positive and negative feedback
The principle of combined positive and negative feedback has been outlined in

Sect. l(v).

A practical version of such an amplifier with push-pull output is shown in Fig. 7.51

(Ref. FTO;. The overall negative feedback is obtained from the secondary of the

output transformer T, and is fed through Rr, to the cathode of V^. Shunt capacitor

Cj affords some feedback phase correction at very high frequencies. The feedback

gain reduction is 9 db, and becomes 11 db with the positive feedback disconnected.

The positive feedback is obtained from the grid of V < and is fed through R, and C,

to the grid of V^. The positive feedback voluge is developed primarily across
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Fig. 7.51. Two stage amplifier using combination of positive and negative feedback
{R^f- FIO). ratio i\ 10,000 : 15 ohms.

and C, since the plate resistance of V, is relatively small, and the input resistance of

the grid of Vj is high. The increase in gain due to positive feedback is about 26 db
at 400 c/s. About one tenth of the voltage on the grid of V

,
is fed back to the grid of

Vj. The resistance of /?, is therefore made about nine times that of /?.> and has

about nine times the capacitance of C,. Because of the highly degenerative nature
of the phase inverter, the balance is not appreciably affected by the additional load

of the positive feedback network.

Some phase shift in the positive feedback is obtained at extreme frequencies in

the stages Vj and V, due to electrode and stray capacitances, and due to the blocking

capacitors. The input capacitance of the grid of Vj causes a further phase shift, so

that the polarity of the product reverses from positive to negative at extremely
high frequencies, where /i, and apply to stage V.. The input capacitance of V,
is primarily Miller Effect due to feedback through its grid-plate capacitance at very

high frequencies where the overall feedback is positive or small.

In some designs it may be necessary to connect a small capacitor from the grid of
V, to earth, or to use a more elaborate phase shift network to obtain a sufficiently

rapid phase turnover in the local feedback.

At extremely low frequencies most of the local feedback current flows through
instead of through C,, so that a phase shift is obtained, which together with the phase-

shifting action of the 0.03/iF blocking capacitors in stages and is sufficient to

cause the desired phase reversal. In practice, the phase reversal frequencies are

placed as far outside the desired pass band as good stability permits.

The output transformer is quite small, the core area being only } in. by i in.

The maximum third harmonic distortion at 400 c/s is 0.24^'
q, higher harmonics

being relatively small, at 8 watts output, measured at the secondary. At 100 c/s

the highest harmonic is the second, with 0.1 for 8 watts output. At 50 c s, with
5 watts output, third harmonic distortion is 0.88'\„ while at 2000 c s with 4 w'^atts

output the third harmonic is 0.23‘\,. The intermodulation distortion is 40'^ o
no feedback, 8‘^, with negative feedback alone and 1.9^,, with combined positive and
negative feedback under the following conditions output 8 watts, 4:1 ratio with
frequencies 60 and 7000 c 's. With frequencies of 100 and 7000 c, s the intermodula-

tion distortion is only 0.84” o. The output circuit regulation is quoted as 0.1 db at

400 c/s as compared with 2.7 db for positive feedback disconnected, or 19 db with
no feedback (Ref. FIO).
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It is possible to apply overall negative feedback together with positive feedback

from a tapping on the cathode resistor of a phase*splitter through a coupling resistor

to the unbypassed cathode of the preceding r.c. pentode, and thus increase the gain.

The increased gain may require additional filtering (Ref. FI 6). This may also be
used with direct coupling (Fig. 7.51A and Ref. Fll).

Fig. 7.51 A. Direct-coupled triode

amplifier K| and phase splitter K,,

ivith positive feedback from the

cathode circuit of to the cathode

of K, [Ref F\\).

It is possible to omit the by-pass condensers from the cathode bias resistors in the

final and penultimate stages of an amplifier or receiver (or any other two successive

stages) and to bring the gain back to normal by means of positive feedback, using only

one resistor coupling the two cathodes as in Fig. 7.5 IB.

Fig, 7. 5 IB. Positive feedback from
the cathode of through /?, to the

cathode of to offset the loss of
gain by the omission of both by-pass

condensers.

This circuit (Fig. 7.5 IB) may also be used with any desired degree of feedback.

The effective plate resistance of Vj may be increased or decreased by the positive feed-

back as show'n by the following analysis and Fig. 7.51C. Here replaces Ri and K*
in parallel, no input signal is applied but a signal generator F is inserted in the plate

circuit. It is assumed that is very much greater than R^. We thus obtain

F IR3\P\ Aifi 2 ,

' R, R, ^ R„
where R^ R^ : r p. r R^

Rfi R It : f p2 ^ F 3(^X 2 1)

A -
Ri : , Rt

From (61) we may derive

/ -
,

,

-
F f}

- F3\ft\AifitR R ff

F _
~~

R, ^ R^lfx^ • I ,)“ R,]
and hence rpj - (^2)

where fi\ and A have the values defined below eqn. (61). The second term on the

right hand side of eqn. (62) is the increase in effective plate resistance due to the un-

bypassed cathode resistor of Kj, while the third term is the decrease in effective

plate resistance due to positive feedback. It is obvious that, by a suitable choice of
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fiAi, it is possible to obtain any desired value of effective plate resistance from very
high values to very low, even zero or negative values. If the resistor is made
variable, the effective plate resistance may be varied over a wide range. The addition

of overall negative feedback will make the gain nearly constant for all settings of
and will also decrease the distortion and reduce the effective plate resistance to any
values desired (Ref. F17). See also Ref. J19.

The addition of positive feedback will increase the phase shift and may increase

the tendency towards instability at very low and very high frequencies ; care should
be taken to reduce to a minimum the phase shift within the positive feedback loop.

The general principles of designing for stability are the same as for negative feedback
sec Sect. 3.

It is normally inadvisable to return the positive and negative feedback loops to the
same point in the input circuit. If both are taken to the same electrode, a bridge
network may be used for isolating their effects. Each 6 db increase in gain due to

positive feedback will double the distortion in this stage ; for example 24 db increase

in gain will increase the distortion in this stage by 16 times. This will then be reduced
by the negative overall feedback in accordance with the usual relationship. Refer-
ences to positive and negative feedback Refs. FIO, Fll, F12, F13, F15, F16, F17 ;

Sect. 3(v)E.

Fig. 7. 5 1C. Analysis of circuit of Fig. 7.51 B to determine the effective plate

resistance of K,.

Fig. 7. 5 ID. Choke coupled phase inverter {Ref. F14).

(xii) Choke-coupled phase inverter (Ref. F14)

The choke-coupled phase inverter of Fig. 7.5 ID has been designed to give higher

output voltages than the conventional phase splitter, to be practically unaffected by

the flow of grid current in V, and to have small phase shift. The two identical chokes

L in the plate and cathode circuits arc tightly coupled so that this duty is performed

by a 1 : 1 a-f transformer. This transformer applies negative voltage feedback to

the input circuit, and thus causes a low effective plate resistance. Design must aim

at a high total inductance to keep phase errors small, and a low leakage inductance

if it is desired to keep the effect of grid current small. A fixed bias voltage is apphed

between terminals X, having polarity and magnitude to give, in conjunction with the

voltage drop in the cathode choke, the correct grid bias. The complete analysis

is given in Ref. FI 4.

The voltage gain is given approximately by

A
(m

and the phase

^ „ where A •' R^
2)R, t r,

shift between input and output is given exactly by

(ax I 2)R, : r/x'
where A' 2tu{L i

Af).

A' may be taken to include any self-capacitance or other stray capacitance

As a result of the small phase shift, this circuit may readily be used in feedback

amplifiers.
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SECTION 3 : STABILITY, PHASE SHIFT AND FREQUENCY
RESPONSE

(i) Stability and instability (ii) Conditions for stability (Hi) Relationship between

phase shift and attenuation (iv) Design of 1 and 2 stage amplifiers (v) Design

of multi-stage amplifiers (in) Effect of feedback on frequency response (vii) Design

of amplifiers tvith flat frequency response (viii) Constancy of characteristics with

feedback (ix) Effect of feedback on phase shift.

(i) Stability and instability
Equation (2b) of Sect. 1 gives the amplification with negative feedback, at the mid-

frequency, in the form
A' - A;(\ fiA).

It is obvious that both A and ^A must be vector quantities having different magnitudes
and phase angles at very low and very high frequencies from those they have at the

mid-frequency. If ^A is real and negative, we have negative feedback with a decrease

in amplification. If ^A is real, positive, and less than 1 in absolute value, we have
positive feedback with an increase in amplification. U (iA I the amplification

becomes theoretically infinite, and the system is unstable. If ^A is real, positive,

and greater than 1 in absolute value, the system will be only “ conditionally stable
”

and is likely to oscillate during the warming-up period.

The quantity ^A is called the loop amplification.

The conditions for stability described in (ii) below are based on the well-known
Nyquist criterion of stability. There is, however, an alternative known as the Routh-
Hurwitz stability criterion which is useful when the expression is in analytical form.

See Ref. HI 6,

(ii) Conditions for stability
Before proceeding w'ith any particular amplifier, it is necessary to calculate or

measure its amplification and phase angle over a very wide band of frequencies.

The frequency and phase angle characteristics of an imaginary amplifier arc shown
in Fig, 7.52. The frequency /« at which the phase angle is zero is called the mid-
frequency

; /, and are the frequencies at which the phase angle displacement is a

lead and lag of 90 respectively ; frequencies and /, are those giving a lead and lag

of 180 respectively.

Taking first the case of a single stage with r.c. coupling, it is possible to plot the

locus of the values of pA from zero frequency to infinity with polar coordinates (Fig.

7.53A). This is commonly known as a “Nyquist diagram.” If Aq is the ampli-

fication at the mid-frequency /«, this will normally be its maximum value and the

phase angle displacement will be zero. It will, of course, be negative for negative

feedback, thus giving the vector i^A^ as drawn. At any lower frequency /,, the value

of A may be taken from the curve for this amplifier ; let us call it The value

of P may be regarded as a fixed negative fraction less than unity. We thus have the

value of ^Ai, and the phase angle displacement <f>i may also be determined from the

phase angle curve. This may then be plotted as a radial vector from 0 to with

a leading phase angle displacement <^,, which implies that the phase of the feedback

voltage leads the input voltage by the angle 4>\-

Similarly for any higher frequency ; we can plot ^A. with a length proportional

to the amplification at this frequency, and a lagging phase angle displacement

As the frequency increases still further, we have a smaller fiA-i with a larger phase

displacement, while in the extreme limit ^A 0 with 90 lagging. At the

other frequency extreme (/ 0) we have ftA 0 with 90 leading. In this

case the shape of the locus is a circle which is all in the negative region ; this amplifier

is therefore always stable.

Any amplifier may have its pA locus plotted by this method ; a typical case is

Fig. 7.53B for a 2 stage r.c.c. amplifier. Here pAi still has appreciable length with

greater than 90 ', but pA 0 when
<f>

180 either leading or lagging.
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The distance from any pK'»int on the locus to point K is equal to (1 — 8A) where /?

is negative for negative feedback (see Fig. 7.53B).

If it is desired to find the magnitude and phase angle of 8A at any frequency, it is

only necessary to measure the gain without and with feedback, to calculate the ratio

Aq a between them, to draw a circle with centre K and radius A^ A' units, then to

draw a second circle with centre 0 and radius equal to the measured fed*back voltage

'jiA . 'I'he line from the origin to the point of intersection between the two circles

is the complex number 8A.

For any amplifier to be stable, the fiA locus must not include the point K
(1,0). It is also desirable for the locus not to cut the X axis beyond the point K,

I’ig. 7.53. (A) Locus of ftA vectors (“ Nyquist diattram ") for a single stage

resistance capacitance coupled triodc amplifier uith fixed bias (B) Similar locus for a
2 stage amplifier.
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otherwise oscillation may occur during the warming-up period ; such an amplifier

is said to be conditionally stable. In the case of more complicated circuits, particu-

larly those with peculiarly shaped pA loci, it is advisable to plot loci for successively

increasing values of 6 up to and somewhat beyond the desired value of d. The
criterion of stability should be applied to each that the locus should not enclose

the point K (1,0).

The following rule is also helpful as it covers most cases and avoids having to draw
a locus. If ^A is less than unity at 180 ^ and at - 180' the
amplifier is stable.

Another useful rule is that the maximum permissible value of ftA is equal to

the maximum value of A (i.e. Aq) divided by the value of A at };
180"

(whichever is the larger).

Also, if the phase shift is not more than 180^ at zero and at infinite fre-

quencies, the amplifier is always stable with any value of
The “ attenuation **

is the attenuation with respect to the maximum value of A
(i.e. Ao). Both the attenuation and the loop amplification ^A may be expressed in

decibels.

Fig. 7.54. Additwfial information furnished bv a N\quist diagram''^ (^ec also

Fig. 7.5 3 A and H.)

Certain aspects of the polar diagram for amplifiers with feedback are shown in

Fig. 7.54. Circles are shown with centres at point K (1,0) with radii of 0.25, 0.5,

1.0, 2 and 3 units. The circumference of the circle with a radius of 1 unit indicates

the locus of points at which the gain is unchanged by feedback. At all points outside

this circle, the feedback is negative and degenerative. For example, the circum-

ference of the circle with a radius of 2 units is the Ickus of points having a gain reduc-

tion of 6 db. At all points inside the circumference of the circle with a radius of

1 unit, the feedback is positive and regenerative although not necessarily unstable.

For example, the circumference of the circle with a radius of 0.5 unit is the locus of

points having a gain increase of 6 db.

Instability occurs when the point K is included by the RA locus. Straight lines

arc drawn radiating from the origin with stability margins of 15 , 30 60 and 90 '.

The 30' line is tangential to the circle with a radius of 0.5 unit, so that the point of
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tangency has 30” stability margin and 6 db gain increase. At other points along this

line the gain increase will be less than 6 db.

An example of the use of the polar diagram in connection with the design of nega-
tive feedback amplifiers is given in Sect. 2(vi)B and Figs. 7.37 and 7.38.

It would be permissible for an amplifier to have a ftA locus such as the line

OABCDEFG in Fig. 7,54 (see Ref. A29). Here the maximum increase of gain due
to positive feedback is 6 db, which occurs between C and D. The feedback is nega-
tive over the path EFG. The distance OA should not exceed say 0.3 unit, so as to

allow for a possible increase in amplifier gain of about 3 db without further increasing

the peak of 6 db.

Feedback amplifiers which arc designed with a small stability margin should have
narrow tolerances on components that have a direct effect on gain or frequency charac-

teristics. It is desirable for to be measured and its locus plotted for the pilot model
of each design for three conditions, with normal (bogie) valves and with valves at the

upper and lower limits for mutual conductance. This is only required in the region
of the low and high frequency peaks of response, which are normally beyond the
working frequency range. Alternatively and more simply, the height of the low and
high frequency peaks may be measured in relation to the response without feedback ;

in accordance with good practice, the rise with feedback should not exceed 6 db, and
lower values are desirable.

A special stability problem occurs when an amplifier may not always be connected
to its correct load. One way of overcoming this problem is to design a high-and-low
pass filter pair for connection between the amplifier and the load, the high-pass filter

being terminated by a resistance (Ref. A29).
If an amplifier is stable with the output terminals open-circuited, short-circuited,

or operated into its rated resistive load, then it is stable under all load conditions.*

The measurements of stability on open-circuit and under rated load resistance can
be made with an oscilloscope across the output terminals to check for the presence
of ultrasonic oscillations. A check on the short-circuit conditions can best be made
using a high-frequency ammeter across the output terminals. An oscilloscope of

very high input impedance might also be used by connecting it across the input of

one of the stages in the feedback loop (Ref. A28).

(iii) Relationship between phase angle displacement and attenuation
The phase angle displacement of an amplifier is normally a function of the attenua-

tion characteristic. Because of this fact, it is possible to design a feedback amplifier

on the basis of either the phase angle displacement or the attenuation characteristic.

If the attenuatiem characieristict is a straight line with a slope of 6 decibels per octave,

then the ultimate phase angle is 90
' and so on in proportion ; 12 db/octave gives

180' phase angle and 18 db/octave gives 270”. The condition which must be satis-

fied is that the amplifier is a “ minimum phase shift network.’* This condition is

satisfied by most amplifiers, the exceptions being (1) when it contains a transmission

line or equivalent circuit with distributed constants, and (2) when it includes an

allpass section, cither as an individual structure or in a combination which can be
replaced by an all-pass filter section plus some other physical structure (Refs, H6,
HIO, Hll).

Fig. 7.54A shows ultimate slopes of 6 and 12 db/octave and higher slopes. The
12 db/octave attenuation characteristic is the limiting value for stability, being on the

verge of instability. A practical amplifier requires a safety margin between the slope

of its design characteristic and the limiting value of 12 db octave. A typical design

slope is 10 db/octave, giving an angular safety margin of 30”.

Any single reactive element such as a grid coupling condenser, a shunt capacitance

or a shunt inductance in conjunction with a resistance provides an attenuation charac-

teristic with an ultimate slope of 6 db/octave. Such a combination is known as a

single time constant circuit. Attenuation characteristics are given in Fig. 4.36 (grid

coupling condenser or shunt inductance) and Fig. 4.38 (shunt capacitance), for a

single time constant in each case,

•Thi« applies to a resistive load unly. With a capacitive load, instahiiity is likely to occur,

t Plotted with logarithmic frequency scale.



360 (iii) PHASE ANGLE AND ATTENUATION 7.3

If a parallel-fed transformer is used, the coupling condenser resonates with the
primary inductance at some low frequency and the ultimate slope of the stage is ap-
proximately 12 db/ octave below the frequency of resonance. If the secondary of a
transformer is unloaded, the leakage inductance resonates with the distributed capacit-
ance, giving a slope for the stage of approximately 12 db/octave above the frequency
of resonance. Each of these combinations is equivalent to two time constants.

Fig. 1.5A\. Attenuafion characteristics for 6, 12. 18 and 24 decibeh per octave
as given by the “ asymptotic ” or ultimate characteri> tics of the amplifiers in their

simplest form. The region beyond 12 db octave is unstable , that belotv 10 db octave
IS stable, and the region between 10 and \2 db octave is a safety margin to allow for
discrepancies between the calculated design and the finished amplifier.

Cathode and screen by-passing

In the case of cathode and screen by-passing, the attenuation characteristics are
noticeably curved and the phase angle displacement cannot he calculated as for a

straight line, but may be obtained from Figs. 12. 3C'. and 12.1 IB respectively. In
both cases the phase angle displacement reaches a maximum value at some frequency
and gradually decreases at lower and higher frequencies.

Cathode by-passing

The maximum slope of the attenuation characteristic and maximum phase angle
displacement are given belf w
B 2 3 5 10

Max. loss 6 9.5 14 20 db
Max. slope 2.25 2.6 3.6 4.8 db / octave
Max. angle 20 30 42 55

where B 1

FJu 1;

^ and R
R,R.i

,

r „ R R
/

R .,2

For a pentode B ^ \ g „,R 1 .

For typical r.c. iriodes and pentodes, B is usually less than 3.
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Screen by-passing
This has an effect similar to that of cathode by-passing

B 2.5 5 10 20
Max. loss 8 14 20 26 db
Max. slope 2.4 4 4.5 5.4 db /octave
Max. angle 25 42 54.5 64.5

where B

R.

S m
m

and

R»g m

• Rf/r„)
series screen resistor in ohms
mutual conductance at operating point, in mhos
ratio of plate to screen currents

triode amplification factor

plate load resistance in ohms
plate resistance in ohms.

Phase angle characteristics of “ step circuit
The step circuit of Fig. 7.59A has a maximum pnase angle displacement at the fre-

quency of the hall-attenuation point, and approaches zero at lower and higher fre-

quencies. I'hc curves for a particular case are plotted in Fig. 7.54B, and the value
of the maximum phase angle as a function of the attenuation in Fig. 7.54C.

I'lg. 7.54C, M.ixtmufu
phase shift as a function
of anoiuation in the

arcin: of Fny. 7.59.-\

(Ref. //1 8).

FIG. 7. S4C
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Total slope of attenuation characteristic

The total slope of the attenuation characteristic of an amplifier in db/octave, at

any frequency, is the sum of the slopes of the attenuation characteristics of all the re-

active elements in the amplifier at the same frequency, provided that the slopes are

constant.

In practice, the best procedure is to plot the individual attenuation characteristics

with a linear db scale, then to add the decibel ordinates at various frequencies to

determine the total attenuation characteristic. The slope of the latter may then be
determined graphically.

Determination of phase angle
When the attenuation characteristic is a straight line forming a sharp angle at the

cut-off frequency /o, as in Fig. 7.55A, the phase angle displacement is k > 45'’ at

/o, where k is one sixth of the slope in db octave, and the phase angle characteristic

is asymptotic to 0 ’ and k x 90 \
When the attenuation characteristic is that of a normal r.c. amplifier, /e * 3 db

down at (as broken cur\'e in Fig. 7.55D) the phase angle displacement is also

^ > 45 at /y, but at other frequencies the phase angle characteristic differs slightly

from that of Fig. 7.55A.

FIG. 7.55A
Fig. 7.55A. Phase angle for attenuation characteristic as shown ; h 1 for

6db octave., k 2 for \2db octave etc. (Based on Bodcy Refs. //6, //IT).

On account of this fairly close agreement between the phase angle characteristics

for the mo cases, it is possible to replace the actual attenuation characteristic by an
approximate “ straight-line ” equivalent. Where the attenuation characteristic

does not have constant slope throughout, it may be replaced by a succession of inter-

secting straight lines having slopes of zero or any multiple of 6 db/octave, cither
positive or negative (e.g. Fig. 7.55B). These, in turn, may be resolved into “ semi-
infinite lines of constant slope, as in Fig. 7.55C. The phase characteristics may
be derived by the use of Fig. 7.55A for each junction'. The resultant phase angle
characteristic may be determined by adding thc^c individual characteristics.

•A •• *’ straight line is one commencing from a detinite point and proceeding to infinity

in one direction only.
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More accurate results may be obtained in some cases by the use of phase angle

curves for attenuation characteristics having a sloping portion and a horizontal portion,

as given by Bode (Ref. Hll, Chapter 15).

Fig.

F,g.

7.55B. Attenuation characteristic with straight line approximation {based

on BodCi Ref. H\\).
7.55C. Semi-infinite lines of constant slope corresponding to straight line

approximations in Fig. 7.55B (based on Bode, Ref. H\\).

More accurately again, when the slope of the ‘attenuation characteristic is

varying, the phase angle at any frequency may be determined from a measurement
of the amplitude characteristic over a wide frequency range. This procedure is

facilitated by the use of special graph paper, plotting the slope of the amplitude charac-

teristic in db, octave against a function of frequency, then measuring the area under
the curve and so enabling the slope at one point to be determined (see Ref. A29).
When the slope of the auenuation characteristic reaches a maximum value over a

limited frequency range and is less than this value at lower and higher frequencies,

the phase angle at the point of maximum slope is less than that indicated by the slope,

while at frequencies below c' 1 above the region of higher slope the phase angle is

greater than that indicated by the slope.

Simple method for determination of phase angle (Ref. HI 8)

A very simple approximate method, which gives the total phase angle, is based
on the straight-line approximate characteristics (Fig. 7.55D). The phase angle dis-

placement at the cut-off frequency /« is 45 ; the approximate straight-line phase
characteristic is taken as a tangent to the actual curve at the point of greatest slope,

Fig. 7.55D “ Straight line ” approximate characteristics with an attenuation .dope

of 6db_ octave {actual characteristics shown with broken lines) and corresponding
phase angle characteristics (Ref. Hi 8).
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A typical attenuation characteristic is shown in Fig. 7.55E with three component
“ semi-infinite ” slopes.

The corresponding phase angle characteristics are shown in Fig. 7.55F, where

1 and 2 are to be added, and 3 is to be subtracted to give the resultant. In each case

the position of the component phase characteristic is determined by the relationship

that the cut-off frequency on the attenuation characteristic gives 45 phase angle.

nr. 7.55t

Fig. 7.55E. Typical attentnation characteristic of amplifier xuith feedback {broken

enme) and component "" semt-infinitc " slopes (1, 2 and from ilIucH Fnt. 7.55A
is conuracted {Ref. H\H).

The broken line in Fig. 7.55F is the actual phase characteristic, indicating reasonable

accuracy tor the method. In all cases the actual characteristic tends to “ round the

comers ” of the approximate characteristic.

The same curv'es fFigs. 7.55D, F and b; may be used. for the low frequency attenua-

tion charaaeristics by inverting the frequency scales.

(iv) Design of 1 and 2 stage amplifiers
A single stage resistance capacitance coupled amplifier has QO phase angle

displacement at zero frequency due to the grid coupling condenser. The screen

and cathode by-pass condensers may cause phase angle displacements up to about
‘ 65 and 30 respectively (see Figs. 12.1 IB and 12.3('.) but these come back to

zero again at very low frequencies. Consequently the total phase angle displacement

is normally less than 180 at any frequency. At the high frequency end the maximum
phase angle displacement is 90 . Such an amplifier is stable under all conditions.

A two stage r.c.c. amplifier has twice the phase angle displacement of a single

stage amplifier, if both stages arc identical. It may therefore produce peaks of fre-

quency response due to positive feedback at low and high frequencies, and care is

necessary in design sec Sect. 3(vi) below. It is desirable to “stagger*’ the low

frequency attenuation characteristics by choice of widely different time constants for

the grid condensers and following grid resistors ; the larger the ratio, the larger will
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be the permissible feedback factor. One or both cathode by-pass condensers may be
omitted, or the by-passed section of Ri- may be reduced in resistance. One or both
screen dropping resistors may be reduced in resistance, or replaced by a voltage divider

with other consequential adjustments. The values of the cathode and screen by-pass
capacitors may be adjusted so that their frequencies of maximum phase angle are
“ staggered,’* preferably in the ratio of at least 20 to 1.

The high frequency peak may be reduced by staggering the high frequency response
of the two stages, for example by shunting a capacitor from one plate to earth and
increasing the capacitance experimentally until the peak is sufficiently reduced.

For an exact design method see Sect. 3(vii) below.

The phase angle displacement is increased by the inclusion of an iron-cored trans-

former within the feedback loop, also by any resonance effects, and such cases should

be treated by the method described for multi-stage amplifiers.

FIG. 7.55F

7.55F. Phase antilc iharactcristic JcriicJ from i'lg. 7.55E (^Ref. H\S),

(v) Design of multi-stage amplifiers
In the design of multi-stage amplifiers, Bode’s method (A) is most commonly used

or its simplification by Learned (B). This method is intended primarily for use with

amplifiers having only one feedback path.

The addition of subsidiary feedback to a single feedback loop leads to Duerdoth’s

multiple feedback system (E) which is based on a’ modified stability margin (C) and
the theory of the summation of attenuation characteristics and subsidiary voltages

(D). Duerdoth’s system is capable of providing a greater feedback factor than Bode’s

method, with the same minimum value of stability margin in each case. Some de-

lightfully simple applications of Duerdoth’s method are possible and it seems that

any amplifier with a single feedback kx>p can be improved as regards stability by the

addition of one or more subsidiary feedback paths. The latter, in their simplest

form, may be merely unbypassed cathode resistors.

With any multi-suge amplifier, an important feature is the degree of damping
on transients. Insufficient experimental work has been carried out to indicate

what degree of damping is desirable in a-f amplifiers. A reasonably safe inference

is that damping heavier than critical damping is undesirable, because it results in

sluggish uptake. Whether critical damping see Sect. 3(vii)C is desirable, or some

lighter degree of damping is preferable, is an unsolved problem which can only be

tackled on an experimental basis. It is stated by those who advocate a light degree

of damping that this gives very rapid uptake, and the overshoot which occurs is at an

ultrasonic frequency which is certainly inaudible, and in any case would be very

seriously attenuated by the loudspeaker. On the other hand, it is well known that

some forms of ultrasonic parasitic oscillation give rise to objectionable reproduction.
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Design tests

It is highly desirable to measure and plot both the frequency response and phase

angle over a sufficiently wide frequency range ; both curves may be ploned on the

same sheet of logarithmic graph paper. The required frequency range is the useful

frequency range of the amplifier plus (at each end) one octave for each 10 db of feed-

back plus at least one octave.

When it is desired to achieve the maximum degree of feedback it is essential to

plot the polar (Nyquist) diagram as in Figs. 7.53B and 7.54. For a method of measur-

ing the phase angle see Refs. H7, HI 9, H20.
An amplifier may be tested for transient response by applying a rectangular wave-

form to the input and observing the waveform of the output with a C.R.O. having

good frequency and phase characteristics up to the maximum test frequency. If

there is any oscillatory response or “ overshoot the feedback may be reduced or

some modification made to the feedback loop to provide the desired degree of damp-
ing.

Another useful design test is to overload the amplifier with input voltages of various

frequencies, and to determine the level to which the input mui^t be reduced to return

to normal linear operation (Ref. A29 discussion').

/*V^. 7.56A. Bode' 5 method—Curve (1) attentuaiion characteristic and (2) phase

angle displacement characteristic for constant 150" phase angle displacement above
upper tvorking frequency /« ; curve (3) constant slope \0 ^Ioctave {Ref, H\\).

Aiternative methods of design
(a) One method sometincs used is the “ cut and try ’* method of constructing an

amplifier and then applying feedback with the feedback faaor increasing in steps

until instability occurs, and finally decreasing the feedback to provide a safe margin.

If instability occurs with only a small degree of feedback, there arc devices which

may be experimented with, such as

1. Shunting the primary of the output transformer by a condenser.

2. Conneaing a very small condenser from the plate of one of the earlier stages to

earth.
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3. Shunting the feedback resistor by a condenser, or the more elaborate network of
Fig. 7.59C.

(b) A preferable alternative is to measure and plot the frequency response curve
with and without feedback, over a frequency range sufficiently wide to include both
low and high frequency peaks. The feedback factor may be increased until the re-
sponse with feedback is greater than that without feedback by a preietermined amount
(say from 1 to 6 db) at any frequency.

(c) Alternatively the amplifier may be designed with “ staggered ” frequency
response. In a 2-stage amplifier, there should be one stage with wide, and the other
w’ith a narrow frequency response ; in a 3-stage amplifier there may be two stages
with wide and one with narrow Irequency response. The use of “ maximal flatness

-as described in Sect. 3rvii)A and B results in oscillatory response to transients,
and the feedback factor should be reduced to half the specified value if it is desired
to produce critical damping. A preferable arrangement is “ compensated critical
damping as described in Sect. 3>'ii)C.

Bodc’s method (Refs. H6, Hll)

In accordance with Bode s method, the usual procedure is to adopt a constant phase
angle displacement, expressed in the form of an attenuation characteristic, as the
safety margin. For example, Fig. 7.56A shows the attenuation characteristic BC of
Lurve 1 for a constant phase angle displacement of 150 , thus giving a constant safety
margin of 30 ^ The ultimate slope of this characteristic is 10 db octave, which is

extended upwards in Curve 3 to point D. 'I hc characteristic ABC gives an additional
octave of working frequency range as compared with characteristic ADC and is there-
fore to be preferred if the maximum possible feedback is to be used, together with
an adequate safety maryin.

7.56B. Bodes method—Curtc (I) as in Fig, 7.56A ; (2) normal attenuation

characteristic of typical amplifier. Shaded portion indicates additional attenuation

required in the feedhack loop.

For convenience in feedback design. Curve 1 has been redrawn in Fig. 7.56B with

0 db corresponding to
i

d/l
|

1 , for 30 db of feedback at the mid-frequency. Curve 4

is the normal attenuation characteristic of a typical amplifier, so that the shaded

portion indicates the additional attenuation required in the feedback loop to produce

the desired curve 1. The shaded portion is limited at the lower end by the line EF
which provides a safety margin (here 10 db) below — 1. The desired charac-

teristic is therefore BHFG, where FG is portion of the normal attenuation character-

istic of the amplifier. The safety margin is therefore a constant angle of 30^* from B
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to E, and a constant attenuation of 10 db from E to F The effect of the horizontal
“ step ’* EF is to limit the phase angle displacement in this region, to a value less than

180 , which will hold provided that

f> ultimate slope of actual characteristic (Curve 4) in db octave

/, ultimate slope of desired characteristic (Curve 1) in db octave

Since point F is fixed by the actual attenuation characteristic, the position of point

E, and hence Curve 1, will be determined by the ratio /. /,.

Methods for providing the “ step in the characteristic are described in (B) below.

The following relations hold, provided that the ultimate slope of curve 1 is 10 db/
octave and the safety margin of the “ step below \^A\ 1 is 10 db.

Let w ultimate slope of actual attenuation characteristic, in db, octave

desired value of \liA\ at the mid-frequency
and /» frequency at which the actual attenuation is equal to ( I

/“I o/lo
I

10) db,

then /»“ /, (10 w)

number of octaves between /„ and /, 10

„ „ „ „ /| and/. 3.32 \og(nA0).

The frequency ratio may be derived from the number of octaves by the relation

frequency ratio antilog (0.301 • number of octaves)

or by the use of the table below :

Frequeccy Ratio, Octaves and Decades
Frequency No. of No. of Frequency No. of No. of

Ratio Octaves Decades Ratio Octaves Decades
1.07 0.1 0.03 3.28 2.4 0.72

1.15 0.2 0.06 6.07 2.6 0.78

1.23 0.3 0.09 6 97 2.8 0.84

1.32 0.4 0.12 8.00 3.0 0 90

1.42 0.5 0.15 9.18 3.2 0.96

1.52 0.6 0.18 lO.O 3.32 1.00

1.63 0.7 0.21 10.6 3.4 1.02

1.74 0.8 0.24 12.1 36 1.08

1.87 0.9 0.27 13.9 3.8 1.14

2.00 I.O 0.30 16.0 4.0 1.20

2.30 1.2 0.36 18.4 4.2 1.26

2.64 1.4 0.42 21.2 4.4 1.33

3.03 1.6 0.48 24.3 4.6 1.39

3.48 1.8 0.54 27.9 4.8 1.45

4.00 2.0 0.60 32.0 5.0 1 51

4.b0 2.2 0.66

Frequency ratio antilog "number of decades;

antilog f0.301 number of octavesj

Number of decades log (frequency ratio)

0.301 ' number of octaves

Number of octaves 3.32 log (frequency ratio)

3.32 ^ number of decades.

Relationship between db, octave and db/decade
db octave 3 6 9 10 12 15 18

db decade 10 20 30 33.3 40 50 60

In addition to the attenuation of the shaded area in Fig. 7.56B, it is also necessary

to boost the gain near the limits of the working frequency band H) provide nearly

ctmstant gain (area AUB; and thereby achieve almost zero phase angle at the cut-off

frequency I'his may be accomplished by the circuit of I'ig 7.56('. in which the

Q of the iL,C, circuit should be unity, as given by

L I
1 * 0

1
and r 1 ov ^O i

where r scries resistance of L^. More complicated but more satisfactory networks
(low*pass or band-pass “ Wheeler ** networks) are described in Ref. A2Q. These
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have an ultimate attenuation of 6 db/ octave and a phase angle

displacement of approximately 90 at all frequencies outside

the working band. For other methods see Ref. Hll.

The low frequency end may be treated in a similar manner
throughout.

Means for producing the desired attenuation characteristics

arc described by References H6, HIO, Hll. See also (B)

below.

This method of design requires the amplifier to have a very

much wider frequency range before feedback is applied than it

would need without feedback. The extension is approxi-

mately one octave in each direction for each 10 db reduction of

gain by feedback plus a sufficient margin of >afeiy (say 1 octave

at each end). Thus an amplifier to cover from 40 to 15 000

c s with 30 db reduction of gain by feedback would require to

have a frequency response without feedback (at 40 db down)
from 2.5 to 240 000 c s. This actually applies to the trans-

mission characteristics of the whole feedback Kk)P (amplifier

and feedback network together).

FIG. 7.56C

Fig. 1.56C. Simple

network in plate cir-

cuit to give more
nearly constant gain

over the working
frequency range

{based on Ref. A 29).

(B) Simplified treatment by Learned (Ref. H9)

The following treatment is based on the simplified assumption that the attenuation

characteristics are straight lines. This is approximately correct except in the octave

immediately above and below the useful frequency band of the amplifier, where the

method gives a wider safety rnargin than is necessary. 7'he method does not, there-

fore, give the same degree of feedback obtainable with the precise method of Ref. H6.

At the same time it is quite suitable lor general use.

Ftg. 7.57. Low frequency attenuation characteristics of multi-stage amplifier with

feedback .simplified treatment).

Low frequency attenuation characteristics

As an example for illustrating the general principle, take an amplifier with nominally

flat frequency response down to 20 c, s (actually it will be 2 or 3 db at this fre-

quency). Let the loop amplification |M1 be 30 db at useful frequencies.

Draw the attenuation characteristic with a slope of 10 db octave from 20 c s down-

wards (line ABC' m Fig. 7.57), Point B is where the value of the Kx>p amplification

becomes unity. Extend the line AH to C which is at a level 10 db below lo/i; 1.

At C, insert a horizontal “ step ” C'.D, the length of which will be given later. Be-

yond D the attenuation will fall at a rate of 12, 18, 24, 30 db or more depending on

the circuit ;
each single time constant or non-resonant transformer contributes b db,

while each resonant circuit contributes 12 db. The frequency ratio between points
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C and D is made equal to the ratio of the slopes of DE and AC^ which is equal to

the slope of DE divided by 10. The line ABCDE, thus determined, is to be used

as a guide to the low frequency attenuation characteristic of the amplifier. In reality,

of course, the sharp corners will be rounded -the important features are that the

slope of the AC region should not exceed 10 db/octave, and that the step should be

sufficiently long.

T63oov6-+ o3oov<:>-
Low Imp«donc«

Fig. 7.58. Three stage amplifier loith negativefeedback illustrating design method {Ref. H9).

-J-
^6SJ7 Scrc«ft

f̂6V6 Grid

Si
6SJ7 Crrf

To<oi^Loff»od« o«d

cn-Grid Rftponc

Totol KCipOflM

Fre^wtnex (c/i) FIG. 7.59

Fig. 7.59. Lowfrequency attenuation characteristics of Fig. 7.58 (Ref. H9).

Ernnple
An example of an amplifier designed in accordance with this method is Fig. 7.58

(Ref. H9). The low frequency attenuation charaaeristics are given in Fig. 7.59.

The 6V6 cathode, 6V6 screen and 6SJ7 screen characteristics are designed to provide

a very close approach to a total slope of 10 db/octave with a limiting attenuation of
40 db, so providing the basis of a step. The two grid condensers are designed to give

effective anenuation beyond the limit of the step. It is evident that it is possible to

design an amplifier which provides the necessary low frequency attenuation charac-
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teristics, including the step, without using any resonant circuits. The tolerances on
the frequency-dependent components (R and C) must be small.

The feedback loop does not include the plate circuit of the third stage, so that the

slope of the high-frequency attenuation characteristic is nominally 12 db /octave.

The resonant circuit (incorporating C,) in the feedback path is employed to stabilize

the frequencies in this region by providing a step in the high-frequency attenuation

characteristic.

Corrective networks
The design of simple corrective networks is well summarized in Ref. H9. More

complicated designs incorporate LCR 2-terminal networks as the plate load imped-
ances and (some) cathode bias impedances (Ref. Hll). See also Ref. J16.
One of the simplest and most effective methods of providing the required step in the

high frequency attenuation characteristic is the RC network shunting the plate load

resistor of the pentode V, in Fig. 7.59A (based on Ref. H9). The ultimate attenuation

of the step in decibels is given approximately by
attenuation ^ 20 log (/? ,

R) R.
The cut-off frequency is given by

/, 1 2vR,C
and the “ flattening-out ” frequency by

/, ^ 1 IrrRC
where

,
RjR.j \R, R^)

and the “ flattening-out ” frequency is defined as the frequency at which the attenua-

tion is 3 db less than the ultimate attenuation of the step.

Fig. 7.59A. Circuit to pnn'ide step in high frequency atienuaiion characteristic

[based on Ref. H9).
Fig. 7.59B. ' Circuit to provide ^lep in frequer.ey attenuation charaeteristic

{based on Ref. /YQ\

The equivalent to Fig, 7.59A for the low frequency end is provided by Fig. 7.59B :

Step attenuation ^ 20 log {R R.,) R.j

Cut-off frequency /,' 1 2TrC(R, R^)

Flattening-oui frequency /. ^ 1 IrrRC
The value of C, is selected to give negligible attenuation at ff ; say

C\ ^ 5 [rrffiR R, R.,)l

With these step circuits it is desirable to have as many separate circuits as possible,

each with a small step.

Fig. 7.59C. Feedback path including

CR network to give a step in the

attenuation characteristic^ and thereby

to improve stability {Ref. H\S).

A step in the attenuation characteristic may also be provided by an LCR circuit

in the feedback path, or more simply by a CR circuit as in Fig. 7.59C. Here R may
be the cathode resistor of the first valve, /?, Rt take the place of the usual feedback

resistor, and C effectively increases the value of at high frequencies. This is a

most useful device to improve the stability of a feedback amplifier. A simpler form,

omitting Ri, is sometimes sufficient ; this is similar to Flock’s compensated feed-

back ** Sect. 3(vii)C.
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(C) Duerdoth’s stability margin (Ref. A29)
Duerdoth adopts a pre-detcrmincd value (e.g. 6 db) of the rise of gain with feed-

back at high and low frequencies as a stability margin over values of [iA from 0.3

to some value less than 2.0. At higher values of he adopts an angular stability

margin (e.g. 15) while below M =* 0.3 there is no danger of instability. An am-
plifier designed in accordance with his method might have a high-frequency charac-

teristic such as OABCDEFG in Fig. 7.54. See discussion on stability and tolerances

in components with this characteristic in Sect. 3(ii) above. One method for achieving
such a shape of charaaeristic is given in Sect. 3(v)E below.

(D) Summation of attenuation characteristics and subsidiary voltages
When two voltages have to be added, as for example with a loop feedback voltage

and a subsidiary voltage connected in series, the attenuation characteristic can only
be derived by adding the voltages at selected frequencies, with due regard to the phase
angle between them.

The phase angle between the two voltages is a function of the difference in slope

when plotted as attenuation characteristics, provided that the slopes are constant ;

Slope difference 2 4 6 8 10 12 14 16 18 db octave

Phase angle diff. 30 60 90 120 150 180 210 240 270 degrees
For example : If one characteristic has a slope of 4 db; octave and the second 12

db octave, the slope difference is 8 db ^octave, and the phase angle between the volt-

ages is therefore 120 .

Take the intersection of the two charaaeristics as the origin (as in Fig. 7.60) and
assume that 0 db — (say) 1 volt both assumptions being for convenience.

Let X be the voltage contributed by the lower slope characteristic at a certain fre-

quency. It may readily be shown that the voltage contributed by the high slope

characteristic at this frequency is .x^, where a is the ratio of slopes in db octave.

These two voltages, x and x^ must then be added vectorially, the angle between them
being as given by the table above.

The magnitude of the combined characteristic may then be plotted as in Fig. 7.60,

and the values of the phase angle may be marked along it.

The method of deriving the magnitude and phase angle of the resultant is illustrated

by Fig. 7.61 for the condition vhere the higher slope characteristic has a slope of 12

db; octave, corresponding to 18U . Vector OA, having magnitude .x and phase angle

Fig. 7.60. Illustrating summation of attenuation characteristics (based on Ref. A29).
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(ji indicates the lower slope characteristic, the value of <f> in degrees being given by
15 slope in db/octave. Vector OB, having magnitude r' and phase angle 180 ,

indicates the higher slope characteristic with a slope of 12 db/octave. For example,
when the slopes are 4 and 12 db/octave, a 3 and

<l>
^ 60 .

The magnitude of the resultant is given by

Resultant \ {x sin <^)“ x cos <f>y-.

The phase angle d of the resultant is given by

For ease in calculations the following table has been derived for use in all normal
cases when the phase angle between the two voltages is a multiple of 30 and less than
180 and when the higher slope is 12 db octave.

Difference in phase angle* Resultant Phase Angle d of

Resultant

30 x\ 1 1 1.73x"- v*’-
' tan

1

2.x'’- 1.73

60 .v\ 1
* X tan

1.73
1

2.x"- • 1

90 AA 1 .V“ tan > 1 .X

120 AA 1 tan
1.73

1

1 2x-

150 aA 1 1.73.x' tan
1

1.73 2.x''

^between the two voltages, i.e. 180 - 4>.

A similar procedure can, ol course, be applied to any other value of maximum slope.

Procedure when lower slope is zero
'I hc foregoing procedure cannot be used when one of the two attenuation charac-

teristics has a slope ot zero, that is when one is a fixed voltage. In this case the pro-

cedure is as lollows.

7.61. I'tvror relationships in summation of attenuation characteristics.

F/e- 7.62. Vector relation'^hips zchen one characrcnatc ha.^ -cro slope.

As previously, the origin is the point of intersection of the two characteristics, and

its level is taken as 0 db equal to 1 volt. Fhe vector relationships are shown in Ihg.

7.62.

Resultant \ \‘ 1 2.v cos it

Phase angle of resultant 0 tan
.V sin -r

x a's X

where \ voltage at a selected frequency, on the sloping characteristic

and « phase angle of sloping characteristic ^i.e. angle in degrees 15 slope in

db octaveV

Angle X Resultant Phase angle 0 of

Resultant
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Angle a Resultant Phase angle 0 of
Resultant

60^
1.73.Y

\ A =
.V 1 tan" 1 . -

2 1 x

90' \ A- 1 tan ‘ X

1.73x
120^ \ A- .Y 1 tan" 1

2 X
- X

150^ \ X- 1.73.Y 1 tan '2
1 .73x

0.26X
165^ \ A- 1.93.Y 1 tan

'

1 0.97x

An example of the summation of tuo attenuation characteristics, one having zero

slope and the other having a slope of 10 db, octave, is given in Fig. 7.63. The re-

sultant is asymptotic to 10 db octave and to the horizontal characteristic, but reaches

a minimum value at the freauency of the point of intersection O. The phase angle

is marked at points along the resultant, and at all frequencies the phase angle is less

than that of the 10 db/octave characteristic, the effect becoming more pronounced

Fig. 7.63. Sunihiuiion oj iwo aitcfiuaiton charactcii^tics having slopes of zero and
W db octave.

at higher frequencies, particularly beyond point D. The fact that the slope of the

resultant in Fig. 7.63 exceeds 12 db octave to the left of point D, has no effect what-

ever on the stability as indicated by the angles. It is therefore obvious that the re-

lationship between phase angle and slope of the attenuation characteristic which
applies to minimum phase shift networks, does not apply here.

A similar calculation has been made for a slope of 1 1 db/ociave, Fig. 7.64.

The position of point D on the resultant characteristic is a function of the slope of

the attenuation characteristic.

slope in db/octave 2 4 6 8 10 11

height of point D 5,7 4.7 3 0 — 5.6 — 11.6 db.

(E) Duerdoth*s method employing multiple feedback paths (Ref. A29)

In accordance with this method, one or more additional subsidiary feedback volt-

ages are introduced into the feedback loop so as to decrease the phase angle over the
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Fig. 7.64. Summation of two attenuation characteristics having slopes of zero

and ll db octave.

attenuation portion of the amplitude characteristic without appreciably affecting the

characteristics within the working frequency range.

With subsidiary feedback applied over the first stage of a 2-stage amplifier and loop

feedback over the whole amplifier, the ratio of gain with and without feedback is

given by
'''

'
( 1 )A 1 /?,/!, - /^,A

where A overall amplification without feedback

A' overall amplification with feedback

A

I

amplification of first stage without feedback

rfj value of 8 for subsidiary feedback over first stage only

and 1^2 value of 8 for loop feedback over whole amplifier.

It is evident that when subsidiary feedback is used, the several feedback voltages

must be added at their common point. This holds even when the subsidiary voltage

is entirely inside the feedback loop.

Under the same conditions, the ratio of distortion in the final stage with and w^ithoui

feedback is given by

D'

D
1

1 - 8, At 8,A A ^ (2)

Thus the application of negative subsidiary feedback to the first stage increases

the distortion in the final stage in the same proportion that the gain of the first stage

is reduced, provided that the overall feedback loop is unchanged.

If, however, the subsidiary feedback is positive, the gain of the first stage will be

increased and the distortion in the final stage will be reduced further. The use of

positive subsidiary feedback need not present any stability problems, since the stability

criterion is dependent on (8i‘^i ^ Sec Sect. 2(xi) and Refs. Fll, FI 2.

With multiple loop amplifiers, the usual Nyquist stability criterion applies to any

loop, provided that the amplifier remains stable when the particular loop is broken.

Even with amplifiers which are always stable, the Nyquist diagrams obtained by

measurements of the several loops in turn may have different shapes and the definition

of stability margin becomes meaningless. However, if a mesh of the amplifier can

be fotind which, if broken, simultaneously breaks all the loops, then there is no possi-
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bility of oscillation due to the disconnection and the definition of stability margin

remains applicable (Ref. A29).

When employing multiple feedback paths with summation of attenuation charac-

teristics and subsidiary voltages, the crossing point of the characteristics should be

controlled with considerable accuracy. The crossing point will be modified when the

gains of the various stages change owing to changes in the valve characteristics with

age, or to overloading caused by an excessive input voltage. The latter may be avoided

or reduced in more elaborate amplifiers by the addition of a cathode follower stage,

operating as a limiter, as part of the first stage. Precautions to be taken in design

are described in Ref A29.

Some applications employing multiple feedback paths are described below. See

also Sect. 2(vi)A.

F/^. 7.65. Airr n/ first static of feedback amplifier
shoti'in^ one method of applvirjt; subsidiary feedback

{Ref. A29).

( i ) One simple application is the circuit of lug. 7.65 where the signal vt^ltage across

the unbypassed cathode resistor is added to the l(H)p feedback voltage. 'I'his is

an application of the principle of summation of attenuation characteristics as shown
in Figs. 7.63 and 7.64. The voltage across F* is practically constant over the critical

region of the high frequency attenuation characteristic, so that its characteristic has

zero slope. This method may only he used when the phase angle of the 3A locus is

always less than 180 , i.e. the slope of the dA attenuation characteristic is less than

12 db octave. This method docs not reduce the distortion in the final stage to the

same level as without subsidiary feedback, or to that using one of the alternative

methods below. For this reason the subsidiary voltage should be considerably smaller

than the Uvip feedback voltage. However, this method will improve the stability

margin of an amplifier and reduce the amplitude of the high frequency peak.

nc. 7.1

Fi^. 7.66. One form of subsidiary feedback {after Ref. Al).

Fi^, 7.67. Another form of subsidiary feedback (after Ref. Al).

Fi^. 7.68. Tko terminal network as cathode load impedance.

(2) One mtnlification of this method, which has only small degeneration in the

working range, is shown in Fig. 7.66. 7'his appears to have been first dc.scribcd by

Farren (Ref. A7; and applied to one of the stages inside the feedback ltx)p. 'Fhe

phase shift reaches maxima at low- and high frequencies outside the working range,

beyond which it approaches zero in both directions. Fhe -degeneration increases

gradually in both directions to the limiting design values provided by K, and R,.

This arrangement does not modify the fundamental phase shift between the input

and output voltages of the stage dqc to the phase angle of the plate load impedance.
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(3) A further modification by Farrcn (Ref. A7) is shown in Fig. 7.67 which has the

advantage at very high and very low frequencies that it reduces the phase shift between
the input and output voltages of the stage due to the phase angle of the plate load

impedance which would be characteristic of the stage if there were no subsidiary

feedback.

FIG. 7.W

Ftg, 7 . 6^. Summation of loop and suhiJiary feedback voltages to provide improved
stability (Ref. A29\

(4) Two terminal networks ot the form of Fig. 7.58 are described by Duerdoth as

cathode impedances for improving the stability of feedback amplifiers with an ulti-

mate attenuation of 12 db octave, A value of L IOC/?* may be used as a first

trial and maximum feedback and zero phase angle uill then occur at a frequency of

approximately

/ 0.048 CR
where C and R are in farads and ohms respectively. An example of the application

of subsidiary feedback on an amplifier with an ultimate attenuation slope of 12 db/
octave is given in Fig. 7.59. In this example the peak of subsidiary feedback occurs

at twice the maximum frequency of the working band. The stability margin in the

critical region has been increased from 10 to 35 with subsidiary feedback, as shown
by the Nyquist diagram (Ref. A29).

It often happens that the addition of the subsidiary voltage results in an increase

in phase angle just above the wt.irking frequency band where the magnitude of the

Fig, 7.70. Three .stage amplifier incorporating subsidiary feedback in the form of a
4 terminal network, m 0 .87 . W - “ Wheeler ** netzeork (based on Ref, ^429).
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subsidiary voltage is increasing with frequency, although a decrease in phase angle

occurs where the magnitude of the subsidiary voltage is steady or decreasing with

frequency. This increase in phase angle will reduce the angular margin over a range

of frequencies and, in the extreme case when the frequency of the peak subsidiary

voltage is greater than 3 or 4 times the maximum frequency of the working band,

may approach “ (xjnditional stability.”

A similar technique may also be applied to low frequency attenuation characteristics.

(5) Four terminal networks of the form included in Fig. 7.70 arc described by Duer-

Fig. 7.71. Combina-

doth for providing subsidiary feedback in amplifiers with an

ultimate attenuation slightly over 12 db octave. Fig. 7.70 has

loop feedback from the cathode of V, to the cathode of V,,

main subsidiary feedback from the cathode of V ^ to the grid

circuit of V,, and minor subsidiary feedback due to the un-

bypassed cathodes of V, and V-,. The four terminal network

is a high-pass w-derived half-section filter terminated in R.,-

The cut-off frequency of the filter is made abn^iut twice the

maximum frequency of the working band (Ref. A29).

(6) A combination of both high and low frequency subsidiary

feedback is shown in Fig. 7.71 where KiC,L, is the high-fre-

quency network (as in Fig. 7.68) and is the low fre-

quency network. The latter provides a subsidiary negative

feedback at low frequencies only : its value will be affected by

tion of high and low the source impedance of the input voltage. If transformer

frequency subsidiary coupling is used, the secondary should be connected lo points

feedback. A and B.

(7) In a three stage amplifier with an ultimate slope of about 18 db octave, the

second stage being a phase splitter which introduces little phase shift, some reduction

in the total loop phase angle may be achieved by means of a phase shifting network

in the feedback line. A subsidiary feedback path is added from the plate circuit of

the phase splitter through a high-pass filter to the cathode of the first stage. This

voltage is suppressed in the w'orking band by the filter, but above the working band
the loss of the network falls and the subsidiary voltage becomes the predominant

faaor, thus reducing the ultim ite slope to 6 db octave. Complete stability is thus

achieved (Ref. A29 Fig. 26).

(8) A third feedback voltage may be added, if desired, to give two subsidiary feed-

back paths.

(vi) Effect of feedback on frequency response
In the case of a single stage r.c.c. amplifier (assruming perfect cathode and screen

by-passing) the feedback merely widens the frequency range without changing the

shape of the voltage gain characteristics (Fig. 7.72).

With two such identical stages, the frequency characteristics are as Fig. 7.73. The
peaks, which occur as the value of ftA is increased, are due to the reduction in effective

negative feedback and the development of positive feedback through phase angle

shift, which approaches 180 at very low and very high frequencies. F, and F

,

are

the frequencies giving 0.707 relative voltage gain for each single stage without feed-

back. Ref. H4.
These f>eaks may be reduced or eliminated entirely by designing the amplifier

with one stage having a much wider frequency range than the other. Design methods
to produce “ maximal flatne.ss ” are described in Sect. 3(vii) and these may be modi-
fied to produce critical damping, if desired.

Alternatively a multiple feedback system may be adopted for example one overall

feedback loop in conjunaion with an unbypassed cathode resistor in the first stage

(Duerdoth’s method) as described in Sect. 3(v)E.

Sec also Sea. 3(iv) and Sea. 2(vi) for the design of two-stage amplifiers.

A special application to a particular two-stage amplifier is Ref. H5.
See also Reft. J8, Jll.
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•05 5 1 To J i ol -I 1 j lO J 5 lO »
Frequency F/F,

FIG. 7.73

Fig. 7.72. Relative voltage gain of a single stage r.c.c. amplifier zuithout feedback
and with three selected values of feedback (Ref. H4).

Fig. 7.73. Relative voltage gain of tzvo identical r.c.c. amplifier stages., without
feedback and with four selected values of feedback {Ref. 7/4).

Graphical method for two-stage r.c.c. amplifier
An ingenious graphical method has been developed by Barter (Ref. HI 7), and may

be used for determining the R and C values to give any desired height of peaks at low
and high frequencies.

(vii) Design of amplifiers with fiat frequency response
(A) Method of H. Mayr (Ref. HI 3). See also Ref. J13.
A resistance-capacitancc-coupled amplifier Fig. 7.74 may be regarded, so far as

frequency response is concerned, as a tuned circuit with a Q less than 0.5. The
value of this Q is given by

^ “ Kd kj ( (l/iXp i k)

where b -= VR,/R, ; d - C,/C , k - C,'C;

p = C„/Cand C = \ C,C, ; C-.C, - C.C„.

This method may be applied to multi-stage amplifiers with feedback, it being
assumed that all stages have the same resonant frequency (cu^ 2rr). The conditions
for maximum flat response arc then given by :

1 lUgc \(Ao/A)\ \ I

tan"*x
(4)

(5)
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where x Q(
n \ a>n w /

N.B. n must be greater than 2.

2 stages A)\ \ 1 * x*

and

where x

Q, 'Q-.

tan 'v 2.x/(l - x’)

(« - 1) f \ w(« - 2)

(6 )

(7)

(8 )

(9)

( 10)

FIG. 7.74

Fig. 1.1A. Resistance-capacitance

coupled stage.

3 stages \(Aq/A)\ v'l - diX*"” x« (11)

4>
‘ - tan^‘(6i.t - x^) '(l - b.x^) (12)

where x (13)
nQ> \ con <*> /

A A/q?
. (14)

Lr»/Q.» ,

3 /g,-)
^

^/s/ Q,J

(13)

b.
J 3/g,l

< «Lv Q" ' V (16)

Qr Q. 2(n 1) \ 2nf2«
'

3; (17)

and Q, Q.- (18^

N.B. n must be greater than 1.5.

7’his has also been extended to four stages ("Ref. HI 3).

Symbols used :

An amplification with feedback at mid-frequency ^ <u
,

Zrr)

A amplification with feedback at any frequency ( m 2n}

a„ amplification without feedback at mid-frequency (oj,, 27r^

6 phase angle

n 1 ao/^o feedback factor

Sn transfer coefficient (nega:ive for negative feedback)

CO, \ (C\ R]R,).

These equations have been plotted in Fig. 7.75 from which it will be seen that the

feedback factor has no effect on the shape of the curves for 1 or 2 stages, and only a

very slight effect for 3 or 4 stages (curves for limiting values of n are given). Although

the curves are shown only for the high frequency limit of the flat top, they may be

applied to the low frequency side by changing the sign of the abscissae and, in the

case of phase angle, also changing the sign of the ordinates.

This method of design provides the maximum flat frequency response, but the

maximum degree of feedback only occurs at the mid-frequency and it falls off rapidly

outside the frequency band of the “ selective ” stage. The feedback becomes zero

near the knees of the flat top, and positive at still higher and lower frequencies.

This design ensures stability at all frequencies from zero to infinity.

This method also makes it possible to design for any desired response curve, within

the limits of the amplifier. The procedure is to commence with the desired response

curve and to determine the response (either modulus or phase angle) corresponding
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Fig. 7.75. Frequency response and phase angle of frequency response for 1,2,3,
and 4 r.c.c. staqes designedfor maximum flat response by Mayras method {Ref. HI 3).

to two arbitrary frequencies (tu, 2rt) and (a>2 2rr\ one near the lower and the other
near the upper frequency limit. Then we read from the curv’es the values of

and Xo corresponding to the two chosen response values ; the value of x, corresponding
to the lower frequency is, of course, negative.

The mid-frequency may be computed from

Wo ai| Wf
X.w,

-

~ X,w,

and the ratio Qi/Qt from equation (10), or (17) for 2 or 3 stages or

(Qi/Qt) 1) I- V 3(3/1 4) for 4 stages.

(19)

The Q*s of the various stages arc then given by :

^ wx,
1 stage : Q =

W| COq

Wo Wj

2 stages : Q,
fnQ,

V Q.
; Qt

Wo
Q,

.

Q,

0=
Wo W|

3 stages : Q,
J c.

^1

Wi a>0
> Qi Q,

Q,

Qi

(20)

(21 )

(22)
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4 stages : Q* = Q, - Q*
Xi

a>i
y Qi — Qz

Qi

Qz (23)

aift a>i

These amplifiers are made up of one rather selective stage, corresponding to Qp
and a number of equal brbadly-tuned, stages, corresponding to Q^, Qj . . . With
increasing feedback the seleaivity of Qi must be increased, while the seleaivity of

Qt etc. approaches a limiting value which is of the order of the Q of a single stage
amplifier without feedback, having the same bandwidth as the complete amplifier

with feedback.

The amplifier is first designed, neglecting all capacitances, to have a gain approxi-
mately n times the final value. The feedback is designed with a purely resistive feed-
back network to decrease the gain n times. The value of C

,

is then determined at

the minimum practicable value, that is the input capacitance of the following stage
plus an allowance for strays. Then the values of the other capacitances arc given by

P k
c, - ; C, (24)

^o\/RjR^

where p = [l V‘ -
• I • d^)]

^ 1 - pd /
k = ^ \R. Ri^ SLndd ^ C,a>o\ RjR,

The amplification without feedback at the mid-frequency is

«o . ?n,VR,R, (25)

There are limits to the physically realizable values of Cp and Cr which arc quoted
in the article (Ref. HH).

It is shown in (C) below that the condition of maximal flatness gives an oscillatory

transient response ; for instance when the input voltage is a unit step, the two-stage
amplifier has a response which overshoots 4.3**

J,, while the three-stage amplifier
overshoots 8^!^, (Ref. HI 5).

A maximal flatness 2 stage amplifier has a small rise in the response at some high
frequency due to positive feedback, compared with the response without feedback.
For example, as may be shown by drawing a Nyquist diagram, a 2-siage amplifier
with aj/a, = 10, .^0 — 316, 8 0.016 has a rise of about 1.4 db due to positive
feedback at some high frequency.

(B) Method of C.F. Brockclsby (Ref. HI 2)

A different approach to the same goal is made by Brockelsby who provides “ stagger-
ing ” by changing the values of load resistance and thereby obtaining different values
of gain and frequency response. This method was published earlier than that of
Mayr but is less comprehensive, although providing useful additional information.
A summary of this method is given below. See also Ref. J13.

Two-stage amplifiers and maximal flatness

The widest frequency range possible without any peaks whatever is known as the
condition of “ maximal flatness.” With a 2 stage amplifier in which both stages
have identical gain and frequency response, the condition of maximal flatness is that

PAq ~ — 1, corresponding to a gain reduction of 2 times. On the other hand if

two r.c.c. pentode stages have “ staggered ” gain and high frequency response (by
using different values of load resistance) the condition of maximal flatness at the high
frequency end of the range is that

1(6 4- l/6)» \ PA^ (26)
wrhere A^ amplification at mid-frequency without feedback,

b ^ factor by which the normal value of load resistance is multiplied for one
stage,
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1/6 = factor by which the normal value of load resistance is multiplied for

the other stage,

and p — fraction of the output voltage fed back to the input.

Equation (26) may be expressed in the alternative form
F - 25» (26a)

where F - 1 - PA o
- feedback faaor

and S + 1/6) ^ “staggering coefficient.**

In a two stage amplifier with a high frequency peak, the required staggering to

produce a peak of known value is given by

S* =• (F/2X1 - Vl - (27)

where a ^ ratio of voltage gain at middle frequencies to that at the peak (a is less

than 1).

The results are summarized in the foUoving table :

6 - 1 1.5 2 3 4 5
5- 1 1.08 1.25 1.7 2.1 2.6

Feedback factor (F) for maximrl flatness (Eqn. 26a) :

F - 2 2.3 3 1- 5.8 8.8 13.5

For 1 db rise (Eqn. 27) :
-

F - 3.7 4.3 5.7 10.6 16 25
For 3 db rise (Eqn. 27) :

F - 6.8 8.0 10.7 19.7 30 46

Fig. 7.76 shows the frequency characteristics obtained with 2 stage amplifiers with
maximal flamess and for several other conditions. Here

.V ojCR
and F 1 BA a feedback factor.

Fif^. 7.76. Frequency characteristics of two-stage amplifier. Curve A is without

feedback and curves By C and D respectively for maximal flatnessy a \ db peak and a
3 db peak (x u)CR ; C — normal shunt capacitance of each stage ; F — total

normal a.c. load resistance for each stage ; pentode valves (Ref. H\2).
Fig. 7.77. Frequency characteristics of three-stage amplifier. Curve A is without

feedback and curves tiy Cy D are respectively for maximal flatness and with feedback
equal to two and fow' times the m.f. value {Ref. H\2).

If the condition of maximal flamess is to hold at the low as well as at the high fre-

quency end of the band, the centre-frequencies of both stages should be identical

(Ref. H13).

Three-ttage amplifiers and maximal flatness

It has been shown (Ref. HI 2) that if a substantially flat response over the maximum
possible frequency band is required, the optimum arrangement for a three-stage

amplifier is to have two stages with wide frequency response and one with narrow.
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This finding is based on the assumption that the amplifier has maximal flatness ; it

is not necessarily the most desirable arrangement under all conditions.*

The condition for maximal flamess is that

-f 2y
^ (28)

where F ^ feedback factor

B = staggering factor — 1 b
and b factor by which the normal value of load resistance is multiplied for the

one (narrow) stage.

\B is always equal to or greater than unity.]

Equation (28) may be approximated within 1.4“^ when B : 2 by
F ^ \ (B^.4) (29)

For example when F ^ 10 (i.e. 20 db feedback), B ^ 3.3 and the ratio of band-
widths is approximately 11.

As with the rwo-stage amplifier, an increased amount of feedback beyond that to

give maximal flamess gives high frequency peaks (Fig. 7.77).

The critical amount of feedback to provide self-osdllation is

F, - 5 ^ 2B^ r 2/B^ - SFr -3 (30)

where Fe feedback factor to give critical feedback

and Ff feedback factor to give maximal flatness.

The stability margin of a three-stage maximal-flamess amplifier is (F, F/) and

in a typical example

Ff --- 3.16 (i.e. 10 db reduaion in gain) for maximal flatness

then Fr 8 • 3.16 3 22.2 (i.e. 27 db approx.) to give self-oscillation.

The stability margin is therefore 27 10 17 db approximately.

If the feedback is made very large, and the staggering is adjusted so as always to

give maximal flamess, F^ ^ 8F/ which for this example becomes 8 - 3.16 - 25 2

(i.e. 28 db approx.) giving a stability margin of 18 db approximately.

Fig. 7.78. Relation between the

staggering factor B and the gain
reduction factor F for maximal
flatness in a three-stage amplifier.

Values of B less than unity apply
to the “ two narrow y one wide
condition ; values of B greater

than unity apply to the “ two
wide, one narrow ** condition

(Ref. HI 2).

For both two- and three-stage maximal-flatness amplifiers (high frequency

response)

1. The feedback which is fully cfTcctivc in reducing distortion begins to fall at a

frequency about F times lower than the knee.

2. The eflfective gain-reduction factor is about unity, indicating no feedback, at

the knee.

3. The knee of the curve for the two-stage amplifier (Fig. 7.76) is at x

oiCR \ F ; at this point the attenuation is 3 db. In the three-stage amplifier

(Fig. 7.77) the knee of the curve is at x ujCR \ F ; the attenuation is 3 db at

X (2/3yVF. _ _ _
*The arrangement to provide the greatest value of the product (efTcctive feedback) (bandwidth)

It that due to Puerdoth described in Sect. 3(v)E.
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Low frequency response
The equations for the high frequency end may be applied to the low frequency end

of the response characteristic, in the simple case when the only frequency variable

is the grid coupling condenser, by giving x the value

X - 1/cjC,R, (31)

where Cg - grid coupling capacitance

and Rg grid resistor plus the effective source impedance of the preceding stage

(approximately R
j
in the case of a pentode).

(C) Conditions for critical damping
Critical damping may be defined as that value which gives the most rapid transient

response which is possible without overshoot.

The maximal harness amplifier see (A) and (B) above has been examined by

J. E. Flood (Ref. HI 5) in the light of critical damping ; the following summary is

based on his work. It has been shown that a two-stage maximally-flat amplifier

has a resp)onse which overshoots 4.3“,, while the three-stage amplifier overshoots

8“o when a step waveform is applied to the grid circuit.

Although this article is concerned mainly with video-frequency or pulse amplifica-

tion, it is possible that critical damping is a desirable feature in a-f amplifiers and that

a condition of under-damping with oscillatory response to transients is to be avoided.

See general comments in Sect. 3(v), also Ref. J8.

Fiff. 7.79. Tivo-ujf^c lincofupcmated amplifier iviih feedback {Ref. H\5).

Fig, 7.80. Three-aage uncompensated amplifier tvith tzvo rime constants tvithin

the feedback loop {Ref. 7715}.

Two stage amplifier with constant value of (Fig. 7.79)

The following may also be applied to the three stage amplifier of Fig. 7.80 which

has only two lime constants within the feedback l(x>p.

It may be shown that the condition for critical damping is that

1 M., (32)
4a, “Xj

where amplification at the mid-frequency without feedback

is negative and independent of frequency

a, 1. R|C, inverse time constant of V,

and aji 1 R.C. inverse time constant of V.^..

When a higher feedback factor than that indicated by eqn. (32) is used, the transient

response will be oscillatory ; when a lower feedback factor is used, the transient

response will be over-damped.

Equation (32) may be put into the form

1 Mo (1 a:)’ 4A K 4 12 1 4K (33)

where K ratio of inverse time constants.

This is plotted in the lower curve of Fig. 7.81.

If a fairly large amount of feedback is to be used, the ratio of time amstants must be

large.

The resultant inverse time constant of the amplifier is given by

a .}(a, a^.) l'x,(l

This relationship is plotted in the upper curve of Fig 7,81.

(34 )
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Fig. 7.81, Conditions for critical damping of two-stage uncompensated amplifier
{Ref. H15).

Note : The
to *1 and 'll

“ suggering coefficient
’

by the equation

.9 as used by Brockelsby (Ref. HI 2) is related

2v «ia2 \ \ Kj
The condition for maximal flatness is therefore given by

(a. -f
1 - ^^0 = *

(35)

2a,,, (36)

Comparing equations (32) and (36), it will be seen that for any particular ratio of
the condition of critical damping permits a feedback factor of only one half

that required for maximal flatness of the frequency characteristic. The transient
response of the maximally-flat amplifier is therefore oscillatory.
A 2>stage critically damped amplifier will normally have a small amount of p>ositive

feedback at high frequencies, although the rise in response in a typical case will be
less than 1 db above the zero-feedback curve.

Two-stage compensated amplifier
If resistor in Fig. 7.79 is shunted by a capacitor C;, and if R3 is very much greater

than R 4 then critical damping is obtained when the inverse time constant of the feed-
back path is given by

^
aia2(l - pAo) — (oti -f *2)

where = l/R,Ci ; a, =- l/R^C^ ; a.^ I/R3C3
and P is negative for negative feedback.

Similarly if an inductance L is connected in scries with R^ in Fig. 7.80, and ifgmR*
is very much less than 1, then critical damping is obtained as indicated by cqn. (37)
where a, = R^/L.
The inverse time constant for the amplifier is given by

“ *= Vaia/f - Mo) (38)
Using the value of a, given by eqn. (37) for the inverse lime constant of the amplifier
with feedback, critical damping is obtained and the response to a step waveform of the
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feedback amplifier is made identical with that of an amplifier without feedback having
two stages, each having an inverse time constant equal to the geometrical mean of
the inverse time constants of the two stages multiplied by the square root of the feed-

back factor (eqn. 38).

A particularly simple special case is obtained when
a, = ai(l - pAo) ;

then a = a, a, = aj(l — PAq).

Values of a, for critical damping may be derived from the curves of Fig. 7.82 and
values of a from Fig. 7.83.

Three-stage amplifier
Critical damping cannot be obtained in a three-stage amplifier with constant p.

Three-stage amplifier with single time constant in feedback path
In this case there is only one value of feedback factor as given by eqn. (39) for

which critical damping can be obtained.

, o>i (*l -f ** + *3)*
I -

^7 , (39)

a = (a, + Si + a,)/3

» [(a.a.ot,(l - Mo)l' ’

_
— 3^a^^v4o

* ~
<*i* + V + a,* - (a, or, + * a, a,)

where a, - inverse time constant of third stage

a 4
= inverse time constant of feedback path

and a = inverse time constant of amplifier.

(40)

(41)

(42)

Fig, 7.82. Curves for determimng «t for critical damping of two-stage compensated
ampUJUr {Ref, HI 5).
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Fig, 7.83, Curves for determining r for critical damping of two-stage compensated
amplifier (Ref. Hi 5).

Three-stage amplifier with two time constants in feedback path

Critical clamping can be obtained provided that

(a, - a, - 01.,)*

1 - Mo > .727ajaj0t3

Under this condition,

«4 = f V 6* 4ac) 2a

Mo)
where a — inverse time constant of amplifier

- inverse time constants of three stages

as - inverse time constants in feedback path

o 3a - (a, -t- a, -f a,)

b 3a* — (aja, f aja, r a^a,)

and c — a* — aia.a,.

(43)

(44)

(45)

When 1 - Mo is less than the right hand side of eqn. (43) the transient response is

over damped and less rapid.

A particularly simple case is obtained when
a, a- - a,(l - Mo)

then a - aj -- a^ - a, - a, a|(l - Mo) (46)

(viii) Constancy of characteristics with feedback
This is sometimes called ** stability (Ref. H8) but refers to the more or less com-

plete independence of the gain of an amplifier with feedback (inside the amplifier
frequency range) with regard to changes in valve characteristics and supply voltages.
Becker defines the “ stability factor as

SF I MoX (47)
where A^X - lowest gain which the amplifier ever has under the worst operating

conditions, without feedback
and SF ^ subility factor with negative feedback.
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(ix) Effect of feedback on phase shift*
The amplification without feedback may be expressed in the complex form
A a rjb \A\/^e (48)

where \A
\
is the magnitude of the voltage amplification and d is the phase angle of

the output voltage of the amplifier relative to the input voltage, without feedback.

It is obvious that 6 tan ‘(i>/u) and \A\ r b^.

The amplification with feedback may be expressed in the. form

A'
{a -r jb}p

a (a* 4 b*)p f jb

(1
'

-
(49)

1 8A 1

provided that there is no phase shift in the feedback network. The phase angle of

the output voltage relative to the input voltage, with feedback, is given by
b b/a

X tan ' ^ tan-* —t— - (50)
a (a^ • b^)fi 1 - 1 . b'^ a*

tan *

tan 6

I r tan^^
(51)

When 3 is negative, as is the case when the feedback is negative, it is evident from
(51) that the angle x is less than the angle 6. Hence the phase shift of the output
voltage relative to the input voltage is reduced by negative feedback.

SECTION 4 : SPECIAL APPLICATIONS OF FEEDBACK
There are so many applications of feedback, many of which arc outside the subject

of radio receiver and amplifier design, that it is impossible even to list them here.

The following selected applications have some interesting features.

(1) Electronic attenuators
A cathixlc follower may be used with various cathode load resistors scleacd by

rotary switch, to give the coarse steps, and then the screen voltage may be adjusted

to give a fine adjustment of attenuation.

Smith, F. W., and M, C. Thienpont “ Electronic attenuators Comm. 27.5 (May
1947) 20.

(2^1 Stable admittance neutralization
Two valves in cascade with negative voltage feedback may be used to neutralize

the input admittance of an amplifying valve (mainly the result of its input capacitance)

and thereby enable the use of a load resistance of 23 megohms with a phototube for

a cut-off frequency of 20 000 c s.

“ Stable admittance neutralization ” Electronic Eng. 14.167 (Jan. 1942) 594.

(3) An amplifier without phase distortion

O. H. Schade has developed an amplifier without cathode by-pass condensers,

screen by-pass condensers, decoupling condensers or output condenser in B-supply

filter, which has negligible phase distortion from 10 to 30 000 c s.

“ An amplifier without phase distortion,*" Elect. 10.6 (June 1937) 26.

(4) Stabilized negative impedances
Negative impedance is produced fmm a positive impedance of the desired type by

positive feedback through an amplifier stabilized with negative feedback.

Ginzton, E. L. “ Stabilized negative impedances ’* Elect. (1) 18.7 (July 1945> 140 ;

(2) 18.8 (Aug. 1945) 138 ; (3) 18.9 (Sept. 1945) 140.

(5) Tone Control
This is covered in detail in Chapter 15.

•Method after H. J. Reich “ Theory and application of electron tubes.”
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SECTION 5 : VALVE CHARACTERISTICS AND FEEDBACK
(i) Triode cathode follower (ii) Pentode cathode follower (iti) Triode with voltage

feedback (iv) Pentode with voltage feedback, transformer-coupled {v) Cathode
degenerative triode (vi) Cathode degenerative pentode {vii) Cathode-coupled triodes

(viii) Feedback over two stages.

Although it is important to bear in mind that the application of feedback docs not

alter the characteristics of a valve, yet there are certain features which can best be
visualized by the graphical use of effective valve characteristics with feedback.

(i) Triode cathode follower
The cathode-follower characteristics (Fig. 7.85) may be drawn very readily from the

published triode plate charaacristics (Ref. D2). The Ee 0 curve remains as the

boundary of the grid current region. If the grid circuit impedance is high, it is not

practicable to go beyond the Ee ~ 0 curve, just as with plate-loading.

The basic circuit is shown in Fig. 7.84 from
which it is evident that with zero input voltage

(f/ - 0)

Ee, =-E, - Ee (1)

The plate is the most convenient electrode to

regard as the common basis for electrode volt-

ages, since it is the only one directly connected

to the voltage source. Valve characteristics
Fig. 7.84. Baste arcutt of may be plotted by the method described below

cathode follower.
3q curve, instead of applying to constant

grid-to-cathode voltage applies to constant grid-to-platc voltage {Ee,)- In effect, the

valve and its load resistor are inverted as compared with normal praaice and the

cathode here takes the place of the plate.

Applying eqn. (1) for the case where Ee, is constant,

E, Ee, i- Ee (2)

For example, take the case when Ee, 150 volts. We may calculate the points

along the curve using eqn. (2) :

150 150 150 150 150 volts

- 0 2 4 6 8 volts

E. - 150 148 146 144 142 volts

These points may be plotted to give the Ee, 150 volt curve on the existing

“ plate characteristics,” as has been done in Fig. 7.85.

(A) Resistance loaded triode cathode follower
The cathode-follower characteristics may then be used as any ordinary resistance-

loaded triode for the determination of power output, voltage gain and distonion.

Maximum power output will generally be achieved when R* is between r^ and 3rp

with slightly less distortion with the higher values of R*. In Fig. 7.85, R* is taken

as 15 000 ohms, with E,, ^ 200 volts. If it were desired to obtain the highest

possible voltage swing, a much higher value of load resistance would be selected

(e.g. 50 000 ohms). In each case the operating point should be selected so as to

avoid both grid current and plate-ctirrent cut-off with the highest input voltage.

For maximum output, a point slightly above half-way along the loadline is desirable.

In Fig. 7.85, a suitable operating point (O) is the interseaion of the Ee, — \50 volt

curve with the loadline which occurs at a plate-to-cathode voltage of 145 volts, thus

indicating that Ee - 5 volts. Alternatively, the bias could have been read from
intersection of the Ee - — 5 (plate characteristic) with the loadline.

When the operating point (O) has been established, it is then necessary to work
entirely with the Ee, curves, neglecting the Ee curves. In Fig. 7.85 the operating

point is at R,
ft
^ 150 volts, and point A is Re » 100, so that the peak input voluge

FIG. 7.84
4-
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PLATE TO CATHODE VOLTAGE
FIG. 7.85

Fig. 7.85. Cathode follower characteristics of small general purpose triode. The
solid loadline is for Rt; -- 15 000 ohms, the dashed loadline is for the addition of an

a.c. shunt load.

amplitude is 50 volts. It is obvious that the opposite swing will extend to ^
-= 200

volts (point B) thus giving a pcak-to-pcak swing of 2 > 50 100 volts. It will be
seea that OA corresponds to 5 volts, while OB corresponds to — 5.7 volts,

but this is due to the improved linearity with the cathode follower. With plate loading

the loadline would be AD, so that cathode loading causes a longer loadline by the

amount DB, thus resulting in a slightly greater power output.

The voltage gain is given by

Hg E .

A' - *
' (3)

where subscripts A and B indicate the voltages at points A and B on the loadline.

If the cathode is coupled through a coupling condenser to a following grid re-

sistor Rg (Fig. 7.8), the a.c. loadline will be drawn through the operating point O with

a slope of 1/^/, where Rf RJig (Rk t R^).

The mutual characteristics of cathode followers may be drawTi and interpreted by

the method of Ref. C29.

(B) Transformer-coupled triode cathode follower

The same form of cathode-follower characteristic may be used when the load is

coupled through a transformer so as to reflect a resistance Ri across the primary.

In most cases the load resistance may be taken (at least as a first approximation) to

have the same value as for plate loading. In Fig. 7.86 the loadline AOB extends from

A (the junction of the E, -= 0 and the E^i, -= 100 V curves) to B, on the E^ 6 500 V
curve. The operating point O is the intersection of the loadline with the Eft, ~ 300 V
curve, thus giving a peak input voltage of 200 volts in both directions. The power

output and distortion may be calculated as for plate loading.

If the load resistance Rk is increased, the loadline will rotate about O to the position

(say) CD with constant input voltage. This will usually result in a decrease in both
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power output and distortion - there is the same advantage (as with plate loading) in

keeping the loadline out of the region of bottom curvature. It would be possible,

with the higher resistance load, to increase the input voltage so as to extend the load-

line from OC to meet the 0 curve.

If the load resistance R ; is decreased, the loadline will rotate about O to the position

(say) EF. If the input voltage is unaltered, the plate current will cut off at F and the

valve will run into grid current at E, both resulting in distortion. In this, the cathode
follower differs from a plate loaded iriode, and it is important to ensure that the load

resistance does not fall appreciably below the designed value. Fortunately, a loud-

speaker has an impedance characteristic w'hich, although it rises considerably above
its nominal (400 c s) value, does not drop appreciably below it. A cathode follower

with a loudspeaker load is therefore a good combination from the loading point of
view.

Fig, 7.86. Cathode follower characteristics of power triode (type 2A 3) with
transformer-coupled load. Loadlinc AB is normal ; CD is high resistance load line ;

EF is low resistance loadline illtsstrating grid current and plate current cut-off.

If a low impedance driver is used, it is possible to drive a cath(xie follower into the

grid current region with considerably greater power output and efficiency. In the

ideal limiting case, the conditions are :

Plate voltage E „ volts

Plate current I ^ amperes
Load resistance ohms
Power output watts

Plate efficiency

If the cathode follower is to be used as a high-input-impedance voltage amplifier,

the conditions vary with the output level. At low output voltages, the operating

conditions are of no consequence (within reasonable limits) so far as voltage gain is

concerned, and R* may be equal to r^. For very high output voltages, the load re-

sistance should be as high as practicable (assuming a purely resistive load), say Rk
5r^, and the operating evirrent should be as low as praaicable without causing plate-
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current cut-oflf. A somewhat lower load resistance may be used for fairly high output
voltages.

The transformer primary inductance should have the same value as for plate loading

under similar conditions, if full power output is desired at low frequencies. A trans-

former with low primary inductance will give uniform gain at low level output, but

at high output it will cause plate-current cut-off and grid current as for loadline EF
in Fig. 7.86.

References C14, C16, C17, C29, Dl, D2, D3, D8, D9, DIO, Dll.

(ii) Pentode cathode follower
A pentode (or tetrode) may be connected in several ways arising from the screen

supply and by-pass -

FIG. 7.87

Fig. 7.87. Pentode
cathode follower ^ trans-

former-coupled^ screen

by-passed to cathode.

(A) Triode connection (screen tied to plate)

The published “ triode ” characteristics may generally

be used. If no triode characteristics are available, ascer-

tain the characteristics for the screen voltage corresponding

to the desired conditions (the plate voltage may be equal

or higher).

Then I ^ ^ I. - i.t (4)

gm ^ (pentode g„) (/.//») (5)

and fi ^ £., (cut-off). (6)

(B) Screen by-passed to earth
There is no exact method using published characteristics.

An approximate method has been described by Shapiro (Ref. D2).

(C) Screen by-passed to cathode -Transformer-coupled (Fig. 7.87)

The cathode follower characteristics may be drawn by the same method as for a

triode (Fig. 7.88). The procedure for calculating the power output and distortion is :

FIG. 7 88

Fig. 7.88. Cathi^dc folUmrr characteristics of beam power tetrode and typical of all

pentodes. Loadlinc AOB ts normal ; CD high resistance ; b:F Uyw resistance illus-

trating grid current and plate current cut-off.
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1. To determine the maximum plate voltage and current for the operating point.

Here 285 V and happens to coincide with the ^ 300 V curve. If desired,

mark the value of E/ corresponding to point O.
2. Try several values of load resistance (i.e. slope of loadline) until an optimum

position for point A is determined, so as to make OA as long as possible, and at the

same time give OB ^ OA with B slightly abbvc plate-current cut-off.

3. Determine E ^ for point A (in this case 50 V) A is then automatically on the

^ 50 V curve.

4. Draw the other limiting E^t curve (in this case E^, - 550 V, giving a peak
amplitude of 250 V each way).

5. Calculate power output and distortion as for a power triode, using the loadline

AOB and the Erh curves.

When a higher resistance load is used with the same input voltage, the loadline

rotates about O to (say) COD, where the power output is lower, the distortion slightly

less, and point C is well negative with respect to 0. When a lower resistance load

is used with the same input voltage, the new loadline may be (say) EOF where E is well

into the grid-current region and F is beyond plate-current cut-off. In this respect the

pentode is similar to the triode, but the pentode is rather more critical regarding low

load resistances ; it is, however, quite satisfactory with a speaker load.

If cathode bias is used, the procedure is as for a plate-loaded power pentode.

(D) Screen by-passed to cathode—Resistance-loaded (Fig. 7.89)

The curves are generally the same as for transformer coupling, and the treatment is

similar to that for resistance-loaded triodes, except that it is necessary to allow for the

d.c. screen current flowing through R The screen current may be taken from the

published data for typical operating conditions, or estimated from the ratio of plate

to screen currents. The voltage drop through R ^ additional to that due to the plate

current will be RJ rz- The procedure is to take as the effective plate supply voltage

the value (E^i — RJet) and then to proceed normally, as for a tri(x!e.

(E) Screen voltage from separate supply (Fig. 7.90)

If the screen voltage is obtained from a separate supply, such as a bancry, returned

to the cathode, then the voltage from cathode to screen may be maintained constant

without smoothing out the screen current variations. In this case the screen current

docs not flow through the cathode resistor Ei. The pentode characteristics for a

constant screen voltage may be used without any adjustment for the effects of screen

current.

References Dl, D2, D3, Dll.

FIG. 7.89 FIG 7 90

Eig. 7.89. Pentode cathode Fig. 7.90. Pentode cathode
followery resistance-loaded, screen follotver, resistance-loaded screen

by-passed to cathode. from separate supply.

(iii) Triode with voltage feedback
The basic circuit is Fig. 7.91 in which we can consider the conditions with direct

applied voltages (E/ and E »). A fraction of the plate voluge is applied degenerativcly

to the grid 80 that

i^l - E,/(E, 4- Ea) (7)

where \P\ is the numerical value of p without regard to its sign.

Consider first the condition for E^ to be zero. It is evident that the condition is that

- \P\F,o (8)

where E^* value of E* when E« ~ 0.
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Now consider the general condition when the grid is negative with respect to the
cathode. If the input voltage E/ is kept constant, then the grid-to-cathode voltage

Ec will change when is changed. The relationship is

AEc ~ !j9|( J£(,) when E^ is constant.
Therefore dE i,

^ AEJ\^{
Therefore -- E^q - - Eto - (9)

Eqn. (9) may be used for the calculation of points on the constant E/ characteristics.

as for example :

£ .0 “ 100 100 100 100 100 volts

l^i 0.2 0.2 0.2 0.2 0.2

20 20 20 20 20 volts
- 0 -1 -2 -3 -4 volts
- jEjm = 0 -5 -10 -15 -20 volts

100 95 90 85 80 volts

These have been plotted in Fig. 7.92. It should be noted that E^o is the plate
voltage corresponding to zero grid voltage.

(iv) Pentode with voltage feedback—Transformer coupled
Pentodes with a substantial degree of negative voltage feedback (say \p\ ^ 0.2)

FIG. 7.91 4. behave more or less like a cathode follower. Pentodes with a
limited degree of feedback, or none, exhibit some special

peculiarities. Fig. 7.93 shows input voltage curves for three

different values of ; the curvature on the = — 0.1 curve
continues along its whole length while its slope is gradual and
bottom curvature extensive.

The full effect of a low degree of feedback is illustrated in

Fig. 7.94 where P = — 0.1. The cur\'cs are drawn as in the

triode case except for the change in A suitable loadline

7.91. Basic been selected to give about the same power output

circuit of triode with without feedback. Provided that the load resistance re-

negative voltage I'nains constant, the performance is satisfactory, but the

feedback, value is critical. With constant input voltage (40 volts peak)

• J

••••••••••••••I

•••••••tasvavttavH

too ISO

^LATC VOLTACC

Fig, 7.92. Feedback characteristics of small general purpose triode tcith 20”o
negative voltage feedback (/S -0.2).
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Fig. 7.93. Single input voltage curve for each of three values of voltage fecdbach

for beam potver tetrode {6V6-GT ivith £^2 - 250 K), to tllustratt effect of feedback.
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300 400
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400

FIG. 7.94

Fig. 7.94. Feedback characteristics of beam power tetrode i6L6 or 807 with

E ,2 " 300 V) and 10% voltage feedback (ft -0.1).
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the valve will run into grid current as soon as the load resistance

either increases or decreases. It is therefore not suitable for

use on a loudspeaker load unless the input voltage is reduced.
A 10% reduaion in input voltage (19% in power output) would
be some improvement, but greater reduction is desirable, say

20% to 30% of the input voltage, depending on the operating
conditions. Even with an input reduction giving a power out-
put of only 50‘\> maximum, the pentode is still less flexible

with regard to load resistance than an ordinary triode. This
position improves as the amount of feedback is increased.

See References D4, D12.

(v) Cathode degenerative triode
The circuit diagram of a cathode degenerative triode is shown in Fig. 7.95 from which

it is evident that

E, E: - Fk (10)

The curv'es of a cathode degenerative triode may be drawn by the procedure out-

lined below, although a special set of characteristics is required for each value of R
Fig. 7.96 shows the curves for a typical general purpose triode with R * 1000 ohms.
The input voltage curves are straightcr than those without feedback, and the two
curves coincide only at /5 0. The F,' curves have a lower slope, indicating a

higher plate resistance, than the F^ cur\*es.

Take the F/ 4 V curve as an example of the calculations. We know that

Rk 1000 ohms and F',' 4 V. U It 2 mA, then F* ^ 2 V and Ef ^
E: E, 4 2 6 V.

Refer to the plate characteristics to find the plate voltage which w’ill give a plate

current of 2 mA at a bias of 6 V the value is Ej,^ 144 volts.

circuit of cathode
degenerative triode.
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The total voltage (£*) from plate to earth is

-h Ek = 144 -f 2 = 146 V.

Therefore the point (E» == 146 V ;
= 2 mA) is on the E/ — — 4 V curve.

Repeat this procedure for I „ = 0, 4^ and 6 mA to give the whole curve ; then per-

form a simihur operation for £*/ = — 6 V, — 8 V and so on.

The loadline may then be drawn in the normal manner, except that its slope will be
— l/(/?k + Rl)- The ctirves are to be used for calculating gain and ^stortion.

The method generally employed with cathode degenerative triodes makes use of

the published characteristics. There are several methods including those of Middle-

tpn, Mcllroy, Huber, Lonsdale and Main ; the following treatment is based on
I^uss, and may also be applied to cathode followers.

As an example take the charaaeristics of Fig. 7.97 with R* — 8 000 ohms,
= 32 000 ohms and Ett = 400 volts. Draw the loadline corresponding to R » -f R ^

40 000 ohms, as shown. Add an scale below the Rt» scale, based on the equation

Et — Rkibi commencing from The value of R* at any point on the loadline

may then be found by projecting downwards to the R* scale.

The input voltage R/ is not proportional to any scale on the diagram, because the

amplification is not constant. The value of R," at any point of intersection along the

loadline may be found by drawing up the following uble where each value of Re
is taken in turn. The input voltage is actually (R * -f R^), but for convenience the

point (Re = ^ 8) has been seleaed as the operating point, and so shown in the R/
column.
E, Ek * (Ek + R.) E/
0 64 64 34.7 Point A
-2 57 55 25.7
-4 50.2 46.2 16.9

-6 43.6 37.6 8.3

-8 37.3 29.3 0 Operating point (O)
--10 31.2 21.2 -8.1
-12 25.1 13.1 -16.2
-14 19.6 5.6 -23.7
-16 14.7 -1.3 — 30.61 Point B at R* 11.

-18 10.1 -7.9 -37.2 J and R/ - - 34.7

-20 6.2 -13.8 -43.1

The values of R/ may be plotted against R « and therefore also against R ^ to give the

dynamic charaaeristic, but this is usually unnecessary. Once the maximum input

voltage has been selected it is only necessary to mark the extremities on the loadline.

For example, if it is desired to swing to R* = 0, then the peak R/ will be 34.7 volts

in each direction. The peak in one direction will be A where Rc 0, and the ocher
will be B, determined by interpolation :

R, = - 16 Rk - 14.7 R/ - - 30.6

Ec - - 18 R* - 10.1 R/ - - 37.2

Diff. - 6.6

Also the difference between the desired value (— 34.7) and — 30.6 is 4.1 . The ratio

is therefore 4. 1/6.6.

Similarly with R^ : 14.7 — 10.1 »= 4,6.

The value ofRk for point Bis therefore 14.7 — 4.6(4.1/6.6) = 14.7 — 2.8 11.9.

The voluge gain and power output may be calculated from E^ ^ 5Rk9 using the
values of Rk at R/ =« 34.7 (point A), E/ « 0 (point 0) and R/ « - 34.7 (point B).

The second hamumic distortion may be found fix>m the ratio AO/OB measured in

volts (Rk) ; i.c. (64 - 37.3)7(37.3 - 11.9) * 26.7/25.4 « 1.05. Therefore
Ha 1%- see Chapter 13 Sea. 2(i).

References Dl, 1>3, D5, D8, D9, DIO, Dll.
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Fig. 7.97. Method of calculating performance of cathode degenerative rriode

without drawing special charactendues.

(vi) Cathode degenerative pentode
The general procedure is the same as for triodes, except that allowance must be

made for the d.c. screen current flowing through This is done by taking

(h'ftj, - Rkl<t) as the effective plate supply voltage, and then by carrying on as for

the triode case.

For valves with a high plate resistance this method is not very satisfaaory, and a

more practical method has been described by Pran.

References Dl, Dll,

(vii) Cathode-coupled triodes
It is possible to make a graphical analysis of the cathode-coupled amplifier, using

ordinary published valve characteristics (Ref. D6).

(viii) Feedback over two stages
It is possible to draw the equivalent characteristics of two stages in cascade with

feedback over both stages, following the method of Pratt (Ref. Dl).

Alternatively, it is possible to use the published valve characteristics to obtain a

graphical analysis (Ref. D7\
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SECTION 1 : INTRODUCTION TO ELECTROMAGNETICWAVES
(i) Wave motion (it) Electromagnetic spectrum (Hi) Wave propagation.

(i) Wave motion
Before considering the various methods of radio reception, it is desirable to have

an understanding of the nature of radio waves and of how they are used to transmit

intelligence.

The theory of electromagnetic radiation (Refs. 1, 2, 3) is essentially a mathematical

one and any attempt to reduce the theory to non-mathematical terms requires certain

assumptions to be made which are not strictly true.

It should be noted that sound waves in air, waves in water and radio waves arc

propagated in entirely different ways.

In the case of sound, the waves arc called “ longitudinal ” and consist of alternate

compressions and expansions of air.

The layers of air as shoNMi in Fig. 8.1 do not move steadily forward with the wave
but move to and fro through a limited path in the direction of motion of the wave.

Fig. 8.1. Representation of a sound tvat^e in air.

Referring to Fig. 8.2 and assuming this to be a representation of a water w^ave, it

will be seen that as the wave progresses, a particle (such as a cork) as shown in the

figure, moves in a vertical direction which is at right angles to the direction of motion

of the wave. This form of wave motion is known as “ transverse.**

The distance between two successive crests is a measure of the length of the wave,

i.c. the wavelength, and the number of complete waves (or cycles) passing any point

in one second denotes the frequency in cycles per second.

The medium in which the wave is transmitted determines the speed or velocity

of propagation. In the case of sound waves in air, the velocity is approximately

3.4 X 10* metres per second. The velocity of sound in some common media is

given in Chapter 20 Sect.. 8(iii).
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Electromagnetic waves are also transverse. However, radiated electromagnetic

energy consists of two component fields, respectively magnetic and electric, both in

phase, existing at right angles to each other and to the direction of motion of the

wave. In contrast to sound waves in air, electromagnetic waves in free space have
a velocity of 3 x 10* metres per second.

WAVC MOTION *

FIG 8 2

Fig. 8.2. Representation of a water wave.

(ii) Electromagnetic frequency spectrum (Ref. 4)

Type of radiation

Hertzian Waves (used for radio communication)
Infra Red

Wavelength
30 000 M - 0.01 cm
0.04 cm 0.000 07 cm

Visible Light*

Ultra Violet

X-Rays
Gamma Rays
Cosmic Radiation

7000 A" - 4000 A
4000 A " 120 A^
120 A 0.06 A
1.4 A 0.01 A
about 0.0001 A

1 Angstrom unit A" 1 x 10 "cm.

(iii) Wave propagation
Assuming a simple non-directional aerial, the electromagnetic waves are radiated

in straight lines at all angles. That portion of the radiation at a large angle to the
horizontal is called the “ sky ” wave. Depending upon the frequency and the angle
of radiation, this wave may be reflected by an ionized layer in the earth's upper atmo-
sphere and thus return to the earth at a considerable disunce from its origin. By
making use of this phenomenon, long distance short wave communication can be
accomplished.

In recent years much work has been done in forecasting frequencies that will give

best results for communication between any two points at any given time. These
predictions, based on a study of the ionosphere, are published regularly in different

parts of the world and are an exceedingly valuable aid to reliable communication
services. A handbook has been published explaining the basis of the predictions

and the methods used in forecasting (Refs. 5, 6, 7, 8, 9, 10). This subject is covered
more comprehensively in Chapter 22, Sea. 6.

For the effect of the ionosphere on the reception of radio signals see
Chapter 22, Sea. 6.

^•^^fufiher dcudfiTsec Chspur 38 SecUaiT iT
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SECTION 2 : TRANSMISSION OF INTELLIGENCE

(i) Introduction (ti) Radio telegraphy (iii) Radio telephony.

(i) Introduction
There are several methods of conveying information using the radiated waves.

By switching on and off the transmitter in accordance with a prearranged code, audible

sounds will be heard in a suitable receiver. This is known as radio telegraphy.

Alternatively the intelligence in the form of speech or music can be superimposed
on the transmitted radio frequency by a process of “ modulation.*’ This is referred

to as radio telephony. There are four major types of this latter system of transmis-

sion, known as amplitude, frequency, phase and pulse modulation (Refs. 17, 18, 33).

(ii) Radio telegraphy
This is used primarily for communication purposes over long distances. By means

of automatic transmission and reception it is possible to convey messages at a rapid

rate half way round the world. Such circuits arc less susceptible to interference and
mutilation of the message text than corresponding circuits using radio telephony.

A radio telegraph (C.W.) transmitter usually consists of a crystal oscillator followed

by several r-f power amplifier stages. An automatic or manual switch, operating in

a power circuit supplying current to one of the r-f amplifier electrodes, serves to turn

the r-f power on or off as required by the coded messages (Ref. 11).

(iii) Radiotelephony
(A) Amplitude Modulation (A-M)

I'his is commonly used in local medium frequency and long distance shortwave

broadcast transmitters. The amplitude of the r-f radiated wave (the carrier) is

varied at an audio frequency rate according to similar variations of the intelligence

which it is required to transmit. This is usually accomplished by varying the plate

voltage of a r-f amplifier by the audio signal. The r-f amplifier may ^ in the final

transmitter stage, in which case a large audio power is required for complete modula-
tion 50",, of the modulated r-f stage plate input power. This is called ‘‘high-

level " mv>dulaiion. As an alternative, modulation can be employed at an early stage

in the transmitter, and linear r-f amplifiers used to raise the power level to that re-

quired. Much smaller powers are necessary for this “low-level” modulation
system, but the Class B linear r-f amplifiers are less efficient than the Class C counter-

parts used in the “ high-level ” method of modulation. Both systems are used ex-
tensively, but most high power transmitters employ “ high-level ” modulation. With
amplitude modulation, the power output of the transmitter varies, but the phase and
frequency of the carrier remain unaffected (Refs. 12, 13).

(B) Frequency Modulation (F-M)
This is now coming into its own in the mobile equipment field. While it is being

used to supplement medium frequency A-M broadcasting, F-M may also be used for

the audio channel of television (TV) transmitters. In this system the carrier frequency

is varied at audio frequency above and below the unmodulated carrier frequency.

This can be achieved by using a reactance valve to alter the frequency of the trans-

mitter master oscillator, the reactance valve being controlled by the audio frequency
signal.

In contrast to A-M, the power output from an F-M transmitter does not change,

but the frequency of the carrier varies, the deviation in frequency being proportional

to the amplitude of the modulating signal (Refs. 14, 15, 16, 24, 32, 33).

(C) Phase Modulation
In this system the audio signal is used to shift the phase of the carrier, the change

in phase angle being proportional to the instantaneous amplitude of the modulating
signal. The carrier frequency also changes but the power output remains constant.
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P-M is not yet in general use and will therefore not be considered further (Refs.

19, 20, 21, 22, 23, 24, 31, 33).

(D) Pulse Modulation
The numerous variations of this system are finding their chief application in the

very high frequency communication field. Radar and related distance measuring

equipments rely largely on pulse modulation for their successful operation. This

modulation system is outside the scope of the Handbook (Refs. 25, 26, 27, 28, 29,

30, 33).
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SECTION 1 : INTRODUCTION

When a violin is tuned, the tensions of its strings are adjusted to permit vibration

at particular frequencies. In radio, when an arrangement of L, C, and R responds

to particular frequencies, it is called a “ tuned ** circuit.

In principle, the tuned circuit is similar to a pendulum or violin string, tuning fork,

etc.—it has the property of storing energy in an oscillating (vibrating) state, regularly

changing from kinetic form (magnetic field when current flows through the coil)

to potential form (electric field, when the condenser is charged) and back again at a

frequency called the natural resonant frequency.

^ ,

In Fig. 9.1 let the condenser C be charged. It will discharge its

pU—^
energy through the inductance L, causing the current to increase all

2 the while, until it reaches the maximum when there is no potential

c across C. At that instant the energy i^ all magnetic, and the current

J continues, fed by the magnetic field, to build a voltage of reversed

polarity across C. When all the energy has been transferred from L to C,

the voluge across C has its original value, but is reversed in sign, and the current is

diminished to zero. The process then reverses, and repeats itself indefinitely, cycle

after cycle.

407
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SECTION 2 : DAMPED OSCILLATIONS
Were there no loss of energy, each cycle would be the same, but this is never the

case in practice, as the coil must have resistance. The rate at which the energy

decreases is proportional to the energy (remaining') in the circuit.

For a detailed account of damped oscillations, as these periodic changes of decreasing

amplitude are called, reference should be made to standard textbooks relating to the

theory of radio circuits. A list of several such books is given in the accompanying
bibliography.

Here we consider briefly the circuit shown in Fig. 9.2a. Let /,. be the maximum
value of the current during a given cycle of the oscillation, and let the time t be meas-

ured from the instant of this maximum ; then the value of the current i at any subse-

quent time is given by the equation

i cos co„r, (1)

where i - r 2L - damping factor.

and
4L^

The quantity /„ co„ 2rr is called the natural resonant frequency. In the above

formulae L is in henrys, C in farads, r in ohms, w,, in radians per second and /„ in

cycles per second.

The resonant frequency (corresponding to r 0) of the circuit is defined by

27r/„ a»,> \ 1 LC (2)

The ratio of the natural resonant frequency to the resonant frequency is

/„ /, - \ I 1 (4Q-’) (3;

Ojj. 2rrf,L
where Q

r r

reactance of the coil at resonant frequency

coil resistance

This relationship shows that in practice there is little difference between these two
frequencies. Q must, for example, be less than four to make/,, differ by 1",, from

/ o. Q normally exceeds fifty, for which value the two frequencies differ by about
one part in twenty thousand.

If now, in the equation for the current, t is increased by an amount 2^ <«„, the

period of one cycle, we arrive at the corresponding point in the next cycle. Let i

denote the current at this point, st3 that

l' /r;6 cos U),Xt 27T, W,J

2tT'1 ' w„
-

or, r/i e since a r 2L (4)

This gives the ratio of the amplitude of one cycle to that immediately preceding.

Logarithmic decrement, 5, is defined by
5 Trr/w^L log^ (i i') (5)

and is thus the naperian logarithm of the ratio of the amplitudes of two successive

cycles.

See also Sect. 1 1 Summary^ of Formulae.
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SECTION 3 : SERIES RESONANCE
The series impedance z of the circuit in Fig. 9.2a at any frequency (/ = uijlrt)

is given by the expression

Z Vr* (l/coC)]‘ (6)

Thus if an alternating voltage of frequency / be applied in series with the circuit,

when the value of r is fixed, we see that z is least, and hence the current reaches its

maximum, when cuL l/a>C - 0, i.e. when m = \I\/LC = o),,, the resonant

frequency.

It is perhaps surprising that the frequency for maximum current is independent
of the circuit resistance r and that maximum current does not occur when the fre-

quency of the applied voltage is equal to the natural frequency /„. The state of maxi-

mum current flow is called series resonance.

If E be the r.m.s. value of the applied alternating voltage, the r.m.s. value I of the

current produced in the circuit is clearly

E E
/ - /

- (7)

2 V (a.L (l/o,C)J'

^ i?/r, when <u \/\'LC <«„ (8)

The voltages across the several parts of the circuit under this condition of

scries resonance arc (Fig. 9.2a) :

rl ^ E across the resistance (9)

a>JL/ across the inductance (10)

and (1 ,
cu„C)/ across the capacitance. (11)

The voluges across the inductance and capacitance arc equal and opposite in sign,

thus cancelling each other, and usually they are large compared with the voltage

across the resistance. The voltage across the inductance may be expressed as

{io„L r)Ey and therefore its ratio to the voltage applied in series with the circuit is

w.X r. This ratio, usually denoted by Q, is the ratio of the reactance of the coil

at resonance to the resistance in series with it, and is called the magnification factor

or quality factor. Thus,

1 /L 1

^ r r\C ioJOr
(12^

Q may also be called the energy factor and is then dehned by
peak energy storage

^ energy dissipated per cycle

peak energy storage

average power loss

That this is equivalent to

\Lr ioX
Q - ‘“o

•

cuj^/r is shown by

(0)

cf

It is shown in Chapter 4 Sect. 5(vi) that the power factor is approximately equal

to 1/y ; when Q is greater than 7 the error is less than

See also Sea. 11 Summary of Formulae.

The general treatment of series circuits with L, C and R is given in Chapter 4

Sea. 6(ii).
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SECTION 4 : PARALLEL RESONANCE
Let us now examine the result of applying an alternating voltage E across the con-

denser C in the circuit shown in Fig. 9.2b. The current divides between the two
branches, and we find that the (r.m.s.) value of the current in L and r is given by

\/r* + w'U
and the rjn.s. value of the current in C by

If ~ txiCE

(13)

(14)

Adding the two currents, with due regard to their phase relation, the r.m.s. value of

the total current I is found to be

I ^ E *C -
ioE

4 oj^L
y y
'/ r

(15)

When coC = uiL/(x* f the total current / is in phase with the applied

voltage Ej and has its minimum value

This condition is termed “ parallel resonance* **, as distinct from the “ series

resonance ** considered earlier. At resonance, the currents in the condenser and coil

arc large compared with the ctirrent in the external circuit and they are very nearly

opposite in phase.

The value of to at which parallel resonance occurs can be determined from the

equation

^ l
(17)

VLC VI + (rVa>.*L*
It was pointed out in the previous seaion that <xjL/ r, the ratio of the reactance of the

coil to the resistance in series with it, is usually greater than 50. Thus, with an error

of about one pan in 5000 at Q <oL,'r 50 and correspondingly smaller errors at

larger values of Q, we find that the parallel resonant frequency fo is given by

coo = l/\ LC.
This is the same result, to the accuracy indicated above, as that obtained in the scries

resonance case.

With a similarly small degree of error we may write the following simple relations

for the currents at resonance. The current in the external circuit (Fig. 9.26)

is given by
r E.Cr

I E — ^ “T

^

uio L

^ E 1 ^ E.io_,C

where Q ^ oiJLIr as before. The current in the inductance
is very closely equal in value to that in the capacitance,

—Ic^E/wJ^f^ - at^CE
and is Q times larger than the current in the external circuit

The formulae given so far hold only when the condenser loss is negligible. In

order to generalize our expressions in a simple manner let us first consider the two
circuits shown in Fig. 9.3a and Fig. 9.3b. At (parallel) resonance for Fig. 9.3a we
have found that the current I in the external circuit is

/ ECr/L ^ EjQtMirX. etc. ;

(18)

and resistance

(19)

^Pftrallcl resonance may be defined either as
(a) the frequency at which the parallel impedance of the circuit is a maximum, or
(b) the frequency at which the equivalent reactance of the complete parallel circuit becomes zero

(he. when the impedance has unity power factor and acu as though it were pure resisunce at

the resonant frequency). This can also be expressed by saying that the parallel circuit has
zero susccptance at the resorunt freouency.

For further details see Chapter 4 Sect. 6<iii) and (iv).

Definition (b) is used in this chapter.
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and for Fig. 9.3b, to the same approximation, it is evident that

/ E/R ..

These two circuits arc equivalent at resonance provided we set

R. ^ LICr ^ 0^ = QI<^JC ^ OVUC (20)

Note that Q — R ,y/C/L, and that R

,

is the parallel resistance (across C) equivalent

to the series coil resistance r.

It has been shown that the circuit Fig. 9.3a with a condenser C having no losses

and an inductance L having series coil resistance r may be replaced by the equivalent

circuit Fig. 9.3b having an ideal nmed circuit LC, without losses, shunted by the re-

sistor R « having a value given by equation (20). It is obvious that the impedance
of the parallel combination LCR , in Fig. 9.3b at resonance is Res this being the
“ resonant impedance ** of the circuit. At frequencies other than the resonant fre-

quency, the impedance will be less than the “ resonant impedance.”

The values of Q in terms of series coil resistance r and equivalent parallel resistance

R, are grouped below for convenience.

tiiJL I 1 //
In terms of r : Q ^

r u) oCr

In terms of R u>^CR, = R

We can now consider the important practical case of the circuit shown in Fig. 9.4,

in which a resistance R appears in shimt with the condenser C. R represents the

effea of all insulation losses in condenser, coil, wiring, switches and valves, together

with the plate or input resistance of the valves.

FIG. 9.4

Fig. 9.3(a). Parallel resonance with series loss resistance.

Fig. 9.3(b). Parallel resonance with parallel loss resistance.

Fig. 9.4, Parallel resonance with both series and parallel loss resistances.

In the present case we have R in parallel with our equivalent parallel coil resistance

R

,

of Fig. 9.3b. The resultant parallel resistance at resonance, which we will call

the retonant impedance is, of course.

_“ 1/R+ CrjL
(21 )

Therefore, the resultant value of Q is

1

(w^/R) - ix/uiJJ)
(22)

(1/R)V^L/C r\ C/L

Note that at the resonant frequency the expression V L/C is equal to the reactance

of the inductance and also that of the condenser, i.e.

wJL - VLJC--- l/ai,C. (23)

See also Sect. 11 Summary of Formulae.
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SECTION 5 : GENERAL CASE OF SERIES RESONANCE
Fig. 9.5 shows the general type of series resonant circuit. It is often convenient

to express the effect of the two resistances at resonance as a resultant equivalent
series resistance, r' say. In the circuit of Fig. 9.3 we saw that the effect of a resistance

r in series with L was equivalent at resonance to that of a resistance L/Cr shunted
across C. By similar reasoning it may be shown in the present case (Fig. 9.5) that

»^IG.9.S

the effect of R at resonance is equivalent to that of a resistance of value L ^CR in

series with L. The resultant equivalent series resistance r is thus equal to

r -f (LC/R), and the resultant value of Q is oiJLlr'.

See also Sect. 1 1 Summary of Formulae.

Fig. 9.5. Siries resottance with losses in

inductive and capacitive elements.

SECTION 6 : SELECTIVITY AND GAIN

(i) Single tuned circuit (li) Coupled ciradts tuned secondary (Jii) Coupled

circuits—tuned primary^ tuned secondary (tv) Coupled circuits of equal Q (v)

Coupled circuits of unequal Q.

(i) Single tuned circuit
The currents and voltages, and hence the gain, of single tuned circuits at resonance

are determined by the equivalent series resistance (r' as defined in Sect. 5) and the

resonant impedance (Rp as defined in eqn. 21).

At frequencies other than the resonant frequency, the reactances of the coil and the

condenser no longer balance. In the series circuit the resistance r' becomes an im-

pedance z which is greater than r. In the parallel circuit the resonant impedance
Rp becomes an impedance Z which is less than Rp.

The appropriate ratios of these quantities determine the aclectivity or response

of the circuit, and they are related to Q and / by the following expression :

where A„is the voltage gain at the resonant frequency /„ and A the gain at frequency f.

Note that Ao 'A is the ratio of current at resonance to that at frequency y in the

series case, and the ratio of total current at frequency / to that at the resonant fre-

quency in the parallel case (see below).

The phase angle between the applied voltage and the total current is such that

(25)

the positive sign pertaining to the series case and the negative sign to the parallel case.

TTie equation (24) leads to a simple meihtxi for determining Q from the response

curve. We see that when Q\(flfo) (fjf)\ " ± 1 the total current will be de-

creased by the factor \/2 in the series case (i.e. decreased to 70.T/o of the resonance

value), and increased by the same factor in the parallel case. It will be observed that

at either of the frequencies satisfying this condition the phase angle ^ is numerically

equal to 45"", as cgn ^ - i: 1, and that the resistance r' or Rp is equal to the reactance.

tzn4> ^ ± Q /*

/
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The condition

Q(///o -/o//)= ± 1 (26)

may be written

f/fo ~fo/f - db 1/Q; (27)

and for values of Q not too low'(> 50, say) we have, very closely,

2J/o//o^ d: 1/Q (28)

where J/, - / - /o.

Thus J/o ^ ± (29)

and the current is decreased, or increased, by the faaor \/2 at two frequencies /i

and /t, one on each side of the resonant frequency /<>, determined by

/. - /. - - /o + -^ (30)

Hence, Q /,/(/. - /.) (31)

The frequencies /«, A and /* may be found experimentally, and hence Q may be
calculated.

At frcquenciea very difTerent from /«, so that A ojA is greater than about 10,

the equation giving the response is very approximately

AJA QUtfo - /o//). (32)

Also, the expression for the phase angle may be written in the alternative forms
tan

- ±

Qif/fo - /. //)

(^/a//o)

1 i (^/.//.)
Under these conditions we see that in the aeries case

(a) Across the coil :

Voltage at resonance LwJ^
Actxial voltage when well off resonance L ojt

and (b) Across the condenser :

Voltage at resonance

from equation (25)

(33)

LfJ,

Lfi
(-QU

Cuiif,

Cu>JAcmal voltage when well off resonance

Similarly, in the parallel case, we have

Impedance at resonance

Impedance at frequencies well off resonance

from which it can be shown that

- )

-MWi)

'AP /
(34)

(35)

(36)

(a) In the coil :

Current at resonance /
Current at frequency / /<,

and (b) in the condenser :

Current at resonance fl
Current at frequency / /

(37)

(38)

(ii) Coupled circuits—tuned secondary

We consider briefly now two examples of coupled circuits. The first example,

shown in Fig. 9.6 illustrates a typical case of a high frequency transformer with

tuned secondary in a radio receiver.

The symbols to be used are set out below :

— mutual conductance of the valve in mhos,

Tp plate resistance of the valve in ohms,

L| ^ primary inductance in henrys,

L| ^ secondary inductance in henrys,

Af mutual inductance between Lx and Li in henrys,

k MI\/LiLt ^ coupling factor,

Qf — LfUt^lr 1/rCcuo,
«=* 2»r X resonant frequency of secondary in cycles per second.
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Rj) —
o>oLtQt = resonant impedance of secondary in ohms,

e, = mput voltage,

e* =5^ output voltage,

and A — stage voltage gain (amplification).

When the secondary is tuned, its impedance (at at a) is simply r, and it reflects into

the primary a resistance equal to Af*cuo*/r. The primary signal current /p is, there-

fore.

(39)
Vat.* + (r, +

where Xp is the reactance of the primary.

When the conditions are such that the primary reactance can be neglected, we have

gm -r, . «*/(r, + M*<u,*/r) (40)

It follows that the secondary current /, is given by

T _ gm
r ^ (r/Mo..) + (Mw,/r,)

Hence the induced voltage across Lt (and C), that is eo, is

_ gm •

(r/MiOc) -f (Afoi^/rp)

(41)

(42)

or
g m

(l/Mw,QjTW/r^,) (43)

gm^R Lj
“

1 -r A*(R^/r,) . (L,/L0 ^

When fp is very much greater than co«*Af^r[ k^R ^{Lx/Lt) \
we have simply

Ip^gm ^^i (45)

L ^ gm • ei . Muijr, (46)

and ep/e, gm<^MQt ~ gm • kRfyX Li Lt (47)

If the inductances and have the same ratio of diameter to length, or form

factor, and the turns are Ni and N2 respectively, then \ L,/X| in the above formulae

may be replaced by 'Ni/A',. The plate resistance Tp in parallel with the primary is

reflected as a scries resistance Af*Wp*/rp into the secondary. If the value of this

reflected resistance is greater than say of r, its effect should be taken into account

when computing the selectivity of the secondary. This selectivity, then, is deter-

mined by means of the formula

ziT' = Vl -f Q,'»(///. - /.//]• • (48)

where r' = r -I-

. ^ ^ _ L
r' (1/QO +

Note that Qt and r' must not be used when calculating the gain A «.

ric. 9.6

H§l“£r

ric.9.7

i" \ ;• i"
'wsw-f—

^

“T
i

C_J
^ «o

l±

Fig. 9.6. Amplifier stage usinf a high fremuncy tramfarmer with a timed secondary.

Pig. 9.7. Ampltfier stage using a double timed high frequency transformer.

(Ui) Coupled circuitf—tuned primary, tuned eecondary
The second example of coupled drctiiu is shown in Fig. 9.7. This is a typical

high frequency transformer with nined primary and tuned secondary. Intermediate

frequency transformers in super-heterodyne receivers are usually of this type. Very
though discussions of such transformers have been gived'from the theoretical point
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of view by Aiken (Ref. C2). For the design procedure see Chapter 26 Sect. 4. In

this case the resistance in parallel with the primary at resonance is

Li/Cif, -h Li/C,R, - Li/CiR', where l/R' ^ l/rp n- X/R^ ;

and the resistance of the secondary is L^/ so that the resistance reflected into

the primary is c^o*M^CiR 2/L 2/ The primary current /p is, therefore,

gm^i 1

ojoC\ ’ L,/C,R' f iOo^M^C^Rt/Lz
(49)

The secondary current /, can readily be shown to be
I. - (50)

and the induced voltage across and to be

Co - Ltitiol, “ (MCjR,a>p*)/p.

Therefore the voltage gain at the resonant frequency, A o, is given by
^0 ^ ^

e\ Li/Rl^ 2C2

~^ ‘

This relation for the gain may also be expressed as

LiLt

k- l/Q^,

gWR'R-i

>^VQ~Qr l/(k\ QQr
where, as before, k Af/v^L,Lj, and Q', Qt have their usual meaning, i.e. J?'/L, cu

and Ri/Ltio„ respectively.

A.

or, A c

(51)

(52)

(53)

The expression for calculating the selectivity is lengthy and complicated and a

graphical treatment described later is preferable (Sect. 7).

As k is increased from low values, the gain increases until k\ Q'Qt = 1, after

which it decreases. This value of k - 1 /\ Q'Q- is known as the critical coupling
factor (kf).

(iv) Coupled circuits of equal Q
When the primary and secondary circuits are identical, and the couphng factor is

equal to and the plate and grid return resistances are very high, we see that the

voltage gain obtained is exactly half that with a single timed circuit. The critical

coupling factor in this case, of course, is

kf 1 Q where Q Q' Qn.

For values of less than the response curv’c (gain versus frequency) has a single

maximum at /„, the resonant frequency of each of the circuits. When k exceeds

the critical value, however, the amplification curve becomes doublc-humi>cd, i.e.

there arc two frequencies of maximum response, and these arc separated by equal

amounts above and below /„. Th^ distance between these two peaks increases with

k, and very approximately we And that

(/. /i)//.^ \ I (54)

\/^* - A.*, (55)

when /, and /| arc the frequencies for maximum response, i.e. (ft /i) is the band
width between peaks. The amplitude of these two peaks is substantially the same

as the maximum possible gain g^R/2y where R - Rx Rt-

Frequently, an approximate formula for band-width is used :

(/* - f^)/fo ^ k (56)

While k largely determines the band-width, the depth of the valley at /o, and hence

the uniformity of the response in the pass band of frequencies, is determined by the

relation of Q to k. For a constant value of k (above critical coupling) the dip be-

comes more pronounced as Q is increased, while the frequency separation between

peaks becomes greater ; conversely as Q is decreased the dip becomes less pronoimced

and the frequency separation between peaks becomes less. The ratio of the response

at /, to that at the two peaks is found to be 2.6, (1 6"), where 6 k/kc^
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A value for k in the order of 1 .5 times critical, i.e. kQ =- 1 .5, is often used for i-f

amplifiers requiring band pass characteristics. However, the exact value chosen for

kQ depends of course, on the bandwidth requirements.

Further points on the resonance curve can be obtained from the result that the fre-

quency band width between the points on either flank of the resonance curve, at which

the response is equal to the minimum in the “ valley ” between the two peaks, is \/ 2

times the peak separation. It can be shown also that, in general, the gain at any
frequency / is given by

_ / fi
* (57)

A “ V
^

• Ll k’Q^J
where Y - ///„ - /o /.

This expression may well be solved graphically according to a procedure developed
by Beatty (Ref. C7) ; this procedure will be described below.

(v) Coupled circuits of unequal Q
In the general case where Q' and Q, arc unequal, the two peaks of maximum re-

sponse do not appear immediately k exceeds the critical value kc. The value of k

at which the two peaks just appear has been defined as the transitional coupling
factor by Aiken (Ref. C2). The value of this coupling factor k, is

k, =- VV(J7q^^ iT(^ (58)

The band width between peaks is found to be

(/. - /.)//» = Vk’- - kr (59)

This useful result is discussed in an editorial by G. W. O. Howe (Ref. C5). Further

it has been shown that here, as in the symmetrical case, the band width between the

points on the flanks, level with the minimum response in the “ valley ” between the

peaks, is \ 2 times the peak separation.

In this case, too, the selectivity curve remains symmetrical as k increases (above

kt). The amplitude of the peaks decreases, however, as k increases, and also as the

ratio of Rx/R^ (or R^^Ri) increases. Aiken (Ref. C2) gives selectivity curves for the

three cases (i) Rx 10/?., (ii) Rx 50R, and (iii) Ri - 200/?. with L, L, and

Cl - Cf Some idea of the magnitude of this decrease in peak amplitude may be
obtained from the following figures taken from Aiken’s curves :

R: R 2 10 50 200

I

6//f, A.^Arpt k kr
1

A A 0 f, 1
k k .

‘ A Ao

! 3
1 i

0.67 !' 7 0.33 15
1

0.17

' 6 i

!
!

0.62 >5
!

i

0.28 20 0.15

In this table A„p( is the optimum value of the gain, i.e. the gain at resonant frequency

with critical coupling ( g m\ RiRt/2).
The gam at when k > ki is given by [26/(1 • where b 6/6 „ as

in the case of equal Q*s ; as the gain at the peaks is less than A opt however, the re-

sponse curve is flatter in the present case.

See also Sect. 11 Summary of Formulae.

SECTION 7 : SEI^CTIVITY---GRAPinCAL METHODS
(i) Single tuned circuit (ii) Tuo identical coupled tuned circuits.

.
(i) Single tuned circuit
A single tuned circuit in the plate load of a valve has the well-known frequency

response shown in Fig. 9.8. At the resonant frequency, where the reactance is zero
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there occurs the maximum value of the response, and the gain falls away on both

sides. This curve may be computed from cqn. (24), namely

AJA - VT 4-

and tan ± QY, from cqn. (25)

where Y ^ if/fr, - /r//).

These formulae, however, lend themselves to a simple graphical treatment as in-

dicated in Fig. 9.9.

The ratio of the gain Ao^t resonance to the gain A at any other frequency may be

plotted as a vector quantity, OP in Fig. 9.9, having both magnitude and phase. At
resonance, when the frequency is /«, it becomes OP,, in Fig. 9.9, where OP« is of unit

length since A olA is then equal to unity. At any other frequency /, the ratio Ad

A

is then given by OP where the point P is fixed by the rclaticMi

length - QiJIf. -foffy
The phase angle is the angle PoOP.
Near resonance, when / is nearly equal to /„, this may be approximated by

length PoP 2(2J///o where Af --- / -

so that Af measures the amount of detuning. Thus, near resonance, the length P JP

is nearly proportional to the amount of detuning.

(ii) Two identical coupled tuned circuits
It is found that when two identical tuned circuits arc coupled, either by some com-

mon reactance in the circuit or by mutual inductance, the locus of the point P is the

parabola

.V* (v - 1)4 /(I •

This parabola is shown in Fig. 9.10 where OP^ again represents A,., To use this

graph to determine the gain, we first compute the quantity OX 2Qy/(l + ^*(2*)>

then from X draw a line perpendicular to OX to cut the curve at P. The line OP
represents the gain (Ao/A) while PnOP is the phase angle.

The form of the parabola depends upim the magnitude of kQ. It is found that

when OT < \ 2, corresponding lo kQ '
1, there arc two frequencies of maximum

gain as shown by the two vectors marked OP' in Fig. 9.10. When the attenuation

is plotted against J/o, as in Fig. 9.1 1, it becomes clear that a much flatter top may be

obtained by using coupled pairs of circuits than by using single tuned circuits. Fig.

9.1 1 serves also to show the variation in band width with variations ofOT (i.e. changes

of kQ). It will be seen that the shape of the skirt of the curve is practically inde-

pendent of the value of kQ.

See also Sect. 11 Summary of Formulae.
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SECTION 8 : COUPLING OF CIRCUITS

(i) Mutual inductive coupling (ii) Miscellaneous methods of coupling (iiV) Complex
coupling.

(i) Mutual inductive coupling
As already emphasized, when the mumal inductive coupling between two tuned

circuits is increased above a critical value, kty two peaks appear in the response curve,

symmetrically situated with regard to the resonant frequency No other types of

coupling possess this useful property. Where optimum gain and selectivity are

required it can be shown that these will be obtained with a coupling abc^ut 80 per cent

of the critical value- (Ref. C45). Greater selectivity can be achieved with less coup-
ling than this value while increased gain will result from tighter coupling.

When the highest possible selectivity without serious loss of gain is desired

from a pair of tuned coupled circuits, a practical compromise is to reduce coupling

to 0.5 kt at which value the gain is 0.8 times the optimum. The selectivity then

approaches that which would be obtained by separating the two circuits with a valve

(assuming this be done without altering Q and Qf). For other relationships between
gain and selectivity, refer to Reed (Ref. Cl) or to Aiken (Ref. C2).

(ii) Miscellaneous methods of coupling
There are other types of coupling which may be used between tuned circuits as

alternatives to mutual inductance. Four such circuits arc shown in Figs. 9.12, 9.13,

9.14 and 9.15. High impedance or “ top ” coupling is used in the circuits shown
in Figures 9.12 and 9.13 and low impedance, or “ bottom ” coupling, is used in the

circuits of Figures 9.14 and 9.15

hig. 9.12, High impe- Fig. 9.13. High impe- Fig. 9.14. Low
dance capacitive coup- dance inductive coup- impedance capa-

ling. ling. citive coupling.

A fifth type is link coupling shown in Fig. 9.16A, in which a relatively small

coupling inductance L/ is coupled to L, and similarly L,' to and L/ is connected
directly in series with Lf

.

The behaviour of this circuit is the same as that to be

descried for Fig. 9.15.

“ The coupling between two circuits, from a general point of view, is the relation

between the possible rate of transfer of energy and the stored energy of the circuits
’*

(Ref. C5, Sept. 1932).

From this definition it follows that for low impedance coupling

k ^ --- when A'l and Afg

V(X, t XJiX, r X^) Vx,x^
and that for high impedance coupling

k / X.X,
^ (X. t X„)(X, > X„)

\'XiX,

X..
when X, and X, < X„

where X. is the coupling reactance and Xi and A’, are the effective reactances of either

the coils or the condensers* with which the circuits are tuned.

*Xi and X% miut be of the tame ** kind *' (i.e. either inductive or capacitive; at
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The effective reactances Xi and Xt in the high impedance case are calculated by
regarding the actual tuning reactances {Lia>o or l/Cio^o ^d l/C2 a>o) as

being in parallel with the coupling reactance X^ ; while in the low impedance case,

Xi and Xt are calculated by taking to be in series with the actual tuning reactances.

Fig. 9.15. Low
impedance indue- Fig. 9. 16A. Link coupling,

live coupling.

Mutual inductive coupling belongs to the low impedance coupling group ; here

Xn Mcjoi Xx Lioj^y Xt ~ Ltoj^

;

so that k — M/K^L^Lty in agreement with

our previous definition in this particular case.

For a general analysis of the calculation of coupling coefficients see Chapter 26

Sect. 4(vii).

Application of the formulae given above to the circuits shown in Figures 9.12, 9.13,

9.14, 9.15 and 9.16A give the following results for the coefficient of coupling k :

Circuit
!

1

k (exact) k (approximate)

Fig. 9.12 Cr. Cm ^ ^- - when Cm < (C,, Cj)

\ (C, - C„XC, • C„) V c,c.

Fig. 9.13 /V l.lV
Whetj L„ > (L„ Lt)

1

V a. L„XL, i L„)
i

Fig. 9.14 *

/
c.c, |\ C,Cs, _

V (c. * ^ m)
1 - when C„ > (C„ Cj)

1

Fig. 9.15 • L^
1 ^ .when < (JL„ L,)

IV (L. : LJ(L, V LJ |V i-iL,

Fig. 9.16A MxMt 1 AfjAfi
^ when individual coup-

'-7 *

Al,*\ LjLt lings are small.

^

or
i

•
\kxkty when individual coup-

'A’Xl - *.*) 1

lings are small.

!

where L^t — Lx r L,',

_Af,

VL.L-
and

AU

VL,iV
When the coupling increases above kt for the tuned circuits shown in Figs. 9.12,

9.13, 9.14, 9.15 and 9.16A, the two peaks in the response curve of the secondary move
at unequal rates from the original resonant frequency (determined by L|C|a>«* =
LtC|Cu»* ^ !)• For the first four of these examples in the special case L| — Lt,

C| Cf, and for the fifth generally, one peak remains approximately stationary
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(at <Uo), while the other peak moves to one side : the shift of the semi-stationary

peak depends upon the series resistances of the two circuits and decreases with them>
being zero in the ideal case ri — — 0 : the second peak is lower in frequency in

Figs. 9.12 and 9.15, but higher in Figs. 9.13, 9.14 and 9.16A. The selectivity and
bandwidth (between peaks) may be calculated from the formulae (57) and (55) re-

spectively—already quoted for transformer coupling—provided the appropriate value

of k is used. It is theoretically possible, although seldom convenient, to combine
two types of coupling in equal amounts to give symmetrical separation of the two peaks.

Normally, when this is required simple mut^l inductive coupling is used.

It may be shown that for all types of coupling the centre frequency is determined
by the effective reactances obtained by taking the coupling reactance into account.

Tlius, for example, for Fig. 9.15, (L, -f L«,)C,a>^* ^ 1, where corresponds to

the frequency of the minimum between the peaks ; while for Fig. 9.16A,

(L, - - 1.

(iii) Complex coupling

With any single type of coupling the gain and the band width vary with the fre-

quency. Clearly, then, a single type of coupling cannot give satisfactory performance
in the timed radio frequency stages of a receiver where the frequency range is two or

three to one. From the formulae already given it can be seen that for transformer

coupling both the gain and the band width are approximately proportional to the

frequency (assuming that Qi and Q, do not vary greatly) ; for other types of simple
coupling k depends upon the square of the frequency, and hence band width and gain

are fimcdons of frequency.

Fig. 9.16B, Constant bandioidih using inductive and capacitive coupling.

Fig. 9.16C. Constant bandvndth using capacitive coupling.

Fig. 9.16D. Complex coupling with mutual inductive and top capacitive coupling.

In practice, a reasonably constant band width over the tuning range can be obtained

by a suitable combination of the types of coupling already described. Two common
arrangements are shown in Figs. 9.16B and 9.16C.

For the drcuii shown in Fig. 9.16B the coupling reactance toM i 1 uiCp.,

while for that shown in the Fig. 9.16C it is

1
. Q/_

cuC^ wCiCt
The corresponding coupling factors are respectively

and k ^

M l/w«C^

VLjTt

Vc.c.
v^.c;+ c.

(* < 0.05),

(k < 0.05).

Aiken (Ref. C2) gives a practical design procedure for obtaining the values of the com-
ponents which give the best average results over the whole tuning range.

When k has been determined, the band width and selectivity may be calculated

from eqns. (55) and (57) given earlier. Also, for circuits with the same values of Q,
a suitable value of jb is given by kQ ==> 0.5—as in the case of transformer coupling

—

when the greatest possible selectivity without nouble loss of gain is desired.
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In Fig. 9.16D there is a c»mbination of mutual inductive coupling and top capacitive

coupling, as commonly used in aerial and r>f coils, and, eHectively, in i-f transformers.

The analysis is given in Chapter 26 Sect. 4 (vii).

See also Sect. 1 1 Summary of Formulae.

SECTION 9 : RESPONSE OF IDENTICAL AMPLIFIER STAGES
IN CASCADE

When two or more amplifier stages having identical circuits and values are con>

nected in cascade, the overall gain is the product of the gains, and the resultant selec-

tivity is the product of the select!vities of all the stages. For n stages, therefore, the

totai gain is A o" I the selectivity for single tuned circuits is

(A/Ao^ - (1 4
while for coupled pairs

Qtyt
y / 2QY

1 4- ^ \1 + **QV J

When is very small, the selectivity of n coupled pairs is almost the same as

that of 2n single tuned circuits. Thus there is a limit to the improvement of selec-

tivity obtained by reduction of the coupling of coupled pairs of tuned circuits. When
it is possible to increase Q, there is a corresix>nding improvement in selectivity. The
tendency with several stages of single tuned circuits is to produce a very sharp peak
at the centre frequency, which may seriously attenuate the higher audio frequencies

of a modulated signal. Conditions are much better with coupled pairs, because two
peaks with small separation appear as G is increased, if the coupling is not too close.

Difi6culties occur when Q is increased so much that a deep “ valley ” or trough occurs

between the peaks. The practical limit is usually a ratio of 1 : 1.5 overall gain be-

tween the response at the bottom of the valley and that at the two peaks. It is then
good practice to add another stage employing a single tuned circuit which substan-

tially removes the “ valley of the preceding circuits. The procedure by which the

best results may be obtained is described by Ho-Shou Loh (Ref. C13). In this

manner a nearly flat response may be obtained over a range of frequencies 10 Kc/s
to 20 Kc/s u'ide, with very sharp discrimination against frequencies 20 Kc/s or more
away from tlie centre frequency, 450 to 460 Kc/s.

Sec also Sect. 1 1 Summary of Formulae.

SECTION 10 : UNIVERSAL SELECTIVITY CURVES
In Figs. 9.17 and 9.18 arc shown universal selectivity curves taken from Maynard’s

data (Ref. D2). These curves apply to a pair of coupled tuned circuits, and are not

restricted to circuits of equal Q. Fig. 9.17 gives the gain at various frequencies off

the centre frequency in terms of the gain at the centre frequency, for various co-

efficients of «:oupling ; the ordinate scale D is proportional to Q^fo/fo- The Q shown
in Figs. 9.17 and 9.18 is Qt for all expressions containing a and 6.

The phase difference between the currents in the primary and secondary circuits

can readily be obtained from Fig. 9.18. There we have plotted an angle ^ as a func-

tion of D for various coefficients of coupling, and the phase shift is 6 ± 90 the

positive sig;i being taken when the coupling is negative, and the negative sign when
k is positive.

The parameter 6, which is a measure of the coupling, becomes simply k/k^ when
the tuned circuits have equsd values of Q ; also, in this case, the variable D becomes
simply 2QA/^fftt, For convenience, scales have been added to give Ac/

A

in terms of

Q for a number of values of/« for two identical coupled circuits.

In deriving the curves of Figs. 9.17 and 9.18 it was assumed that Q and k do not

vary appreciably over the range considered, thus giving symmetrical selectivity curves ;
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and that Q is reasonably high

(> 25 say). Very low values of

Q require a different curve for

each value, but the effect is only

to alter slightly the skirts of the

carves without altering appreci-

ably the main portions.

As an illustration of the use of

Fig. 9.17 consider the example

f. - 1000 Kc/s, Q, - Qt 200,

-^2 ^ b : we see that the

peak occurs at Q^fo ^ 800, i.e.

J/o ^ 4 Kc/s, and that the gain

in the valley compared with the

gain at the peak = 0.8 ; these

results agree well with those

calculated from the formulae

already given, namely

Band width is : /oV k* - ^ 8.6 Kc/s
Ratio of gain in valley to that at peak is :

2k/k, 2b 4

1 -r ik/k,y 1* 6* 5
*

Phase change at J/o --

( * ) 4 Kc/S : (from Fig. 9.18) phase change ^ 20 J; 90 .

In conclusion, we give the selectivity curves of Fig. 9.19 to illustrate some of our
remarks in preceding seaions. These curves have been derived from those of
Fig. 9.17, but here the abscissa is AopiiAy where Aoyx is the gain at the centre fre-

quency where k ^ kf,

TTicse curves are for the case of two identical coupled circuits ; they show how the
maximum gain, band width and depth of the valley between peaks vary with the
ratio k/kf.

In all expressions using a, the Q mentioned is the secondary Q, namely Q,.



9.11 SUMMARY OF FORMULAE 423

SECTION 11 : SU2V12VIARY OF FORMULAE FOR TUNED
CIRCUITS

(1) NOMENCLATURE
L ~ inductance (in henrys uxiless otherwise stated)

C capacitance (in farads unless otherwise stated)

fo — resonant frequency (in cycles per second unless otherwise stated)

fn natural resonant frequency (in cycles per second unless otherwise stated)

/ ^ frequency (in cycles/sec. unless otherwise stated)

^fo t ~~ fo (in cycles/sec.)

T - U/fo - fJf)
n 3.1416 approjcimately
k coefficient of coupling

a> ~ 2nfy tUfl - 2nfoy a»„ - 2nf„ radians per second

r ^ series resistance (in ohms)
r' resistance of a series resonant circuit at resonance (in ohms)
R shunt resistance (in ohms)
R t effective shunt resistance of a parallel resonant circuit at resonance when

R 00 (in ohms)
Rj) resonant impedance (in ohms)

e voltage across the circuit at a time t

E initial voltage of charged condenser

e ^ 2.718 (e is the base of Naperian Logarithms''

f -= time (in seconds)

a damping factor

8 logarithmic decrement
A wavelength in metres

i current at frequency / (in amperes)

! <, current at resonant frequency /„
A gain at frequency /
Ao gain at frequency fo

Q magnification factor.

Sfitcffvlty Cwrvtl for Two Itftnticol Coupltd Circuift,

Showing rM VQrtotfon m Coin
^

Bond WNfth and Dtprft o* Vofloy with
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(2) NATURAL RESONANT FREQUENCY (/«)
Exact formula

= ks]tc
-

Approximate formula for use when r is small compared with 2VL/C :
-

== (2)

2"V LC
For numerical use this may be put in the form

159 200
fn^ fo =* — C/S, where L is in microhenrys (3)

\ LC C is in microfarads ;

159 200
or /, ^ fo . — Kc/s, where L is in microhenrys (4)

\ LC 2nd C is in micromicrofarads.

(3) WAVELENGTH (A)

Wavelength (in metres) - 1884v LC, (5)

where L is in microhenrys and C is in microfarads.

Wavelength x frequency 2.9979 \ 10* metres per second (6)

3 < 10* metres per second.

Note : Equations (5) and (6) are based on the velocity of electromagnetic radiation

in a vacuum as determined by Dr. Essen and others in 1951 (sec Ref. El).

300 000 300
Wavelength

frequency in Kc s
^ frequency in Mc/s ^

(4) DAMPED OSCILLATIONS
e = cos where ^ r/2L (damping factor) (8)

h — r/2/,L (logarithmic decrement) (9)

(5) SERreS RESONANCE
L, C, and (o^ : L^ C and fo '

For resonance ! For resonance (10)

LCai^* -
1

I

27t/.X 1 2rr/,Cohms

ufaL = 1 ^ co„C ohms 1

LC (henrys

^ 1/a/LC radians/second

joL ~ \ L/C ohms

»oC “ \ C/L mhos.

39.48/.,*

2.533 •

where L is in microhenrys

and C is in microfarads.

farads)

Q wj^/r' \/rCio„y

where f is the effective scries resistance at resonance,

i.e. r' ^ r - LC/R
where r is the series resistance

and R the parallel resistance.

_ ^ ^ O^/Xl 1

ThereforeQ _ ,, ,LC/R r/v

1

oCr 1 RCwotJoCr \ RL:w, c/L \L CR
WhenL/CR< r :Q^ u^X/r ^ \ co.Cr. (14)

Magnification factor (Q) : Ratio of the voltage across cither reactance to the

voltage across the circuit.

(6) PARALLEL RESONANCE
1 1 1

- r. • (15)VLC VJ r*lu,,*L* \ LC
At resonance,
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Q. -- RjyfiOol^ “ RpO}„Cy (16)

where R^^ the resonant impedance, is the effective shunt resistance of the circuit at

resonance,

and 1//?^ - MR f Cr/L.

Therefore Q -7 . etc., as in (12), (13) above.
VC/L i Vl/c/r

When R is infinite (i.e. no shunt resistance),

Rjy R, L/Cr Q. uj^C - o>J.Q - QV. (17)

Magnification factor

Ratio of total circulating current to input current ~ Q (18)

(7) SELECTIVITY
(a) Scries Resonant Circuit

fo/y
2 ^ jf.if.

In i Ao A \ 1 t

tan<^ QY QJf.fo.
j

,

i lags behind in when f ’
/„, and leads when / /n

When J/n//n is small,

in//^\'l : 40*(J/;/o)^
and tan 4> ^ 2QJf„/fo-
When in i is large, i ^ QY.

\ 1 .

(b) Parallel Resonant Circuit

AJA RjyZ t.i„ \\ Q^-Y-

tan </» - CY ;

where i and in are the total currents ;

i leads i, when /
'

• /„ and lags behind in when / •: .

When J/„ /n* 1, i/xo ^ \ 1 • 4C>=J/.'

and tan ^ 2 C}J/n /->.

When I I n * 1, X i„ ^ OV.

(19)

(20)

(21 )

( 22 )

(23)

(24)

(25)

(26)

(27)

(28)

8) R-E TRANSFORMER, UNTUNED PRIM/VRY, TUNED SECONDARY
VC'hcn the primary impedance can be neglected,

Gain A,

'Fhc gain may

/In

r,'

^ m A *n

1 1 II. k II
r,L, .oMQ: l]

be expressed in a number of alternative forms, for example,

(<o,^Vf)*G" toyAt'

ICU„/.2 ^

where r is the series resistance I'f the secondary.

In the special Vase where <Un‘Af* r r,., we have

A„ ^ K

(2^''

(30)

V3U

Selectivity

I'o determine selectivity, the effect of the resistancx reflected into the secondary

should be taken into account when its value r. 5",, of r. The effective

series resistance r is r r, ;
so that the effective value of Q. say, is

tv -X: r-
,

iU)

The selectivity is then obtained Irom

A. ,
A \ 1 Qt^vK ; 3V;
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(9) R.F. TRANSFORMER, TUNED PRIMARY, TUNED SECONDARY
Gain
The gain at resonance {Ae) is

gWR'R

KQ'Q,
1

(34)

QV,
where l/R' = l/rp 4 l/R^ and 1 Q' Liw^/R' tu^L^/r^ f 1/Qi

Maximum gain occurs when k ^ l/\ Q'Qiy the critical coupling co-

efficient, and is given by

Ao (max.) - gn.V R'Ri/2, (35)

Also, when k ^ Aff/2, the value of /I o is approximately 0.8 of Ao (max.).

Identical circuits (Li ^ L,, Ci ^ Cj, R' R. Ry Q' Qi Q)
Critical Coupling : kc 1/Q. (36)

Maximum gain (at resonance) g^R;2. (37)
^ half gain of a single tuned circuit.

Band width between peaks (/* and /j),

(/, -•/.),/. = V*‘ - k*. (38)

Selectivity
Qtyi ni 2QY

1
1 r k^Q*]

'

-1 f

(39)

Gain at peaks, ft and /i, is very closely equal to the optimum value A ^ (max.).

Circuits of unequal Q
Transitional coupling factor, k,, is

k, - v i(i/Q'^ - I

Band width between peaks is

(/* - /.)//. - Vk* - *,*.

Selectivity

A
A

cuviiy

1 - k*Q

When and J/.//

AJA ^ Vl
< 1 ,

[2Y\ QV, T
Li -

(40)

(41)

(42)

(43)

(10) COUPLING COEFFICIENTS
High impedance coupling*

for capacitive coupling (Fig. 9.12)
Vc.c,

_ VL,/.,

where == coupling capacitance and L
Low impedance coupling*

for inductive coupling (F’ig. 9.13)

coupling inductance.

VC.Ca
^ for capacitive coupling (Fig. 9.14)
Lm

^ „ for inductive coupling (Fig. 9.15)
VL,L,

where - coupling capacitance and Ln
Link coupling*

(Fig. 9.16A),
^"»V LiLf

where Ml mutual inductance between Li and L^.,

and M} ~ mutual inductance between Lf and L„.

coupling inductance.

(44)

(45)

(46)

(47)

(48 )

* For exact values see table in Seciicm 8.
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SECTION 1 : SINGLE LAYER COILS OR SOLENOIDS

(i) Current-sheet inductance (ii) Solenoid tvound uith spaced round tvires (Hi)

Approximate formulae (iv) Design of single layer solenoids (i ) Magnitude of the

difference between L, and L„ (ti) Curt'cs for determination of the '^current sheet**

inductance (vii) Effect of concentricy non-magnetic screen.

(i) Current'sheet inductance
For the ideal case of a very long solenoid wound with extremely thin tape having

turns separated by infinitely thin insulation we have the well-known formula for the

low frequency induaance which is called the “ currcnt-sl»ect inductance L, :

L, ,7 electromagnetic units ,1)

where S is the total number of nims. A' is the cross-sectional area in cm.* and / is

the length in cm. This result for L, may be expressed al o as

L. O.lOO 28ti*W* / microhenrys (2)

when / is measured in inches, and a is the radius of coil, also in inches.

For solenoids of moderate length more precisely, for those for which a I is not

small compared with unity- there is an end-correction, and we find that

L, " (0.10028u*NV/)/C, (3)

where /C is a function of u//, which approaches unity as a I tends to zero. Values

of Ki computed by Nagaoka (Bulletin, Bureau of Standards, 8, p. 224, 1912), are

shown by the curves in Fig. 10.1.

The concept of current sheet inductance is introduced because such (theoretical)

inductances can be calculated with high precision, and the formulae used in practical

cases can be derived from these results by making approximate allowances for the

deviations from the ideal case. In many cases these deviations are less than

429



430 (ii) SOLENOID WITH SPACED ROUND WIRES 10.1

(ii) Solenoid wound with spaced, round wires
The low frequency inductance, of an actual solenoid wound with round wire

is obtained from the equivalent cylindrical current>sheet inductance L, by introducing
two correction terms, thus :

Lo == L. - 0.0319aN(^ -f B) microhenrys, (4)

where a is the radius of the coil, in inches, measured to the centre of the wire, is a

constant taking into account the difference in self-inductance of a turn of wire from
that of a turn of the current sheet, and B depends on the difference in mutual induct-
ance of the turns of the coil from that of the turns of the current sheet. The quantity

is a function of the ratio of wire diameter to pitch, and B depends only on the total

number of turns, N. Values of A and B are shown by means of curves in Fig. 10.2.

• ivj J.NV19NOD 9>^0V0VN

- 6 6 o 6 _6 6

[x] INVXSNOO S.VXOVOVN ». I

Pig. 10. 1 . Nagaoka’t Constant {K^fora wide range of d/l.



10.1 (ii) SOLENOID WITH SPACED ROUND WIRES 431

This formula for L together with the values of A and B, have been taken from the

above quoted Bulletin of the Bureau of Standards. The value thus obtained for L,

is given as correct to one part in a thousand.

The equation given above for Lo can be expressed in the alternative forms :

=SS5S3 |^s3ssSssSsSsSSS8sSSsSsSssS355as9es3SSSsSSSMSSISSSs§vs§ I

IliilHiitiimilliitiiiHI
lisi

Fig. 10.2. ConstaMs A and B as ustd in th* formula for tht correction of “ current

theet ’’ formulae for application to routul mre with spaced turns (,egn. 4).

WIRC
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X
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(5)

wh ere P, the pitch of the winding in inches, is equal to l/N,

As an example of the use of these formulae and curves, let us consider the following

case : a coil of 400 turns of round wire of bare diameter D ~ 0.05 inch, is wound
with a pitch of 10 turns per inch, on a form of such a diameter that the mean radius

to the centre of the wire is 10 inches. Then,
a - 10, / - NP 40, N 400, P 0,1, D/P - 0.5.

The value of K corresponding to 2a/

1

0.5 is 0.8181 from Fig. 10.1. Therefore,

L, - 0.10028(400)2 X (100/40) x 0.8181
^ 32 815 microhenrys.

From Fig. 10.2 with D P - 0.5, N 400,

A ^ ~ 0.136

B - 0.335

Therefore A t B ^ 0.1919.

The correction is, therefore, 0.0319 x 10 < 400 (0.199)

25.4 microhenrys.

The total inductance Lo ~ 32 815 -- 25 32 790 microhenrys, anJ the error which
would be introduced by calculating as a current sheet inductance is less than 0.08"

(iii) Approximate formulae
In many instances it is not necessary to calculate lo the accuracy given by the

expression above. There are available a number of approximate formulae suitable

for slide-rule computation. For example :

A ^ 2.3 log.o 1.7 5 (6)

where 5 - D/Py i.e. the ratio of wire diameter to pitch, with an accuracy of

for all values of S.

B ^ 0.336 [1 -- (2.5/A • 3.8, iV^;) (7)

accurate to 1^,, when N exceeds four turns.

(a) Wheeler’s Formula

L.
a’i\^

9a r 10 /
(8 )

This expression is accurate to for all values of 2ii / less than 3. Wheeler’s formula
gives a result about low' when 2a I - 5.

(b) Approximate expression based on a value of K given by Esnauit-Pelteric

L, ^ 0.1008 ,

-

a^Nl
0~92a

(^)

This expression is accurate to 0.1" „ for all values of 2a /I between 0.2 and 1.5.

^c) For solenoids whose length is small compared with the diameter

“ (9 - (a/5/)(a r 10/

w hich is accurate to 2^ o values of 2a/

1

up to 20. The error approaches t 2" „
when d/i 2,0 to 3.5 and at d/l =^- 20. The error approaches 2"o in the range

d, / - 10 to 12.

Let us apply Wheeler’s and Esnault-Pclicrie’s formulae to the solenoid already

considered, namely ;

a -- 10 in., / 40 in., N 400.

10*/ 400*
Wheeler’s formula gives L, ^^00 ~ microhenrys.

Esnault-Pclteric’s formula yields

10* / 400*
L, 0.1008 — ^ = 32 790 microhenrys.

40 * 9.2

These results agree, within the stated limits, with the value 32 815 obtained pre

viously.
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(iv) Design of single layer solenoids
The difference between L« and Lo is usually less than 1%. Design formulae are

based on as this is easier to compute, and then the correction is estimated.

Two of the many possible formulae are given in the Bureau of Standards Circular
74 (Ref. 2).

(A) Where it it required to design a coil which shall have a certain induct-
ance with a given length of wire, the dimensions of the winding and the kind
of wire being unrestricted within broad limits. This design problem includes
a consideration of the question as to what shape of coil will give the required inductance
with the minimum resistance.

We have the relations :

L, = 0A002Sa^N^K/l from (3),

/ -- NP, A IrraNy

where A is the length of wire. Eliminating N gives :

A>/* / /2a\
L. = 0.004 50 )

This gives the inductance in terms

2a /ly as /C is a function of 2a/1

.

microhenrys (11)

of the length of wire, the pitch P, and the shape

From the graph of the quantity /C\/2a/

1

against 2a/ly its maximum value is found

to occur at 2a, 1 ^ 2.46. Thus, for a given length of wire, wound with a given

pitch, that coil has the greatest inductsmee, which has a shape d/l = 2.46

approximately ; or to obtain a coil of a required inductance, with a minimum re-

sistance, this relation should be realized. Further, the inductance diminishes rapidly

for coils longer than this optimum value, but decreases only slowly for shorter coils.

The optimum value of xi/l can also be obtained roughly from the approximate

expression for K :

K - 1/(1 • 0.45 d 7).

Therefore (1/0.45') 2.2 approximately (12)

(B) Given the diameter of the coil, the pitch and inductance, to determine
the length of the coil.

A suitable form of the equation is obtained by substituting for S its value l/P in

the formula :

L. 0.100 28 dW* K/l from (2) ;

we ftnd :

L, 0.200 56 (d> P=)(/C/ 2a) ( 1 3)

^ 0.200 (d^* P^)f (14)

where / K{1 2a). The quantity /, clearly a function of 2a 7, is shown by the curve

in Fig. 10.3.

For example, supposing w'e require a coil of 200 microhenry's to be wound on a

former of 1 inch diameter, let us determine the length of the coil for a pitch of 0.02

inch.

From the equation,

200 ^ (0 .02 )
=»

^
^

0.2(X) (0.5)’

Then, from l-ig. 10.5, the value of 2u / corresponding to/ 3.2 is 0.28. Hence

the length of the coil is

/ 2a 0.28 1 0.28 3.6 inches.

The number of turns required w'ould be :

N - I P 3.6/0.02 180 turns.

The length of wire needed would be :

A 2naS tt 180 565.5 inches.

When the calculated length is too long, the turns per inch should be increased.

Let us consider the effect of using 100 T.P.I. in the abtwe example :

200 X (o.on»
^ 6.200 X (0.5)*

0 .8 .
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FIG. 10.3 ^

Fi^. 10.3. Variation of f with (2 a I j. Curves derived from U.S. Dept, of
Commerce Circular Cl\ Radio instruments and measurements

From Fig. 10.3, we sec that the value of 2a/I is 0.9, and hence
/ = 1/0.9 1.1 inches.

Formula for determloing the coil length when the coil diameter and winding
pitch arc known for coils such that d < 31.

As an alternative to the use of Fig. 10.3, we derive a simple result for solenoids such
that 2a/l < 3. Hefc we have

1/[1 f- 0.45 (2u//)] (15)

Hence,/ = K . ^ 0.45 (2a//)

vr (17)Therefore, 0.9(2a//) = - 1 f Vl f L8//
Thus, in the first case above, where / 3.2,

0.9{2a/l) = - 1 + V'rTT.8/3.2 - 0.25,

and 2a/l = 0.25/0.9 = 0.28 ;

for the second case, where / 0.8,

0M.2a/l) -= VrVJlWo^ -
1 - 0.803,

and 2a// = 0.803/0.9 - 0.89.

These values agree well with those above.

The limiution 2a// < 3 is equivalent to / *r 0.14.

Eqn. (14) for L, is suitable too when the former diameter and coil length have been
decided. For example, suppose we require a coil of inductance 5(X) microhenrys
on a former of diameter 2 inches, and having a coil length of 2 inches.

Then, from equation (14)

L. « 0.200(flV/"*)./, (18)
wc have

P = \/(0‘^* .f)/L,

Here a = 1, L, •= 500,/ = Kl/2a - 0.688.
( 19)
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Therefore,

P = \/0.200 X 0.688/500 = 0.0167 inch,

equivalent to 60 T.P.I.

Simple procedure for computing the length and total turns when the coil

diameter and pitch of winding are known for coils such that d < 3/.

Substituting in equation (17),

0.9(2a//) - - 1 + Vl “ri.8//,
where / = = 5L./n*a», n being T.P.I.

Putting F ~ 1.8// and y ^ 0.9(2a//),

we obtain

- 1 i- \/"l’ + F, (20)
where F ^ 0.36n^a^lL,i

and / ^ \.Sa/y.

As an example, let us consider a coil of 2 inches diameter, wound with 33 T.P.I.

of required inductance 380 microhenrys.
(a) F - 0.36n*aVL. 0.36 x 33=* x P/380 - 1.031

(b) jy
=- - 1 -f \/r-^ F = _ 1 -f- ^/2.03^ - 0.426

(c) I =- 1.8a/>' 1.8/0.426 - 4.23 inches

(d) N nl 33 4.23 - 139J mms.
Another method applicable to the same type of problem is due to Hayman.
From Wheeler’s formula (equation 8; :

I ’

’ 9a , 10/

the length / is eliminated by the substitution / N/n, n being tlie turns per inch ;

and then the resulting expression is solved for N, yielding :

N (21 )

For convenience in computation, the quantity a: is introduced, so that

finally

N xL,\\ {9‘ax-^L.)\ (22)

As an example, we take the same problem as above, namely, a 2 inches, n — 33,

L, 380 microhenrys. The procedure is as follows :

(a) X 5/na^ - 5/(33 \ 1) - 0.151,

(b) X* r 0.0227,

(c) 9/ax*4. - 9/(1 X 0.0227 ^ 380 -- 1.042,

(d) N - 380 X 0.151 X (\/2.042 f 1) 139 turns,

(c) / - N/n - 139/33 - 4.2 inches.

(C) Given the diameter and length of coil, value of capacitance and fre-

quency of resonance, to determine the number of turns.

See Chapter 38 Sect. 9(v)B.

(v) Magnitude of the difference between L, and
In Sect. l(iv) it was stated that in many practical cases the diflfercncc between

L, and Lo is less than 1 per cent. Here, we examine briefly the necessary conditions

for this difference to be small.

A formula given in Sect l(ii) for L^, namely :

L,ll — P{A i B)/iTaK\ from equation (5)

is in a useful form ; clearly the ratio of P{A i B)/naK to unity determines the order

of the difference between L, and L„. From the cur\xs of Fig. 10.2, A ^ 0.5

for P/D ^ 0.95 and decreases steadily to 0.7 for P 'D - 0.25, while B ~ 0.114

at N ~ 2 and 0.336 at N 1000, and remains approximately constant for higher

values of N. Hence, for coils having P/D between 0.95 and 0.25 as most have

—

the value of (A f B) is less than 0.83 ; i.e.

P(A f B)/TraX < (P/a) x (0.26/A:).

Thus, when (2a//) - d, l < i, K > 0.82, so that P(A B)/naK < 0.32 P/a.
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The correction is less than 1% when P/a < 0.03.

Similarly, for 2a /I < I, K > 0.69, and the correction is less than 1% when P/a <
0.026. Corresponding results for 2a/ 1 < 5 and 2a/ 1 < 10 are P/a < 0.012 and

P/a < 0.0078.

In the table opposite are given some examples of the minimum turns per inch, n,

for a number of coil diameters required to make the difference between L, and

Lo less than 1% :

Fig. 10.4. Curves for the determination of Current Sheet Inductance (L,) for small

solenoids, plotted c^ainst lerfgth of coil (/). For other pitches refer to Fig. 10.5.
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Minimum turns per inch, n for

Coil diameter

N

length / d - 5 d ~ 2 d - 1 II

not exceeding inches inches inch inch

0.5 13 33 66 132
1 16 40 80 160
5 32 80 160 320
10 52 130 260 520

In many practical cases the ratio of pitch to wire diameter lies between 0.8 and 0.95

in which range A ^ 0.4 i 0.1 ; and A", the number of turns, exceeds 10, so that

B 0.3 i 0.035. In such cases A A B 0.7 0.135. Hence, from eqn. (4) :

Lo - L. 0.0319aN(A -f B),

we have, under such conditions,

Lo^ L, 0.0223aA, (23)

with an error not exceeding 20% of 0.0223aA' ; and thus in many cases not exceed-
ing 0 .2^0 of Lo-

(vi) Curves for determination of the “ current sheet ” inductance
(A) Method of using the curves

Figure 10.4 applies to a winding pitch of 10 turns per inch only ; for any other

pitch the inductance scale must be multiplied by a factor, which is easily determined
from Fig. 10.5. The diameter of a coil is considered to be twice the distance from
coil axis to centre of the wire.
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(B) To design a coil having required ** current sheet ’* inductance
Determine a suitable diameter and length, and from Fig. 10.4 read off the “ current

sheet ” inductance for a pitch of 10 T.P.I. The required inductance may then be
obtained by varying the nvunber of turns per inch. The correct number of turns

may be found by calculating the ratio of the required inductance to that read from
Fig. 10.4 and referring it to Fig. 10.5 which will give the required mms per inch.

Alternatively if the wire is to be wound with a certain pitch, a conversion factor

for that pitch may first be obtained from Fig. 10.5, and the required inductance

divided by that factor. The resultant figure of inductance is then applied to Fig. 10.4

and suitable values of diameter and length determined.

(C) To find the current sheet ** inductance of a coil of known dimensions
Knowing the diameter and length, determine from Fig. 10.4 the inductance for a

pitch of 10 TP.I. Then from Fig. 10.5 determine the factor for the particular pitch

used, and multiply the previously determined value of inductance by this faaor.

(vii) Effect of concentric, non^magnetic screen
A shield surroimding a coil acts as a short-circuited turn coupled to the coil and

reflects an impedance into the coil. The value of this reflected impedance is given

by the expression Af*a>*/Z„ where Af is the mutual inductance between the coil and
the shield, and is the impedance of the shield. In practice, the resistance of the

screen may be neglected, so that the effective impedance of the coil Z/, is

Zc = r© -f- j ^L, <,
^ (24)

where and Lo are the resistance and the inductance of the coil in the absence of

the shield, and L, is the inductance of the shield. The expression for Z/ may be

put in the forms :

z: - r, (25a)
= - AfVLX.), (25b)

- >aiLo' (25c)

^ jwLlX -* /f*) : (25d)

where is the effective inductance of the enclosed coil, and k is the coefficient of

coupling between the coil and the can. I'he presence of the shield thus lowers the

effective inductance, and we have

L: - L„(l -
or (L, — Lo')/L^

(26a)

(26b)

It has not proved possible to obtain a simple, accurate formula for the apparent

d^eases in inductance of a shielded coil, but various estimates have been made by
Hayman, Kaden, Davidson and Simmonds, Bogle and others (see bibliography).

Here we review briefly some of the published work.

(A) H. Kaden (ElectrUhe NachHchten Tccknik, July, 1933, p. 277)

Kaden first showed that the shape of the shield is not important. Then, in his

theoretical treatment, he replaced the actual solenoid in the concentric cylindrical

shield by a magnetic dipole placed at the centre of a spherical screen ; the dipole

having the same magnetic moment as the solenoid and the spherical screen a radius

equal to the geometrical mean of the three dimensions of the cylinder. In this way
he obtained an expression for the relative decrease in inductance of the solenoid.

L. - L/
l:

2 K, a

3 v~k' (27)

where K, is the volume of thexioil, Vt is the volume of the shield, K is Nagaoka’s
constant, and a is a constant which depends upon the permeability and the shield

and the dimensions. When the shielding is effective and the shield is non-magnetic,
a is approximately 1 and then :

Lo - Lo' 2Vr\
Lo 3 V,K (28)
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(B) C. F. Davidson and J. C. Simmonds (Ref. 41)

Following Kaden, these authors also considered the case of a spherical screen.

Here the solenoid was taken to consist of a small number of closely spaced circular

turns placed at the centre of the sphere. The change in inductance was found to be

L„ L.: OA aNKa hy .f{a h\ (29)

where a is the coil radius, N is the number of turns, b is the shield radius and f{a h)

is a function of {a b). This function / is approximately 0.5 for values of {a h) 0.5,

and it increases to 0.73 at {a b) 0.9. Thus, for values of {a b) - 0.5, we have :

L.. L,: ^ (0.05 aN‘^){a b)\ (30)

in agreement with Kaden’ s result. The authors point out that their formula holds

only for very short solenoids ; they indicate how the change in inductance of long

solenoids in spherical screens may be calculated, but it is clear that no simple formula

can be thus obtained.

(C) R.C.A. Application Note No. 48 (June, 1935)

In this Application Note (Ref. 48) curves are given for in the case of a concentric

cylindrical shield w'hose length exceeds the coil length by at least the radius of the coil.

These curves (Fig. 10.6) show k- as a function of the ratio coil length to coil diameter

(//2a) for various values of the ratio coil radius to shield radius ranging from 0.2 to

0.9. It is stated that these values of k
'

have been calculated and also verified experi-

mentally The shields are not closed at the ends, but see (D) below.

It is stated that these curves may also be used for cans of square cross-section by
taking A as 0.6 of one side of the can.

(D) A. G. Bogle (Ref. 45)

Bogle obtains an approximate theoretical formula for the effective change in in-

ductance, valid in a restricted range, and then, from measurements of L he derives

an empirical expression which is of the same form as the theoretical formula, but which
gives good results over a wide range.

For a coil inside a concentric cylindrical shield, Bogle’s expression is :

L.

, .-.W-Q' (31)

where b is the shield radius, and g b ay the distance between the coil and the

shield. It is assumed that the shield length /, is not less than / - 2g. An accuracy

of 2^0 over a wide practical range is claimed for this simple result.

An investigation of this expression shows that it is useful in almost all practical

cases, the only restriction being the non-stringent one that the length of the coil must
not be very much less than the distance between tlic coil and the shield, i.e. g 'i > 1.

For very long coils this formula shows tliat

(L. L.:) L. a* b^

in agreement with theoretical expectations. It is in accord, too, with the R.C.A.
curves for k' in that the proportional change in inductance depends upon the two ratios

a b and / 'a, as can be seen by writing the formula in the form ;

1.55 )
Bogle showed also that when /< > / i 2g the effect on of closing the ends of

the shield is negligible. He investigated the effect of eccentricity of the coil, of ellip-

ticity of the screening tube, and of small axial displacements in a closed screen ; and

found that in practice these w^ould not need to be taken into account.

Sowerby has published data charts (Ref. 44) calculated from Bogle^s formula.

(E) W. G. Hayman (Ref. 51)

Hayman gives an empirical formula for coils in concentric cylindrical cans :

(/.„ -^ L/)/L. - (a/by, (32)

provided /, /. For coils of length / : > }/, there is an end-correction factor, and

he gives :
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(L« - L/)/L, - (I - 1/21,y {a/by (33)

It is true that there is fair agreement between Hayman’s calculated and measured
values of L^' for a number of coils ; but, nevertheless, the useful range of eqn. (32)
must be somewhat restricted.

(F) Where the coil diameter and length are equal, the curves of Fig. 11.13 can be
used for a shield can with ends.

It is recommended that either the R.Q-A. curves for reproduced in Fig.

10.0, or Bogle’s formula be used. Comparison of the results obtained from these

curves and from the formula will be found to be in good agreement except for very
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small values of l/g where Bogle’s formula should not be used. In the ubles bck
comparisons are made in a number of typical cases :

Table 1 : Comparison between estimates of the percentage reduction in inductanc
caused by a cylindrical screen for various coil shapes when the ratio of coil diamett
to screen diameter - 0.7.

(L. - L.')/L„ I

l/d R.C.A. Bogle
i gi

20 49% : 48.2«o i 0.0107
10 48<’„ 47.3^0

1
0.0215

5 46% 46.0®o 0.0430
1 35 "o 36.8«o 0.215

0.2
; 20«„ 18.3% 1.075

0.1
i 15%

;
11.3% 1 2.15

where / coil length, d ~ coil diameter, g = distance between coil and shield.

Table 2 : Comparison between estimates of the percentage reduction in induct-
ance caused by a cylindrical screen for various ratios of coil diameter to screen

diameter.

1 a. - Lf) L^
i

1 d 10 l/d - 1 l/d = 0.2

a b R.C.A. Bogle R.C.A. Bogle R.C.A. Bogle

I

0.9 ’ 80% 80.6% 1 72% i 74.5% 54% 56.5%
1

0 7 48% ' 47.3''o ; 35% ! 36.8% I
20'>„

!

18.3% 1

0.5 23‘'o i
23.2<'„

; 13.6%
1

14.0% i 6.7% 5.7%
1

0.3
1

7.6»„ i 3.0% 1 3.2% ’ 1.4% 0.9% 1

where a coil radius. b shield radius.

SECTION 2 : MULTILAYER SOLENOIDS
(i) Formulae for current sheet inductance (it) Correction for insulation thickness

(Hi) Approximate formulae (iv) Design of multilayer coils (t ) Effect of a coficentric

screen.

(i) Formulae for current sheet inductance
(A) Long coils of a ftw layers
The Bureau of Standards Circular No. 74 gives a simple formula for the current

sheet inductance, correct to 0.5 for long solenoids of a few layers ; it is

L. - l;
0.0319iV*jf

/

(0.693 + BX ( 1 )

where N ^ total number of turns,

c ^ radial depth of winding,

/ length of winding
B, - a tabulated function of Ec
a ---- radius of coil to centre of winding,

and L/ - (0.100 /)A:.

This result may be expressed in the form :

c(0.693 B,)l
L,

naK
The quantity B, 0 for /, c

very slowly, being 0.322 at /

it rises to 0.279 for I c

30.

(2 )

10, and then increases

(B) Short coils of rectangular cross-section
The solution of the problem for short coils is based on that for the ideal case of a

circular coil of rectangular cross section. Such a coil would be closely realized by a

winding of wire of rectangular cross section, arranged in several layers, with negli-

gible insulating space between adjacent wires.

g.O.N.—18 .
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C^hen the dimensions / and c are small in comparison with a (see Fig. 10.7) the in-

:tance is given closely by Stephan’s formula, which, for I '> Cy takes the form :

(3)

(4)

[2.303(1
,

P 8a
„ )logi«

,
“ yi

L \ 32a~-
’ 96a-J • g' 16aU

U 0.031 9^aN-

hilc for / - f, that is for pan-cake coils, the formula becomes ;

L, - 0^03.«,^•[3,303(l
. J--

. ^
^ 2;]

where g' \ c ’ r /• and jVp > and Vi are functions of c 7

which are tabulated in the Bureau of Standards Circular

No. 74 (p. 285),

The formulae of this section have been put in the form

of a family of curves by Maynard (Ref. 38).

(ii) Correction for insulation thickness
Unless the percentage of the cross section occupied by

the insulation is large the formulae given in Sect. 2(i)

apply very well to an actual coil. When the spacing P
is appreciably greater than the diameter of the wire D a correction term should be

added to L, to give L„. Thus :

Lo - L, - 0.073 35uA' flog,o {P D) ‘ 0.0675] (5)

(iii) Approximate formulae

(A) Long coils of a few layers

For long coils of a few layers l/c > 10 and B ^ 0.3, so that we obtain from equation

( 1 )

;

aioo3<2W-/cr
L, ^ -

L

,[

1TraKA

or L,

9a -10/

I

9a - 10/

lOrra/

caN^

lOnl

{9a 10/

(6)

(V)

(8 )

(B) Short coils

For short coils such that both / and c are much less than a, it follows from Stephan’s

formula that :

L, - 0.073 35aN* Flog, 0.4343y,l

V P - c* J

aN^ 3.6a

aN^

13.5

aN^

^
4.02a

13.5

?

/ c
when or , lies between 0.35 and 1

2 C I

when ^ OT^. lies between 0.15 and 0.35
c /

.
4.55a

*ogio
13.5 Y /* f c

I c
- when - or

,
lies between 0 and 0.15

2 c /

(9)

( 10)

( 11 )

( 12)

These results are accurate to 5% as / and c approach a, and are increasingly accurate

as / and c decrease compared with a. When l/a and c/a arc both very small, it is

sufficient to use the approximation :

,
aN^

.
4

^ 1 a *c l^^ih
13.5 xnic*

for all values of the ratio l/c.
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(C) Bunet*s formula
Bunet (Ref. 24) gives the following approximate formula applicable to coils whose

diameters arc less than three times their length :

9ci 10/ 8.4c 3.2c'/ c/
'

73k‘ range of usefulness of this formula can be best judged from its accuracy for various

coil dimensions given below :

For c u 1 20 ]

bor c- c; 15 ]

For I u 12 1

b'or c ti 1

li IS easy lo verify

mately :

Accuracy
for (2i2 1) up to 3 4*’,, for (2a /) 5

for (2a /; up to 5 2 "., for (2a /) 10

f(^r <2a /
' up to 2 3”,, for (2a /^ 5

ti'r ;2a /' up to 1.5 5“,. for (2a 5

that for long coils ot a few layers Bunci’s formula is approxi-

aW-
^)a 10/

a-A’-(3.2c7 a)

(Qa 10/j“
(14)

a -A ' CiiS -

Oa 10/ 10-r/
(15)

in accord \Mih the result given previously for this type of coil.

(D) Whccler*s formula for short coils

Wheeler gives a formula for sht^rt coils having / and c less than a (Ref. 22).

result, \shich he states was obtained theoretically, is :

/.

a.V- 4.0a

1 5,5 I .

'I'he accuracy is given as 3’
., when (/ a, and is stated to improve as (/

This

(16)

c"} a

decreases towards zero.

This formula is slightly different in form from those given in (B, of this section.

Nevertheless, the numerical agreement is quite good, as can be seen from the following

considerations :

b'or the case / c,

3.ba 3.<>a 5.1a

^ 0.707(/ c) / c ’

when / 3c or c 3/,

4.02a 4.02a 5.1a

^
/-• 0.7Q2 (/ c^ /

w'hen / 10c or c 10/,

4.55a 4.55a 5.0a

\
/-• 0.01 1 / c) / c'

Thus when log 4.0 ^/ c^ is compared wiiii the logarithms of these quantities the

percentage ditference is tv)und to be small.

Another formula due to Wheeler (Ref. 22^ which covers the shape of many universal

windings, is

0.8a A -

tie; '»/ UV
accurate to within ahmt 1 when the three terms in the denominator are about equal.

(iv) Design of multilayer coils

(A) Short coils

I’hc Bureau i>f Standards Circular No. 74 gives two of the possible approaches to

the design of short multilayer coils.

(1) The two forms oi Stephan’s equation given in eqns. (9) to (12) may be ex-

pressed as :
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where A is the wire length, P is the distance between centres of adjacent wires and G
is a function of the shape of cross section (//c) and of the shape ratio of the coil (c/a).

The quantity G is represented by means of curves. This equation is used, in cases

where the ratios l/c and c/a have been decided, to determine the necessary wire-

length for a given pitch, or vice versa. The mean radius of the winding is then

obtained from

a
_Ajc

.

2n I {c/aY
' ( 18)

and the total number of turns is given by iV == X/lira or Ic/P^.

It can be shown that, for a given resistance and coil shape, the square cross section

(//c — 1) gives a greater inductance than any other form ; and, further, for a square

cross section, the inductance for a given length of wire is a maximum for c/a 0.662.

(2) Stephan's formulae may also be expressed in the form :

L, - 0.031 93aA'*^, (19)

where ^ is a knoum function of l/c and c/a.

This form is useful when a, c and / have been decided to give and thence P.

We have

P -
Ic

N
and A ^ InaN.

(B) Universal coils

TTie usual problem is the calculation of the inductance of a given number of turns

before winding the coil, with only former size and wire size known. It is stated in

Ref. 20 that the inductance of universal coils is about lO^o greater than that of normal

multilayer windings of the same external dimensions.

A suitable procedure is to determine the gear ratio from the formula,

gear ratio == Jn(P * 1) P (20)

as described in Chapter 11, Sect. 3(iv). The radial depth of winding, c, can then be

obtained from the formula

c - Nqtv' (P 1) (21)

where A' - number of turns in coil,

q -- number of crossovers per winding cycle

(Refer Table 1 in Chapter 11, Seaion Xiv)l

w' diameter of wire plus insulation,

and P ^ an integer defined in Chapter 11, Section Xiv).

Since the length of the winding, /, is equal to the sum of the cam throw and the wire

diameter, the dimensions of the coil arc then known and the inductance can be cal-

culated from the methods previously described.

Example : A coil of 500 turns of 38 A.W.G. enamelled wire (0.0044 inch) is to be

wound on a 0.5 inch diameter former with a O.l inch cam. From Chapter 1 1 Sect.

3(iv), P ^ 43 and q - 2. Therefore

c 500 y 2 ^ 0.0044 44 inch 0.1 inch

/ ^ 0.1 inch - 0.0044 inch 0.1044 inch

and a 0.25 inch - c;2 0.3 inch.

(v) Effect of a concentric screen
No formulae have apparently been given for the change in inductance produced by

a concentric shield. It is clear that the percenuge change in inductance of a multi-

layer coil will be less than that of a single layer coil of equal outside dimensions ;

axid that the greater the winding depth c the less will be the effect of the shield. For
solenoids of a few layers the percentage change in inductance will be very closely

the same as for a single layer solenoid of corresponding dimensions.
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SECTION 3 : TOROIDAL COILS

(i) Toroidal coil of circular section with single layer winding (ii) Toroidal coil of

rectangular section with single layer winding (iii) Toroidal coil of rectangular section

with multilayer winding.

(i) Toroidal coil of circular section with single layer winding
The current sheet inductance of a single layer coil wound on a torus, that is a ring

of circular cross-section, is given by

L, 0.031 93iV^ \R \ microhenrys, (1)

where R is the distance in inches from the axis to the centre of cross-section of the

winding, a is the radius of the turns of the winding and N is the total number of turns.

(ii) Toroidal coil of rectangular section with single layer winding
For this type of coil the current sheet inductance is readily shown to be :

L, 0.01 1 70A"-/i log
,

0

* microhenrys, (2)

where r, is the inner radius of the winding, r^ is the outer radius of the winding and h

is the axial depth of the winding.

The difference between L, and for single layer toroidal coils is usually small.

Where high precision is required the value of may be obtained from L, by using

the corrections show'n in Bulletin, Bureau of Standards, 8 (1912) p. 125.

(iii) Toroidal coil of rectangular section with multilayer winding
Dwight (Ref. 11) has obtained an expression for the current sheet inductance of

this type of coil. His expression contains only simple terms, but it is too long to re-

produce here. In an example quoted by the author the calculated and measured
values of an inductance agreed within D',,.

Richter (E.E. Supplement. Dec. 1945, p. 999) stated that in practice fair results

are obtained by use of the empirical formula :

L 0.0117A*‘/i'log,„(r; r, ) (3)

where h\ r/ and r^' arc determined as follows :

Let /, be the thickness of winding on the inside face,

t. be the thickness of winding on the outside face,

fa be the thickness of winding on the inside edge of the top and bottom faces,

and
f

,
be the thickness of winding on the outside edge of the top and bottom faces,

then

r,' r, f; .3 ; r/ r, r, 3 ; A' h (fj 3 ;

hi r, and r , having the same meanings as in Section 3(ii).

SECTION 4 : FLAT SPIRALS

(i) Accurate formulae {ii) Approximate formulae.

(i) Accurate formulae
The current sheet inductance of flat spirals can be obtained from Stephan’s formula

for short multilayer coils (sec Sect. 2(i)l.

(a) Wire of rectangular cross section

For spirals wound with metal ribbon or with thicker rectangular wire the pro-

cedure is as follow's :

Use Stephan’s formula with these conventions :

for / put the width of the wire ;

for c put SPy where P is the distance between the centre of cross section of a

turn and the corresponding point of the next turn ;
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for a put Oo (N — /)P/2, where 2ao is the distance (Fig. 10.8) across the

centre of the innermost end of the spiral.

The corrcaion for cross section is given in the Bureau of Standards

Circular No. 74 in the form :

Lo = L, - 0.0319aA’(^, 4- Bj),

where A^ and arc tabulated functions. The accuracy obtained

for Lo is 1%.

c

t
IT

o

ilL
(b) Round wire

For spirals wound with round wire the same conventions are

adopted to obtain a and c, but a simplified form of Stephan's equation,

obtained by setting / = 0, is used. It is

i
I

L. = 0.3193^N* [2.303 log,, ^ - J - log.o ^

The inductance Lo of sl spiral is given more closely by :

Lo ^ L, - 0.0319aN(^ + B),

where A and B are shown in Fig. 10.2.

(ii) Approximate formulae
For round wires it follows immediately that

L.ss 0.031 93 X 2.303aN>riog — -
L * c 2.303J

aA’* 4.9fl
^j33log---

Wheeler has given an approximate formula for spirals where c

8a ~llc‘

0.2a. It is

The first of these formulae is the more accurate as the ratio c/a decreases, while the

second is the more accurate the closer c/a approaches unity. The agreement between
them is quite fair :

For c a ^ 0.2, we have from the first result,

L, ^ (aN\ 13.5) log 24.5 - 0.103aN%
while from Wheeler’s formula

L, aN\ (8 -t 2.2) - 0.098aN%
For c/a ~ 0.5, we obtain, respectively,

L, ^ (aNV 13.5) log 9.4 - 0.97aNM3.5 and

aAV(8 ^ 5.5) ~ aAV13.5.

SECTION 5 . MUTUAL INDUCTANCE*

(f) Acetirate methods (ii) Approximate methods.

(i) Accurate methods
Accurate methods for the calctilation of mutual inductance between coils of many

different shapes and relative dispositions are given ia the Bureau of Standards Cir-

cular No. 74, and in the Bureau of Standards Scientific Paper No. 169. The book by
Grover (Ref. 15) covers the subjea comprehensively in Chapters 12, 15 and 20.

The possible accuracy of these methods is always better than one part in one thousand.

The mutual inductance of coaxial single-layer coils, with ubles to fadliute the

calculation, is covered in Ref. 15 Chapter 15 (see also Ref. 5).

By the Editor.
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There are few simple formulae which can be used for the more common practical

cases, such as are possible with self inductance. The following exact method may be

used for two windings on the same former with a space between them, both windings

being similar in pitch and wire diameter (Fig. 10.9).

Assume that the space between the windings is

wound as a continuation of the windings on the two

ends, to form a continuous inductor from A to D
with tappings at points B and C. Then the re-

quired mutual inductance, Af, between the two ori-

Af — ^BC "" ^AC “ ^BI))
where L^p is the inductance between points A and D, and similarly for other terms.

These inductances may be calculated from the formulae given in earlier sections of
this chapter.

References to accurate methods : Refs. 2, 3, 5, 13, 14, 15, 18.

FIG. 10.9

ginal windings is given by

Pig, 10.10. Chart pvit^ coefficient of coupling for a specified spacittg bettveen two
coaxial solenoids having identical dimensions. The quantities S and L are measinred in

terms of coil diameters, {Ref. 56.)
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(ii) Approximate methods
The coefficient of couplin}^ for a specified spacing between two coaxial solenoids

having identical dimensions, but not necessarily identical numbers of turns, is given

by FiQ. 10.10 (Ref. 56). The accuracy should be better than 5%.

SECTION 6 : UST OF SYMBOLS
Note : Inductances are given in microhenrys and dimensions in inches.

L, -- current sheet inductance

Lo ^ low frequency inductance

Lc effective inductance of a shielded coil

N =- total turns in coil

n = turns per unit length

I — coil length

P = pitch of winding - l/n

a “ coil radius (from axis to middle of winding')

d — 2a - coil diameter

A' — cross sectional area of coil

D == (bare) wire diameter

5 DP
A total length of wire

K - Nagaoka’s constant see Fig. 10.

1

A,B correction terms sec Fig. 10.2

/ — Kl, 2a - see Fig. 10.3

F -= 1.8,7

>--18 7

b -= radius of concentric cylindrical screen

It - length of concentric cylindrical screen

g - b - u, i.e. coil to screen spacing

k coefficient of coupling between coil and concentric can

c -- radial depth of winding

g VP ' c*

B, =- correction term, function of l/c

yii 3'iJ y% ^ functions of / c in Stephan’s formula

q ^ number of crossovers per winding cycle

R mean radius of a toroidal coil of circular cross section

r, inner radius of a toroidal coil of rectangular cross section

w' -- diameter of wire plus insulation

r, ^ outer radius of a toroidal coil of rectangular cross section

h “ axial depth of a toroidal coil of rectangular cross section

Af ^ mutual inductance
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SECTION 1 : INTRODUCTION

The space available for coils in a radio receiver is invariably limited, and part of the

design work on each coil is the obtaining of maximum Q in a minimum volume.
In the case of i-f transformers the volume is clearly defined by the shield used, and the

same applies to r-f coils in cans, but where shielding is not used with r>f coils the

increased Q obtainable from larger diameter formers is offset against the increased

damping from components and magnetic materials, such as the receiver chassis, ad-

jacent to the coil.

The resulting form factor for each individual winding requiring maximum Q and
minimum self-capacitance is usually such that the length of the winding is very ap-

proximately equal to its diameter. To obtain this shape for i-f, broadcast and short-

wave coils the winding method is varied.

I-F transformers use universal windings, and wnerc the Q and distributed capacit-

ance requirements are not severe a single coil wound with a large cam (perhaps j in.)

will be satisfactory, even without an iron core, if litz wire [sec Sect. 5(i)J j
is used.

However higher Q values are usually required than are obtainable in this way and in

such cases each winding consists of two or more pics, perhaps with an iron core.

The same types of coils arc satisfactory in the broadcast band, although in the case

of signal frequency coils which are tuned over a ratio of more than three to one it is

essential to use very narrow windings or two or more pies to reduce the distributed

capacitance of the winding. Litz wire and iron cores arc commonly used to give a

secondary Q of 100 or more.

Another method of decreasing distributed capacitance is the use of progressive

universal windings in which the winding finger travels along the former in addition

to moving to and fro. Such coils arc rarely built up to a greater height than five wire

thicknesses, and arc equally useful with or without iron cores. Solenoids arc also

used either with iron cores or on comparatively large diameter formers if an iron core

is not used.

450
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At frequencies between 2 and 6 Me s (which are used in receivers providing con-

tinuous coverage between the normal short-wave and broadcast bands, or for oscilla-

tors giving second harmonic mixing for the short wave band) the progressive universal

winding is particularly useful because the winding length of solenoids may be too great

with the usual range of former diameters, and the number of turns is insufficient to

allow them to be split into many sections.

A set of worm driving gears which spreads the appropriate number of turns over a

length approximately equal to the coil diameter is required. This usually necessitates

a faster worm drive than is used for broadcast coils. Litz wire with a large number
of strands is useful in obtaining maximum Q.

For the 6 to 18 Me s band the solenoid is used, almost always with solid wire, and

this type of coil remains useful at least up to 100 Me s. Increased wire diameters

and spacings are used at higher frequencies to obtain form factors similar to those

used at low frequencies.

SECTION 2 : SELF-CAPACITANCE OF COILS

(i) Effects of self-capacitance («) Calculation of self-capacitance of single-layer

solenoids (in) Measurement of self-capacitance.

(i) Effects of self-capacitance
The self-capacitance of a coil is due to the electrostatic coupling between individual

turns and between the turns and earth. When the self-capacitance is between un-
insulated turns in air its Q may be high, but the greater the amount of dielectric in the

field of the coil the greater will be the losses.

Short wave coils of enamelled wire on a solid former do not have serious dielectric

losses if good quality materials are used, but at broadcast and intermediate frequencies

the universal windings used have comparatively high-loss dielectrics and unless self-

capacitances arc kept to a low value the reduction in Q may be appreciable.

In the case of a^ils which are to be tuned over a range of frequencies, comparatively

small values of shunt capacitance can have a large effect on the possible tuning range.

In all cases the self capacitance of a coil has an apparent effect on its resistance,

inductance and Q, and at frequencies considerably below' the self resonant frequency

of the coil

apparent inductance

apparent resistance -

and apparent Q
where Co

C
L
R

and Q

self-capacitance of coil

external capacitance required to tune L to resonance

true inductance of coil

true resistance of coil

true Q of coil.

(ii) Calculation of self-capacitance of single -layer solenoids

Until recently the work of Palermo (Ref. C3) had been taken as the standard on the

self-capacitance of single-layer solenoids. However Medhursi (Ref. C2) has disputed

the theoretical grounds on which Palermo's work is based. As the result of a careful

analysis and a large number of measarements he states that the self-capacitance, Co, of

single-layer solenoids with one end earthed, and without leads, is

Co - HD mmF
where D — diameter of coil in cm.

( 1 )
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H depends only on the length/diameter ratio of the coil. A table of values of H
is given below and when used in conjunction with a capacitance correction for the
“ live ” lead, Medhurst states that the accuracy should be within 5

NO-

TABLE 1

Length H / Length \ H / Length \ H
Diameter/ \ Diameter/ \ Diameter/

50 5.8 5.0 0.81 0.70 0.47
40 4.6 4.5 0.77 0.60 0.48
30 3.4 4.0 0.72 0.50 0.50
25 2.9 3.5 0.67 0.45 0.52
20 2.36 3.0 0.61 0.40 0.54
15 1.86 2.5 0.56 0.35 0.57
10 1.32 2.0 0.50 0.30 0.60
9.0 1.22 1.5 0.47 0.25 0.64
8.0 1.12 1.0 OAb 0.20 0.70
7.0 1.01 0.90 0.46 0.15 0.7Q
6.0 0.92 0.80 0.46 0.10 0.96

Lead capacitance can be determined separately and added to the coil self-capacii-
ance. Fig. 11.1 (trom Medhurst) can be used for this purpose.

11.1. WiriMioft of
LjpiicttariLt’ :^:th ZL\rc

for vcrtual copper
zvircs of various t^^jui^cs

Ref. Dt:.

It is interesting to compare Medhurst’s formula with another by F'orbes Simpson
(Ref. G17 and Sect. 5(i) of this chapter). Forbes Simpson’s lormula is applicable
to coils with a length diameter ratio of unity, a pitch of 1.5 times the wire diameter
and with leads at each end equal in length to the diameter of the coil. His formula is

Co Di0.41 a] /i/xF
^2)

where D diameter of coil in cm.
and a a constant depending on the gauge of wire, lying between (),005 for

42 S.W.G. (^S A.W.G. approx. > and 0.11 tor 12 S.W.G. (10 A.VC'.G.
approx.; where one lead ot the coil is connected to chassis.

In eqn. (2) there is no equivalent of the // in cqn. (I because the length diameter
ratio is a con.stant. The length of “ live ” lead taken into account in eqn. (2' is equal
to D, and it is possible to determine its effect from Fig. 11.1. For 12 S.VC'.C? wire
the capacitance is O il /i/xF per cm. so that eqn. M (with lead c»>rreciion. could be
written

C., 0.4f)/> O.IID 0.57/)

for the conditions of cqn. (2) and using 12 S.W.G. wire. Similarly, using the value of
a given for 12 S.W.G. wire in cqn. (2), cqn. (2) could be written

Co 0.47D 0.11/; 0.58/).

The data in Fig. 11.1 arc not suHkient to compare the cquaiitms using the lower
limit of a given by Forbes Simpson but for 20 S.W.G. cqn, (1) becomes

Co 0.55/)

for the conditions of cqn. (2), while cqn. (2) for 42 S.W.G. becomes
Co 0.535/).
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(iii) Measurement of self-

capacitance

A graphical method of self-capacitance

determination due to Howe is shown in

Fig. 1 1 .2. Values of external capacitance

in ft/iF required to tune a coil to resonance

are plotted against 1 //* where / is the re-

sonant frequency in Mc/s. The self-

capacitance is the negative intercept of the

straight line with the capacitance axis.

An alternative method is to determine the

external capacitances necessary to tunc

a coil to frequencies of/ and 2/. If the two

Ifself-capacitance

Fig, 11.2. Construction for determination

of self-capacitance of coil.

capacitances are Ci and C. respectively.

SECTION 3 : INTERMEDIATE-FREQUENCY WINDINGS

(i) Air-cored coils (ii) Iron-cored coils (Hi) Expanding selectivity i-f transformers

(iv) Calculation of gear ratios for universal coils (v) Miscellaneous considerations.

(i) Air-cored coils

Most commercial receivers have two i-f transformers with four circuits tuned to

about 455 Kc/s. To obtain adequate selectivity in such a case the required Q for

each winding (mounted on the chassis but not connected in the circuit) is 100 or more.

This Q can readily be obtained with air cored coils of about 1 mH inductance pro-

vided that litz wire and comparatively large coil cans are used. Without litz it is

difficult to exceed a Q of 50, but even this may be sufficient when more i-f stages

than usual are used.

W’hcn a single pie is used, Q is to some extent dependent on coil shape but if five

times the winding depth plus three times the winding width equals the external

diameter, Q will be close to the maximum for the wire and type of winding.

There arc three methods of increasing the Q, and when all arc used to practical

commercial limits, production Q figures of 150 can be maintained. The first require-

ment is litz wire, probably nine strands for a Q of the order of 100, and twenty or more
strands for a <2 of 1 50. Large coil cans are necessary, up to two inches in diameter,

with former; of such a size as to make the outside coil diameter little more than half

the can diameter. Lastly, self-capacitance must be reduced to a minimum, because

its Q is always low and in the case of a single pie winding it may amount to say 25 mmF,
a large percentage of the total capacitance. Splitting the winding into pics reduces

self-capacitaice, at the same time improving the form factor, and a suitable compro-
mise betwcc'i Q and economy is obtained by winding with three pics. Sclf-ciipacit-

ance is also -educed by winding narrow pies, although a limit is set by the difficulty

of winding litz wires with a cam of less than 0.1 inch, or perhips even 1 inch. In

addition, as the cam is reduced the height of the coil increases and larger losses from

damping of the coil by the can may more than offset the reduced losses in a smaller

$elf-capacitance.

When the windings have more than one pie, the inductance is dependent on pie

spacing. For this reason, and to increase the speed of windirig, multi-section coils

are wound with the former located by a gate, a different slot in the gate being used for

each individual pie. Spacing between primary and secondary windings is kept constant

by means of a double winding finger which winds primary and secondary at the same
time.
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A disadvantage of air cx)red i-f coils is that a trimmer capacitance is needed to re-

sonate the tuned circuit. The cheapest types of trimmers usually have poor stability

with respect to time, vibration, humidity and temperature, and satisfactory types may
cost more than a variable iron core with provision for adjusting it.

(ii) Iron-cored coils

The advantages of iron cores used in i-f transformer windings arc that

(a) they increase the inductance of the winding, thereby giving a saving in wire

cost and winding time for a given inductance,

(b) they increase the Q of the winding, thereby allowing cheaper litz (or solid wire

in an extreme case) to be used,

(c) they restrict the field of each winding, to an extent depending on the type of

core used, and thus allow' a smaller, cheaper coil can to be used without excessive

damping,
(d) they provide a satisfactory method of adjusting the tuned circuit to resonance.

Because of this the total tuning capacitance can be of a stable high Q type (c.g.

a silvcrcd-mica capacitor), and there is no trouble from capacitance between
primary and secondary trimmers giving an asymmetrical resonance curve, or

from capacitance between say first i-f and second i-f trimmers leading to re-

generation.

To obtain the greatest benefit from an iron core it is necessary to have all of the

turns close to the core. In particular cases, especially at high frequencies, Q may be

decreased due to increased distributed capacitance if the coil is too close (c.g. wound
on the core) but in normal i-f applications in which a former comes between coil and
core the thinner the former can be made, the better will be the Q.

Also because of this effect it sometimes happens that by winding a coil with thinner

litz (fewer strands), and so bringing the top turns closer to the iron and further from
the can, an increase in Q is obtained.

Another benefit from bringing all of the turns as close to the iron core as possible

is that the range of inductance adjustment provided by the core is increased. If

fixed capacitors with m 10®(, tolerance are used to tune the i-f windings, it is necessary

to provide at least i 15®o inductance adjustment from the iron core to allow for

winding variations and changes in stray capacitances due to valves and wiring. It is

necessary to split the i-f winding into pies to obtain a variation of this order with

normal cheap i-f cores.

An additional advantage of splitting the winding is that at least half of the turns in the

coil are brought much closer to the core so that Q is increased above the amount to

be expected from the reduction in distributed capacitance.

To obtain the previously mentioned Q of 100 at an inductance of about 1 millihenry

with a small iron core, a coil can somewhat larger than one inch diameter would pro-

bably be needed with a coil wound in three pies of 5 strand 41 A.W.G. litz.

Much higher Q's are obtainable with special core shapes and materials, and a 455

Kc/s i-f transformer with a Q of 260 in the can is mentioned in Ref. A 1 5. However
difiKculty is usually experienced from instability even with valves of comparatively

low slope, such as the 6SK7-GT, if i-f transformers with a Q above about 150 are

used.

A possibility of increasing Q with iron-cored coils which does not usually arise

with air-cored coils is that if the coil is wound directly on to a non-adjusiable iron core

or on to a small individual former, it can be mounted in different planes inside the coil

can. By mounting the coil with its axis at right angles to the axis of the can it is

possible to obtain an increase in Q of the order of 10% (depending on the diameters

of coil and can) and this method also has the advanuge of making both cores adjust-

able from above the chassis. The chief disadvantage is that coupling between primary

and secondary ukes place mainly between adjacent edges of the two windings and
variations in the height of the windings, due to variations in wire thickness, notice-

ably affea the coupling. In addition, trouble may be experienced from regeneration

because with this method of mounting the field of the bottom winding extends further
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outside the coil can. Unless a good joint is made between can and chassis this trouble

will be further aggravated.

(iit) Expanding selectivity i-f transformers
The simplest method of expanding i-f transformer response to give peaks symmet-

rically spaced about the intermediate frequency is by switching a teniary winding.

Two other possibilities* of obtaining the desired result are the simultaneous switching

of series and shunt coupling capacitors between the two windings, and the switching

of capacitors to alter the coupling in a /7 or T network (Ref. G13). In each of these

cases, however, it is necessary to switch components in high potential sections of the

circuit whereas tertiary switching can be carried out in low potential circuits.

Receivers have been manufacttired in

which movement of a complete winding
altered the coupling, and whilst this eli-

minates switching problems, the additional

mechanical problems are at least as trouble-

some. Moreover, it is difficult to keep

constant the damping effect of the coil can

and the mechanical coupling of the moving
coil so that the whole object of the variable

coupling (i.e. symmetrical expansion of

the pass-band; is liable to be lost.

Although symmetrical expansion be-

comes more difficult as the Q of the trans-

former increases, it is possible with tertiary switching to maintain satisfactory symmetry
in production with a Q of 150 and with simple alignment procedures. In a normal
receiver with a single i-f amplifier it is only necessary to expand the selectivity of the

first i-f transformer because the diode damping on the secondary (and perhaps prim-
ary) of the second i-f reduces its selectivity considerably.

Fig, 11.3 gives a typical circuit. It will be seen that the inductance of the tertiary

winding is sw'itchcd into the tuned circuit in the expanded position. This docs not

lead to appreciable detuning because the inductance of the secondary is some thousands

of limes larger than that of the tertiary.

Suitable methods of winding the tertiary coil vary with the method of primary

winding but the object is alw'ays to obtain maximum coupling with minimum tertiary

inductance. When the primary is pie-wound the tertiary should be wound between
two pics as close to the middle of the coil as possible. From three to five tertiary

turns are required (assuming approximately critical coupling without the tertiary

and three hundred or more primary turns in a 455 Kc s i-f transformer). The type

of wire is not important except for its covering, and solid wire of the finest gauge

which will give no trouble with handling or cleaning is probably most suitable.

It is essential that the insulation resistance between primary and tertiary be very

high. In a typical case a leakage of 100 megohms between primary and tertiary would
give the control grid of the following i-f amplifier a positive voltage of five volts.

Because of this the tertiary winding should be double-covered wire and the com-
pleted coil must be thoroughly dried out and then immediately impregnated in some
moisture resisting compound.

If the primary consists of a single winding the tertiary is best wound in solenoid

form on top of it. Similar results arc obtainable for the same number of coupling

turns.

To align such a transformer the switch should be turned to the “ narrow’ ** position

and the receiver aligned normally for maximum gain. When the switch is turned

to “ broad ” the output should dn’^p, but when the signal generator is detuned, equal

peaks should be found symmetrically spaced about the intermediate frequency.

•See eNo Chapter 9 Sect. H ; ('h.ipter 26 Sect. 5.

Co«»«rtcr 1-F Amplifier

Fig. 11.3. Expatiding selectivity with
stvitched tertiary coil.
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If the peaks arc not symmetrical, undesired couplings are probably responsible.

All traces of regeneration must be removed and, because the stability requirements
are more severe than usual, unusual effects are liable to be una^vered. For example,
regeneration may occur due to coupling between a loop formed by the generator input
leads and the output of the i-f amplifier (twisting generator leads will cure this) or
coupling may occur between first and second i-f transformers within the steel chassis.

When this happens, rotating one or both tr^sformers will probably give cancellation

but leave production receivers susceptible to the trouble. Additional spacing between
transformers is advisable with each primary and secondary wired for minimum re-

generative coupling.

The switch used for the tertiary winding should preferably be of the “ break before
make *’ variety. A “ make before break *’ switch momentarily short circuits the
tertiary winding during switching, giving a sudden reduction and increase in sensitivity

which can be heard as a click.

Even after a satisfactor>’ i-f selectivity curve has been obtained, the over-all curve
may be too narrow if a r-f stage is used in the receiver. In such cases the r-f stage
should also be expanded

1
Chapter 35 Sect. 5(iii)l.

Fig, 11.4. Type of finger recommended for universal winding.

(iv) Calculation of gear ratios for universal coils
To obtain electrical consistency between universal coils in production runs it is

essential to wind the coils with good mechanical stability. For this, machines must
be adjusted correctly, but a suitable gear ratio is of equal importance.

The method of gear ratio calculation given below has been used successfully for
production coils, and gives a straight pattern on the side of each coil.

The instructions make provision for a spacing between centres of adjacent wires
of 8/7 of the wire diameter. This diameter should be measured, and the required
spacing depends on the type of winding finger used. The most satisfactory types,
and the ones for which the spacing factor will be found suitable, are those in which the
wire passes to the bottom side of the finger before being placed in position on the coil.

Fig. 1 1 .4 shows such a finger, and it will be seen that the tension on the wire pulls
the finger down to the face of the coil.

Fingers in which the wire passes through a grcx>ve on the top and then ukes up
its own position on the surface of the coil may require more spacing than that specified.
Other factors may also affect the spacing required, but a small amount of experiment
will decide this. It will be noticed that some types of litz wire tend to spread when
wound, and so need more spacing than would be expected from measurement.
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Symbols
d - former diameter (inches)

c
- cam throw (inches)

n - nominal number of crossovers per turn (see Table 1)

q - number of crossovers per winding cycle, i.c. before wire lies alongside

preceding wire (see Table 1).

V nominal number of turns per winding cycle (see Table 1)

R ' gear ratio - former gear/cam gear

w modified wire diameter (inches) see Note below
P ^ qc/(w • x) an integer

X smallest amount necessary to make (F 1), r an integer (inches).

Note. For fabric covered wire, iv - (measured diameter of covered wire) x 8/7.
If the wire is enamelled only, the same formula is used but the bare wire diameter is

multiplied by 8/7.

Procedure
(A) From w > {2d'^c) determine the largest convenient value for //. Do not use

values of n less than 2 for bare enamelled wire. Obtain values of q and v from Table 1

below for the value of n chosen.

TABLE 1

n 4 2 1 2 3 1 1,3 i

q 4222222
V 1 1 2 3 4 6 8

(B) Determine tv from ixiformation given in the note above,

(C) Calculate P from P - qc/itv i x).

(D) Obtain R from R iti(P i- 1)/P.

Example 1

Given d j in. and c 0.1 in. determine the gears to wind a coil with 42 S.W.G,
enamelled wire.

(A) (2d 3c) 1.0 0.3. Take n 2, giving q 2 and v 1 from the table.

(B) The diameter of bare 42 S.W.G. wire is 0.004 in., so tv 0.004 57 in.

(C) P qc (tv x) and (P * 1) v must be an integer, i.c. P must be an integer

since v 1

.

qc tv 200/4.57 43.7.

But P qc, (tv • x) an integer.

Therefore P 43.

(D) R i«(F • l), P I - 2(43 : 1) 43 44 43.

Example 2
Given d i in. and c 1 in. determine the gears to wind a coil with 0.016 in.

litz wire.

(A) 2d 3c 2 3. Take ti 2 ?, giving 2 and r 3.

(B) w 0.016 in. ^ 8 7 0,0183 in.

(C) qc. w 500,18.3 27.3.

But (P * l)/r an integer.

Therefore P 26.

(D) R ifi(P \). P 13 \ 27,26.

To obtain suitable gears :

R 2/3 .X i V 27y26 (28, 42) X (27 52).

When it is known that n will be 2, as is the case with ihe majority of coils, the method
reduces to dividing the modified wire diameter into twice the cam throw (ignoring

any fractions in the answer). This gives P and the required ratio is (P 1)/P.

For further information on universal coil winding see Refs. 1 1 to I 8.
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(v) Miscellaneous considerations

(A) Direction of windings
Although the coupling between primary and secondary is assumed to be due to

mutual inductance, the capacitive coupling is appreciable. Depending upon the

direction of connection of the windings, the capacitive coupling can aid or oppose the

induaive coupling. When the two types are in opposition and of the same order a

slight change in one the capacitive coupling is particularly liable to random variation

gives a much larger percentage variation in the effective coupling. In a bad case,

produaion sensitivity variations from this cause may be quite uncontrollable.

To avoid the trouble, i-f transformers are usually connected for aiding capacitive

and induaive coupling. This is done by connecting the i-f amplifier plate to the

beginning of one winding and the hallowing grid to the end of the other winding when
the two coils are w'ound in the same direction. Other connections to give the same
winding sense will give the same result.

Even with aiding couplings it is desirable to reduce capacitive coupling to a minimum
to obtain a symmetrical respi>nse curve and care should be taken in the placing of

tuning capacitors and with details such as keeping the grid wire of the secondary

winding well away from the plate wire or the plate side of the primary winding.

(B) Amount of coupling
An undesirable feature, from a production point of view, of i-f transformers in

which the coupling is less than critical, is that receiver sensitivity becomes more
dependent on i-f coil spacing. For a iransform:r with approximately aitical coupling

a spacing difference of 1 32 inch makes no appreciable difference to sensitivity in a

typical case. However if the transformer were under-coupled the sensitivity change

would be noticeable.

Transformers which are slightly over-coupled can be aligned for symmetrical

response curves without undue trouble by detuning each winding (say with an ad-

ditional capacitor of the same size as the tuning capacitor) while the other winding of

the transformer is aligned for maximum sensitivity. Symmetry is of course dependent

on the absence of regeneration.

(C) Losses
Unless care is taken, the sum of a number of apparently negligible losses may result

in appreciable reduaion in Q. Many artificial coverings have greater losses than silk,

but this is usually obvious when a sample coil is wound. Less obvious losses may
occur in details such as the material used to seal the end of a winding or in the placing

of shunt capacitors or even coil lugs close to the aaual i-f winding. An assembly of

straight parallel wires between top and bottom of the i-f can may cause appreciable

decrease in C, particularly if large blobs of solder are placed close to the windings.

To eliminate such losses it is advisable to check the (2 ® winding, scaled with

low-loss material and baked to remove all moisture, when suspended well away from

any substances which will introduce losses. The mechanical structure of the complete

i-f assembly can then be added, one section at a time, and the Q read at each stage,

a final reading being taken when the coil is mounted in the receiver.

(D) F-M i-f transformers
For details of F-M i-f construction and other i-f information of praaical interest

sec Chapter 26 Sea. 4(vi).

(£) Other ferromagnetic materials

The development of a non-metallic ferromagnetic material named Ferroxcube
has been announced by Philips (Refs. A28, A29, A30, A31, A32, A33).

Several grades of Ferroxcube are manufaaured. They have in common a high

specific resistance of 10* to 10* ohm cm. and a high initial permeability of from 50

to 3000 depending on the type. Ferroxcube IV, which is useful to 40 Mc/s, has a

permeability of 50, and Ferroxcube III with im upper frequency limit of about 0.5

Mc/s has a minimum permeability of 800.



11.3 (v) MISCELLANEOUS CONSIDERATIONS 459

Because of the closeness of the Curie point to room temperature (the C.urie point

of Ferroxcube III is 110**—-160°C) some change of permeability occurs with chan;:ing

temperature. For instance the permeability of Ferroxcube III can be almost iialved

by an increase in temperature from 20 ""C to 80 'C. However, the permeability of

Ferroxcube V is decreased less than 10% by a similar temperature change un»;cr the

same conditions. Between 10" and 40 ""C the change in permeability averages 0.15%
per LC for the various types of Ferroxcube.

In cases in which the magnetic circuit is normally completely enclosed, the high

permeability of Ferroxcube can be used to minimize losses by means of an air gap.

If the gap is such as to reduce the effective permeability to one tenth of its original

value (which could still be high), losses and the effect of heat on effective permeability

will also be reduced in the same proportion.

The properties of Ferroxcube allow considerable reductions to be made in die size

of such items as i-f transformers or carrier-frequency filters, and it is an excellent

ntacerial for magnetic screens or for permeability tuning. However its saturation

point is rather low and it is not used for power transformer or output transformer

cores.

Ref. A27 describes research on ferromagnetic spinels by the Radio Corporr.:ion

of America. These spinels are ceramic-like ferromagnetic materials characterized

by high permeability (up to greater than 1200), high electric resistivity (up to 10^

ohm cm), and low losses at radio frequencies. Wide ranges in these and other pro-

perties are obtainable by varying the component ingredients and methods of synthesis.

Ferrospinels are being used increasingly in electronic equipment operating in the

frequency range of 10 to 5000 Kc. s. At power and low' audio frequencies the terro-

spinels are not competitive with laminated ferromagnetic materials, and at very high

frequencies the losses in ferrospinels are excessive when high permeability is re-

quired. It is possible however to produce a ferrospinel, w'ith low' permeability, useful

at frequencies in the order of 100 Me s. The application of ferrospinels as core bodies

in the deflection yoke, horizontal deflection transformer and high voltage transformer

for television receivers is now finding wide acceptance. The ferrospinels are especi-

ally suited to television video frequencies as their use in these components results in

improved performance at lower cost and with smaller space.

In the standard broadcast receiver, the ferrospinels are expected to be used in the

radio frequency circuits as trimmers ” and as permeability tuning cores. With a

properly designed coil it is possible to tune a circuit, by the movement of a ferrospinel

rod, from 500 to 3000 Kc/s, or to cover the standard American broadcast band (540

to 1730 Kc/s) with only three eighths of an inch movement of the rod.

By using a ferrospinel with a high electric resistivity as the core body for radio

frequency inductances, the wire body may be placed on the ferrospinel without

additional insulation. In fact, the conductor may be affixed by the printed circuit

technique for some applications.

SECTION 4 : MEDIUM WAVE-BAND COILS

(i) Air-coftd coils (if) Iron-cored coils (iii) Permeability tuning (iv) Matching.

(I) Air-cored coils

With large diameter formers reasonable Q can be obtained on the broadcast band

with air-cored solenoids. However in limited spaces, »coils arc wound with tw'o or

more pies or by progressive universal winding when high Q is required. The pro-

gressive winding has the advanuge of being less susceptible to inductance variation

through careless handling or winding, and from the production point of view' it is

deairable because it can be wound without stopping.

Although high Q is not necessary for broadcast band oscillator coils, it is desirable.

Low Q tuned circuits need larger reaction wdndings which in turn give increased
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phase shift in the voltage fed back from the plate into the grid circuit. Consequently

an even larger reaction winding is required and the result may be reactance reflected

into the secondary circuit which makes it impossible to tune the required range

—

if the police band (U.S.A.)‘is to be included. In any case the reflected reactance,

which is a variable throughout the tuning range, complicates the tracking problem.

A method of decreasing the coupling induqtance required, which is applicable to

progressive but not to ordinary universal windings, is to thread both secondary and
primary wires together through the winding finger, wind the required number of

primary turns, terminate the primary and proceed with the secondary winding until

completed. This method is possible with progressive windings because of the gaps

which occur throughout the winding, whereas with a normal universal winding there

is no room for a primary between turns of the secondary.

For r-f and paniciilarly for aerial coils the need for high Q is greater. The sensi-

tivity, signal-to-noise ratio and image ratio of a receiver are all governed by the aerial

coil Q,
Since the amount of wire used in an aerial coil secondary is so much less than in

the i-f transformers it is often possible to use more expensive litz.

Probably the most satisfactory method of coupling the aerial to the grid of the first

valve <,or the plate of the first valve to the grid of the second) is by means of a high

impedance primary. This can take the form of a universal winding of the finest

wire the machines will conveniently handle, wound at an appropriate distance from
the secondary to give about 20 coupling (depending on the Q of the secondary,

the amount of mistracking that can be tolerated, and the types of aerial expeaed to

he used). In the case of progressive universal secondaries it sometimes happens that

the primary must be wound as closely as possible to the secondary to obtain the re-

quired degree of coupling.

The primary should be resonated by its own self-capacitance, or by an additional

capacitor, below the intermediate frequency so that no normal aerial can tune the

primary to the intermediate frequency and so cause instability. A typical value of

primary induaance is 1 mH and a 150 /x/iF capacitor would be suitable for use with it.

To increase the aerial coil gain at the high frequency end of the broadcast band a

capacitor of the order of 4 might be used between aerial and grid of the first valve.

Since the capacitor decreases image ratio at the same time as it increases sensitivity

and signal-to-noise ratio, some requirement other than flat sensitivity across the

broadcast band might be desirable.

Similar considerations apply to the coupling of the r-f valve except that primary
inductances are usually larger (say 4 mH) and their tuning capacitors may be increased

:i size until the gain is reduced to the required figure.

i'he direction of conneaion for high impedance coils and oscillator coils is the same
as that already detailed for i-f transformers ; the grid is connected to the end of the

secondary further from the primary, to reduce capacitance coupling, and then, con-
sidering the secondary and primary to be one lapped coil wound in the one direction,

the aerial (or plate) is connected to the other extreme of the winding.

(ii) Iron-cored coUs

The use of suitable iron cores greatly simplifies the problem of obtaining high Q
windings. In fact, for any reasonable Q requirement it is only a matter of obtaining

a suitable core.

Whilst for a given Q and coil size a coil wound on an iron slug will be less affected

by its surroundings than an air-cored coil, owing to the concentration of the flux in

the core, high Q secondaries (e.g. 250) will be found to require very careful placement
if serious Q losses are to be avoided, particularly at the high frequency end of the broad-
cast band. Even an open circuited primary at the appropriate distance for correct

coupling may noticeably decrease the Q.
The primary should be wound on the opposite side of the secondary from the iron

c(vre, which will not pass completely throi^ the secondary because of the necessity

for leaving room fdr adjustment. Under these conditions movement of the core to
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compensate for differences between individual receivers will not seriously affect the

coupling between primary and secondary.

To avoid losses due to adjacent components with high Q coils, iron cores can be

used which completely enclose the winding. These cores give higher U’s than the

more usual slugs with a similar winding and reduce the external field of the coil to

such an extent that in extreme cases it may be difficult to obtain sufficient coupling

between the secondary and an external high impedance winding.

An advantage of using an iron core in the oscillator coil is that, apart from giving

increased Q, it can greatly increase the coupling between primary and secondary,

thereby decreasing the primary reactance for a given amount of coupling.

(iii) Permeability tuning
The increasing use of permeability tuning is an indication of the extent to which

the design and production difficulties associated with this type of tuning arc being

overcome.

No gang,condenser is needed, so that even with the added complication in the coil

assembly a cheap broadcast band tuning unit is possible. Gang microphony is auto-

matically eliminated, and a value of tuning capacitor can be chosen w’hich will make the

effects of, for instance, capacitance variations due to valve replacement negligible

over the whole tuning range. This capacitor can be a low-loss type and it may be
given a suitable temperature coefficient if desired. The space saving owing to the

elimination of the tuning capacitor is appreciable, even taking into account the ad-

ditional space required for the iron cores and their driving mechanism.
By a suitable choice of coil and core constants the oscillator grid current can be

maintained at or very close to the desired figure at all points in the broadcast band.

Aerial coil gain can also be kept constant.

One of the most serious troubles in the design of a permeability tuning unit is in

obtaining satisfactory coupling between the aerial and the permeability-tuned aerial

coil. If a normal primary is used the coupling variations witli changing core position,

as the coil is tuned over the broadcast band, arc excessive. Similarly a tapped in-

ductor can not be used because the core alters the coupling between the two sections

of the winding too much. Fig. 1 1 .5A, B and C show' three methods which have been
used.

The circuit of Fig. 1 1 .5A couples the aerial straight into the tuned circuit and gives

good aerial coil gain when correctly aligned. However image rejection is ptK^r and
the detuning effect when different aerials are connected to the receiver is considerable.

Improved image rejection is obtained from the circuit of Fig. 11.5B but sensitivity

is lost because much of the voltage developed across the tuned circuit is not applied

between grid and cathode of the valve.

Fig. 11.5(^ gives a more satisfactory solution (Ref. A24). There is no inductive

coupling between primary and permeability tuned secondary and the coupling between
primary and coupling coil is unaffected by the core position. A constant gain of

about three times over the band can be obtained from a coil with average effective

Q of 100, with satisfactory image ratios across the band and reasonable freedom from
detuning effects with different aerials.
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The maintenance of correct calibrations in production receivers is a problem which
concerns the designer of the iron dust core, but cores have been produced with per-

meability consistent enough for station names for the whole broadcast band to be

marked on the dial and used.

Iron cores are available with sufficient variation in permeability for the complete

broadcast band to be tuned. However if the police band is required and space for

mounting the tuning unit is restricted (resulting in appreciable damping on the coil)

the permeability requirem^'nts for the core are severe.

The Colpitts oscillator circuit is suitable for use in permeability tuning un ts, and
padding can be obtained by using a suitably shaped core for the oscillator coil. Alter-

natively the oscillator coil can be wound in two series-connected sections, one with

fixed inductance (or pre-tuned for alignment purposes) and the other with inductance

varied by the moving core. Many receivers have been built with complete tracking

i.e. a series inductor corresponding to the usual (parallel) trimmer, and a parallel

inductor corresponding to the usual (series) padder.

The rate of change of inductance w ith core movement does not give a linear relation-

ship between tuning control and the frequency tuned unless special precautions arc

taken. Linearity, if required, can be obtained in two ways The drive between
tuning spindle and cores can include some type of wofm or cam arranged to vary the

speed of the drive in suitable parts of the tuning range, or the coils themselves can be
progressive universal windings to give the same effect. Progressive universal coils

lend themselves very well to this form of winding because the progression is provided

by a screw thread and this can be cut with the pitch varied over the length of the

winding to give the required tuning rate.

An important drawback to permeability tuning is the difficulty involved in pro-

viding coverage of a number of wavebands without complications which outweigh

the saving of a tuning condenser.

One simple method of adding short wave ranges to a broadcast band permeability

tuner is to connect the broadcast coil in parallel with a short wave coil which is to be
tuned. This gives satisfactory tuning but restricted bands. It is suitable for a band-

spreading circuit but when every international shon wave broadcasting band is to be
covered, a large number of ranges is required. By designing a special short wave
permeability tuner k is possible to cover the 6 to 18 Me, s band in two ranges (Ref.

A24).

For more restricted ranges such as the F-M broadcasting band, permeability tuning

is satisfactory provided that a suitable typf of iron is available. Cores have been
made which can be used in tuned circuits at 150 Me s without introducing undue loss.

References All, Alb, A20, A22, A23, A24, A34.

(iv) Matching
Methods of coil matching depend on the type of coil and to a certain extent upon

the subsequent alignment procedure.

Air-cored solenoids can be wound with a spacing towards the end of the winding
equivalent to pne turn. The inductance is then increased by sliding turns across

the gap from the small end section to the main body of the coil, or decreased by sliding

turns in the oppt>sitc direction.

Air-cored pic-wound coils can be matched by pushing pics together to increase

inductance, but the mcthiHl has disadvantages. Firstly, the coils are liable to be

damaged, even to the extent of collapsing completely, and secondly coils which are

rigid enough to withstand the pushing without damage may have enough elasticity

to return towards their original positions over a period of time, thus destroying the

matching. If coils matched in this way arc to be impregnated it is necessary to re-

check (and readjust in many cases) after impregnation, and rcchcck again after flash

dipping, if a reasonable degree of matching accuracy is to be maintained.

Another method w'hich has been used with air-cored coils is to wind each coil with

slightly tiH) much inductance, bake, impregnate and flash-dip the coil and then seal

It in an aluminium can. A grixivc is then run in the can above the appropriate coil

and the depth of the grinwc is increased until the inductance i>f the coil inside the
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can is reduced to that of a standard. All production inductance variations can be
absorbed in the matching process with insignificant Q loss.

When iron cores are used, matching problems are much simplified. Even when the

core is not threaded it can be pushed through a winding for inductance adjustment.

With threaded cores the adjustment is so simple that in many cases the coils are not

matched. Given correct calibrations and close tolerance padders in a complete re-

ceiver, the oscillator coil trimming and padding can be adjusted to suit the calibration

and the aerial coil trimming and padding to suit the oscillator with results which may
even be (from the user’s point of view) superior to those obtained from more com-
plicated matching and alignment methods.

When matching individual windings on formers containing two or more coils it is

possible for errors to occur due to variations in windings other than the one being

matched. For example an aerial coil secondary may be matched to the same induct-

ance as a standard secondary but may be coupled to a primary with an inductance

different from that used on the standard ceil. Under operating conditions in a re-

ceiver the two effective secondary inductances would be different.

This difficulty can be overcome by suitable connection of associated coils during

matching. Normally the best procedure is to short-circuit and earth coils which
are not being matched, but on occasion it may be better to earth the cold end only.

SECTION 5 : SHORT-WAVE COILS

(i) Design (it) Miscellaneous features,

(i) Design*
Much has been written on the subject of designing coils suitable for use on short

waves. A number of references will be found at the end of this chapter. The work
by Pollack, Harris and Siemens, and Barden and Grimes is very complete from the

practical design viewpoint. The papers by Butterworth, Palermo and Grover, and
Terman are basically theoretical. Austin has provided an excellent summary and
practical interpretation of Butterworth’s four papers. Medhurst’s paper gives the

results of measurements which in some cases disagree with Butterworth’s theoretical

values. For coils whose turns are widely spaced the measurements of high-frequency

resistance are in good agreement but for closely-spaced coils the measured values are

very considerably below those of Butten\’orth. Theoretical reasons are given for

these differences.

(A) Pollack (Ref. G4) summarizes the procedure for the optimum design of coils

for frequencies from 4 to 25 Mc/s as follows :

1. Coil diameter and length of winding : Make as large as is consistent with the

shield being used. The shield diameter should be twice the coil diameter, and the

ends of the coil should not come within one diameter of the ends of the shield.

2. A bakelite coil form with a shallow groove for the wire, and enamelled wire may
be used with little loss in Q The groove should not be any deeper than is necessary

to give the requisite rigidity. The use of special coil form constructions and special

materials does not appear to be justified (except for the reduction of frequency drift

due to temperature changes).

3. Number of turns : Calculate from

N - \^L{\(i2S i 45)/D
where 5 — ratio of length to diameter of coil,

D - diameter of coil in centimetres,

and L inductance in microhenrys.

4. Wire size : Calculate from

do ^ b/N\ 2 optimum diameter in centimetres,

where b ^ winding length in centimetres.

•This is a revision and expansion of the chapter on this subject in the previous edition by L. G.
Dobbie.



464 SHORT-WAVE COILS 11.5

That is, the optimum wire diameter is l/\/^times the winding pitch, measured from

centre to centre of adjacent turns.

(B) Barden and Grimes (Ref. G16) recommend for coils working near 15 Mc/s.
that No. 14 or No. 16 A.W.G. enamelled wire on a form not less than one inch dia-

meter at a winding pitch equal to twice the wire diameter is desirable. The screen

diameter should be not less than twice the coil diameter. A comparison of coils of

equal inductance on 0.5 in. and 1 in. forms In screens double the coil diameter in-

dicates that the value ofQ is twice as great for the larger diameter coil. No. 24 A.W.G.
wire was used for the small diameter coil.

(C) Harris and Siemens (Ref. G21) quote the following conclusions :
-

(1) Q increases with coil diameter.

(2) Q increases with coil length, rapidly when the ratio of length to diameter is

small, and very slowly when the length is equal to or greater than the diameter.

(3) Optimum ratio of wire diameter to pitch is approximately 0.6 for any coil shape.

Variation of Q with wire diameter is small in the vicinity of the optimum ratio ; hence,

selection of the nearest standard gauge is satisfactor>^fo^ practical purposes.

(D) The shape of a coil necessary for minimum copper loss (from Butter-

worth’s paper) is stated by Austin (Ref. D7) as follows :
-

(1) Single layer solenoids : Winding length equal to one-third of the diameter.

(2) Single layer discs (pancake) : Winding depth equal to one-quarter of the

external diameter.

(E) Butterworth’s paper (Ref. Dl) deals with the copper loss resistance only, and
insulation losses must be taken into account separately. Insulation losses are

minimized by winding coils on low loss forms, using a form or shape factor which pro-

vides the smallest possible self-capacitance with the lowest losses. Thus air is the

best separating medium for the individual turns, and the form should provide only

the very minimum of mechanical support. Multilayer windings in one pie have high

self-capacitance due to proximity of the high and low potential ends of the winding.

The same inductance obtained by several pies close together in series greatly reduces

the self-capacitance and associated insulation losses. Heavy coatings of poor quality

wax of high dielectric constant may introduce considerable losses.

(F) In the section of Medhurst’s paper (Ref. D6) dealing with h.f. resistance he
states that so long as the wire diameter is less than one half of the distance between
wire centres, Butterworth’s values are applicable. An increasing error occurs as the

ratio of wire diameter to distance between centres increases, the values being 190%
too high when the ratio is 0.9.

A graph is presented giving variation in optimum wire spacing with variation in

the ratio of coil length to coil diameter (Fig. 1 1 .6A).

It is shown that a good approximation to the high frequency Q of coils of the type

measured is given by the simple expression

Q 0.\5R4'\/T
where R mean radius of coil (cm),

/ = frequency (c/s)

and ^ depends on the length/diameter and spacing ratios.

A comprehensive table of </' values is presented.

(G) M. V. Callender (Ref. D9) points out that Medhurst’s formula for Q can be
approximated within a few per cent by the equation

Q - V7/(6.9//? i 5.4//)

where R ^ radius of coil (cm)

and / length of coil (cm).

An even simpler expression

Q 0A5\ J\\;R f 1/7)

follows the data to a few per cent provided I > R.

The range of conditions under which this formula applies is the same as that to

which Medhurst’s data refer : in particular-
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(a) The ratio of wire diameter to wire spacing must approximate to the optimum
shown in Fig. 11.6A.

(b) The formulae apply only for very high frequencies because of skin effect con-
siderations. However the following table^ giving the thinnest wire for which the

formula applies within ± 10%, shows that most practical solenoids will be covered—

>

/(Mc/s) 1.0 ‘4.0 16

wire 22 S.W.G. 28 S.W.G. 37 S.W.G.
(c) The formulae do not hold for coils of very few turns (or extremely short coils).

(d) Dielectric loss is not allowed for. This is unlikely to be serious except where
the coil has a rather poor dielectric (bakelite or worse) and is used in a circuit having
a low parallel tuning capacitance.

Fig. 11.6A. Variation of optimum spacing ratio zvith length /diameter (Jief. D6).

(H) Meyeraon (Refs. G3 and Gil) gives the results of measurements on a large

number of coils tuned over a range between 25 and 60 Mc/s. The following informa-
tion is obtained from his work :—

•

(a) Q at any frequency within the band, and the frequency for maximum Q, both
increase with an increase in wire size for a given coil diameter. 10 A.W.G. wire (the

largest used) was nearly 10% better over the range than 12 A.W.G. wire on a one inch
diameter former.

(b) Maximum Q increases, and the frequency for maximum Q decreases, with an
increase in coil diameter for a given wire size, number of turns and number of tiuns
per inch.

(c) The coil diameter required for highest Q throughout the tuning range decreases
with increasing frequency for a given wire size, number of turns and number of turns
per inch.

(d) Maximum Q is obtained with a spacing between adjacent wires which is slightly

greater than the bare wire diameter.

(e) No variation in Q was detected between coils wound with bare wire, enamelled
wire or silver plated wire.

On the other hand, cotton covering decreased Q by as much as 5 ‘^o at 50 Mc/s and
annealing of the copper wire increased Q by less than one per cent.

(I) In Refs. GIO and G12 Meyerson gives details of work with frequency ranges

between 60 and 120 Mc/s on the Q and frequency stability of inductors made of wire,

tubing and strip in various shapes e.g. disc, hairpin, folded lines, etc.

(J) Other points taken from various references arc given below. Dielectric losses

present in the self capacitance of the coil arc reduced by altering the shape to separate

the high potential end from all low potential pans of the circuit. These losses become
relatively more important the higher the frequency Thus, the shape of a solenoid

for minimum total losses may need to be increased beyond what would otherwise be
the optimum length.

The high frequency alternating field of a coil produces eddy currents in the metal
of the wire, which arc superimposed upon the desired flow of current. The first

effect is for the current to concentrate at the outside surface of the conductor, leaving

the interior relatively idle. In a coil where theiw are numbers of adjacent turns carry-

ing current, each has a further influence upon its neighbour.



466 SHORT-WAVE COILS 11.6

In turns near the centre of a solenoid the current concentrates on the surface of

each turn where it is in contact with the form, i.e. at the minimum diameter. In

mms at either end of a solenoid the maximum current density occurs near the

minimum diameter of the conductor, but is displaced away from the centre of the

coil.

Thus most of the conductor is going t9 waste. Multi-strand or litz (litzendraht)

wires have been developed to meet this difficulty. Several strands (5, 7, 9, 15 being

common) are woven together, each being of small cross section and completely in-

sulated by enamel and silk covering from its neighbours. Owing to the weaving of

the strands, each wire carries a nearly similar share of the total current, which is now
forced to flow through a larger effective cross section of copper. The former tendency

towards concentration at one side of a solid conductor is decreased and the copper

losses are correspondingly reduced.

Litz wire is most effective at frequencies between 0.3 and 3 Mc/s. Outside of

this range comparable results are usually possible with round wire of solid section,

because at low frequencies “ skin effect*’ steadily disappears while at high frequencies

it is large even in the fine strands forming the litz wire, and is augmented by the use

of strands having increased diameter.

Screens placed around coils of all types at radio frequencies should be of non-
magnetic good-conducting material to introduce the least losses. In other words,

the Q of the screen considered as a single turn coil should be as high as possible. In

addition, the coupling to the coil inside it should be low to minimize the screen losses

reflected into the tuned circuit. For this reason the screen diameter should, if pos-

sible, be at least double the outside diameter of the coil. A ratio smaller than 1 .6 to 1

causes a large increase in losses due to the presence of the screen.

The design of coils for use with iron core materials depends mainly upon the type

of core material and the shape of the magnetic circuit proposed. Nearly closed core

systems are sometimes used with high permeability low loss material. More com-
monly, however, the core is in the form of a small cylindrical plug which may be

moved by screw action along the axis of the coil and fills the space within the inside

diameter of the form. The main function of the core in the latter case may be only

to provide a means of tuning the circuit rather than of improving its Q. When im-
provement in Q is possible with a suitable material, the maximum benefit is obtained

by ensuring that the largest possible percentage of the total magnetic flux links with

the core over as much of its path as possible ; the ultimate limit in this direction is

of course the closed core.

An excellent series of charts for the design of single-layer solenoids for a required

inductance and Q is presented by A. I. Forbes Simpson in Ref. G17. These charts

and the instructions for their use are reprinted by permission of “ Electronic Engineer-

ing ” and the author (Figs. 11.7 to 11.13 inclusive).

The use of the charts is simple and gives direct answers. As so many unascertain-

able factors govern the final inducunce of a coil in position, no attempt has been made
to achieve an accuracy better than 1 per cent. The inductances indicated by the charts

assume that the leads to the coil are of the same wire as the coil and perpendicular

to it, and are each a coil diameter long.

Coils of this form have a low self-capadtancc which is largely independent of all

save the coil diameter and to a lesser extent the wire gauge.

The capacitance may be expressed as

C - iXO.47 f- a) fJLfiF

where D is coil former diameter in cms. and a is a constant depending on the gauge
of wire, lying between 0.065 for 42 S.W.G. and 0.11 for 12 S.W.G. wire, where one
lead of the coil is connected to chassis.

Use of charts
The charts shown may be used as follows :

If the desired Q is known, then reference to Fig. 1 1 .8 will suggest a suitable diameter
of former.
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If, however, as great a Q as possible is required,
then the largest possible former should be used
unless the coil is to be sited in a can, in which case

the diameter of the former should be less than one
half of the internal diameter of the can and spaced
from the end by the same amount or more.

When the diameter of the former is deter-

mined, reference should be made to the appro-
priate chart, and as shown in Fig. 11,7 the in-

ductance intercept A corresponds to C which
give^he wire gauge (D) which gives the number
of turns per inch for that gauge, and E the num-
ber of turns required.

Fig. 11.6B. Dimensions of coil

referred to in text.

FIG. M.7

Fig. 11.7. Diagram to illus-

trate use of charts {Ref. G17).

It will be seen that “ even ” gauges of wire have

been used. If it is desired to use an “ odd ” gauge,

a link simple geometry will soon give the result.

The Q in air of a coil wound to this information,

when tuned by capacitances between 45 and 500 /x/iF

may be read directly from Fig. 11.8.

The Q values shown in the chan have been cor-

rected for coil capacitance and are somewhat higher

than those indicated by the usual Q meter. 'Fhe

accuracy of these curves is rather less than that of

the inductance charts, but various values have been

checked by several methods which have given sub-

stantial agreement.

Example
As an example* of the use of the curves, suppose

we have a variable condenser of 450 fifiF swing and

desire to find a coil with which it will tune from

12 Me s to 4 Me s. If the total capacitance at

12 Me s. be C /i/iF then

(C ^ 450)/ C 12^ 4‘ 9 and C
L

10 ‘*
. 10“

47r2 X 12* \ 10‘* x 56.25
^

56.25 fifiF

3.15 fiH.

Inspecting Fig. 11.8 we see that the Q at 4 Me s. will lie between 116 for J in. and
168 for a i in. former, while that at 12Mc s. will lie between 182 for a \ in. and 265

for } in. former.

If we choose a H in. former we find that the line corresponding to this in Fig. 1 1.10

cuts the L line at a wire diameter of 0.025 in. This line intersects T.P.I. at 23.8

and the “ No. of turns *’
is 18.5 with a wire gauge of 22 S.W.G.

Referring to Fig. 11.8 we find for L 3.15 :

C mmF 45 100 200 400 500

Q 212 195 175 150 142

is readily obtained by writing Z„ Q\ L C.

’rhis cx.tnjple is ju .» ciiltcrein fi>rm iron dnt »n ilic oriKin.il .(riulc.
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If, however, we had used the I in. former we would find that 18 turns of 26 S.W.G.
at 37 T.P.L would give

C /x^F 45 100 200 400 500

Q 181 165 147 123 117

(ii) Miscellaneous features
(A) Matching

Short wave coils are frequently matched by altering the position of the last few turns

on the former. This sometimes leads to damage to the coil, particularly if there is an
inierwound primary.

An alternative method, which is applicable to coils terminated by passing the wire

diametrically through the former, is to push sideways this terminating wire in the
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middle of the coil. In this way the last half turn of the coil can be increased almost
to a complete turn or decreased to a small fraction of a turn. Both the first and last

half turns on the coil can be treated in this way, thereby providing a possible induct-

ance adjustment equivalent to approximately one complete turn of the winding.
When matching short wave coils if is essential that associated primaries, and any other

coils on the same former, be connected in a similar manner to their ultimate connection

in the receiver, i.c. earthed ends of coils should be earthed, and hot ends either earthed
or left open depending on which is more suitable.
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Iron cores are widely used for adjusting the inductance of short wave coils. Be-
cause at higher frequencies increased losses in cores offset the advantage of increased
permeability, the cores in some cases do not increase the Q of a coil, but provide a
convenient method of inductance adjustment.

In shortwave oscillator coils an iron core also has the advantage of increasing the
coupling between primary and secondary for; a given winding. Thus increased grid
current may be obtained although Q is not increased.

WtRt OtAMCTCR IN INCHES
FIC. n.io

' Fig, 11.10. Optimum Q, f in, former {Ref, G\l),
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At frequencies of the order of 100 Mc/s the difficulties of manufacturing suitable

iron cores are greater although they are made and used (Ref. A22) but it is compara-

tively simple to wind air cored coils with a Q of say 300.
.
Because of this, inductance

adjustment can also be carried out by means of copper slugs which are adjusted in

the field of the coil in the same way as are iron cores at lower frequencies. The slugs

are sometimes silver plated to minimize losses, but on the other hand brass slugs are

also used, apparently without undue losses.

t
e

Fig, 11. IL* Optimum Q, } in, former {Ref. G17).
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(B) Self-capacitance

To reduce capacitances in a coil with an interwound primary winding without

noticeably decreasing the coupling, it is possible— if the spacing factor of the secondary

winding allows it- to wind the primary against the wire on the low potential side of

each space between secondary wires. A definite advantage is gained from this method
of winding and at the same time the cause 6f appreciable random deviations in coil

capacitance is removed.

It is usually advisable to start an inierwound primary winding just outside a tuned

secondary winding for a desired coupling with minimum secondary capacitance.

Best results will probably be obtained with the primary started between one half

Fig. 1 1,12. Optimum Q, I in. former (Itef. G17).
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RATIO OF CAN SIDE /COIL DIAMETER 0,/^ (CIRCULAR CAN)

lUTIO OF CAN SIDE /COIL CMAMCTER f^/Q (SQUARE CAn)

The Reduction in Inductoncc of o Coil of Unity B/0 Rotio When Sitod

in o Screening Con FIG. ii.l3

Fig. 11.13. Effect of circular and squar' m ii

REDUCTION

IN

INDUCTANCE
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and one and one half turns outside the cold end of the secondary, close spacing being

used for parts of the primary outside the secondary and the external primary turns

being wound as close to the last secondary turn as possible

(C) Aerial primary windings
On the 6 to 18 Me s short wave bands both interwound and external high imped-

ance primaries are used. External primaries have the advantage of reducing the capac-

itive coupling between the aerial and the grid of the first valve with the result that

oscillator re-radiation from superheterodyne receivers is noticeably reduced. In

addition, impulse interference is apparently decreased. The gain obtainable over a

band of frequencies is at least as good as that with low impedance interwound primaries

and the tracking troubles experienced when a particular aerial resonates an interwound
primary within the band are not so likely to occur.

A satisfactory method of winding for an external primary is to use a universal

winding (perhaps 3b or 38 A.W.G. S.S.C.) with a small cam (1/10 inch or 1/16 inch)

and space the primary as closely as possible to the cold end of the secondary. About
25 turns on a 3 8 inch former would be suitable for the range from 6 to 18 Me s but

final details must be determined in a receiver. Additional capacitance coupling will

sometimes provide increased gain at the high frequency end of the band, although

with the loss of some of the advantages outlined above.

(D) Direction of windings
For inierwound oscillator coils the method of connection is the same as that pre-

viously described considering primary and secondary as one continuous tapped

winding in the one dircaion, the grid is connected to the end of the secondary further

from the primary (for a timed grid oscillator) and the plate is connected to the other

extreme, i.e. the end of the primary further from the grid connection.

Interwound aerial and r-f coils arc connected in the opposite sense, i.e. grid to end
of secondary further from primary, and plate (or aerial) to end of primary closer to

grid.

External primaries are connected in the same sense as oscillator coils i.e. aerial

and grid at extremes of the two windings when considered as one tapped winding in

the same direction. Care is needed with short wave coil connections because second-

ary and external primary are w’pund on different types of machines and may be wound
in opposite directions. This necessitates reversing the connections to the primary
winding. Examination of a coil will show that if the primary is moved from one
end of the secondary to the other it will also be necessary to reverse the connections

to the primary.

SECTION 6 : RADIO-FREQUENCY CHOKES
(0 Pie-tuound chokes («) Other types.

(i) Pie-wound chokes
Radio frequency chokes arc of two main types, those used above their main self-

resonant frequency and those used below it. In either case the choke is normally

required to have, over a range of frequencies, an impedance higher than some minimum
value and a high reactance which does not have sudden changes in its value. The
need for high impedance is obvious, and a constant value of reaaance is necessary

if the choke is in parallel with a ganged tuned circuit.

At frequencies below its natural resonance the impedance of a choke is due to its

inductive reactance, modified by the self-capacitance as shown in Sect. 2(i) of this

chapter, and so increases with frequency until self-resonance is reached. The choke
may have one or more *^nces, series as well as parallel, as explained below, but
above some high freqn y its impedance is approximately equal to the reactance
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15.S (viii) SINGLE-CONTROL CONTINUOUSLY VARIABLE 663

Fig, 15.43. More elaborate single control
continuously variable tone control. Typi-
cal values are : Vi == pentode^ Ry =-

5 MQ, R, ^ Ra - 0.25 MQy R, -
0.3 MQy Cl - 0.0001 /if, C 2 - 0.05
uFy Ca - 0.001 fjF {Ref. 62).

(B) Another example is Fig. 15.43 (Ref. 62) which is capable of giving treble boost
18 db at 10 000 c/s and bass attenuation 6 db at 50 c/s in one exueme position ; bass
boost 4 db and treble attenuation 21 db in the other extreme.

(C) An interesting circuit which gives simultaneous bass and treble boosting, linear
response, or simultaneous bass and treble attenuation is Fig. 15.43A (Ref. 86). The

cross-coupled stage

Fig. 15.43A. Tone control circuit ming cross coupled input stage {Ref. 86).

riG. 15.43
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two twin triodcs form the “ cross-coupled phase inverter
**—see Chapter 12 Sect.

6(viii)—which is here used to amplify the difference between the input voltages to

the 6SN7 grids. The frequency response curves are shown in Fig. 15.43B for differ-

ent values of Ri, The maximum output and the point of zero phase shift occur

at///o = 1, where /o = 1/27tRC. The frequency of the peak in the curve may be

determined by choice of R and C ; in the circuit shown, this frequency is adjustable

from 360 to 4000 c/s by means of a dual 1 MP potentiometer. A choice of/o = 600

to 800 c/s is pleasing in many cases.

}x) Ganged condnuously-variable tone controls

Two or more controls may be ganged and operated by a single knob. One control

may be the tone control and the other a control of gain so that the apparent output

level is held approximately constant at all settings.

(x) Dual control continuously-variable tone controls

(A) Simple duo-control circuit. Fig, 15.44A (Ref. 22)

This filter incorporates resistors and condensers only, and R^ controls the bass

and R^ the treble. A filter having a similar function is also described in Ref. 31.

A slight modification of this circuit is Fig. 15.44B which gives either bass or treble

boosting (Ref. 41).

FIG. < 5.44 6 ispoon

Fig. 15.44B. Simple tone control giving bass and treble boosting {Ref. 41).

(B) Duo-control circuit incorporating L and C (Fig. 13.45, Ref. 26)

In this filter, Ri controls the bass and /?, the treble. Hum may be troublesome

on account of L.

(C) Cutler duo-control circuit (Fig, 15.46, Ref. 26)

This filter may only be used to feed into the grid of an amplifier valve ; R4 controls

tfie bass boost and the treble boost. The maximum boost is 17 db at 40 c/s and

15 db at 10 000 c/s, relative to 1000 c/s, with the values shown.

riG. <5.45

Ff^. 15.45. Duo^control circuit in-

corporating L and C {Ref. 26).

fiG. IS.46

Fig. 15.46. Cutler duo-control
circuit {Ref. 26).
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(D) Paraphase bass-treble tone control (Figs. 15.47A, Ref. 56)
This is an outstandingly flexible circuit Which may be designed for any cross-over

frequency—400 c/s in Fig. 15.47A and the curves in Fig. 15.47B. The design pro-
cedure is :

1. Choose a cross-over frequency /«.
2. Choose R ^ where Rj == generator impedance.
3. Make C = 1/(2t/^).
4. Make = 10 ; then KR =- lOR and C/K = C/10.
Example : Choose fc = 400 c/s. Say generator impedance = 1000 ohms^ then

select

R = 82 000 ohms, from which
C = l/(2tr X 400 X 82 000) - 0.005 fiF ; C/K = 0.0005 ^F.

Fig. 15.47A. Paraphase bass-treble tone control {Ref. 56).

1 TSfS. 0 - SASS FULL

2 TSCS 0 - SASS ||

s ms. 0- sAss S

4 TSES 0 - SASS '/«

s ms FutL-aA» 0
4 maH~sASs o

7 ms W ~ SASS 0

8 ms V'4 SASS 0
9 TRES FULL- SASS FULL

»0 TSES. W - SASS W

FMBOUtHCV C.aS. FIG. IS. 47 S

Pig, 15.47B. Frequency characteristics of paraphase bass-treble tone control (Fig.
15.47A)(R«/.56).
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(E) Two-stage bass and treble tone control (Fig. 15.48, Ref. 41)

This employs a twin triodc with the treble boost control in the coupling from Vi

to Vt and ttic bass boost control in the coupling from the plate of F, to the following

stage.

(F) Simple two channel amplifier (Fig. 15.49, Ref. 22)

Owing to the separate amplifier valves, this circuit does not require the series re-

sistors Ri and used in Fig. 15.44 and has thereby less attenuation in the filter

network.

fio, is.4a

Fig. 15.48. Two-stage bass and treble Fig. 15.49. Simple two channel

tone control {Ref. 41). amplifier {Ref. 22).

(G) Wide-range two-channel amplifier (Fig. 15.50, Ref. 31)

In this circuit is an amplifying valve common to both channels,

Ft is a bass amplifier only, while V\ is a twin triode having one grid fed

from the bass amplifier and the other from F, through a filter network which

only passes the higher frequencies. However two plates of are approximately

equal in amplitude for all frequencies, owing to the common cathode coupling, and

opposite in phase, so that the output may be applied directly to a push-pull power

output stage. The bass amplifier F^ is a true bass booster, so that it is not necessary

to attenuate all except bass frequencies. The two controls provide (1) flat response

(2) independent treble boost (3) independent bass boost equal to the gain of If

it is desired to add treble attenuation, the filter circuit of Fig. 15.51 may be used. This

gives a flat response when the moving arm of the potentiometer is at the centre tap.

nc. IS.so

Fig. 15.50. Wide-range two-channel amplifier {Ref. 31).

(H) Retoiiant plate loading (Fig. 15.52, Refs. 26, 54)
Two parallel tuned circuits, one of which may be tuned to 50-80 c/s and the other

to 6(X)0-8000 c/s (or any other desired ftequencics) are connected in series with the
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of its self-capacitance, i.e. the impedance is inversely proportional to frequency and
eventually reaches values low enough to render the choke useless.

Thus to obtain high impedance over a wide band of frequencies a choke requires

maximum inductance and minimum self-capacitance. For lower frequencies universal

windings are used, usually split into two or more spaced pics with each pie as thin as

possible for minimum self-capacitance.

To keep the impedance high over a band of frequencies it is necessary to avoid any
tunir^of sections of the choke by other sections. A typical case of such tuning

woul^^cur in a r-f-c consisting of two pies of different sizes. The impedance-
frequency curve of such a choke would show two maxima at the self-resonant fre-

quencies of the two sections, but between these peaks there would be a serious drop

in impedance at the frequency at which the inductive reactance of one pie became
scries resonant with the capacitive reactance of the other. At such a frequency there

would also be a sudden change in the effective reactance of the choke which would
give tracking errors.

Scries resonance of the type described occurs whenever pies with different self-

resonant frequencies are connected together. To eliminate them it is not sufficient

to wind several pies with the same numbers of turns because the effects of mutual
inductance in different sections of the coil still give different self-resonant frequencies

to adjacent pies. To avoid this, Miller (Ref. H6) recommends winding progressively

smaller pies towards the centre of a multi-pie r-f-c to make the self resonant frequency

of each pie the same. He gives figures w'hich show a considerable increase in uni-

formity of impedance over a range of frequencies when this method is adopted.

In addition to the need for individual pies to be resonant at the same frequency,

Wheeler (Ref. H5) gives the requirement (for two-pie chokes) that the pics should

be connected so that mutual inductance opposes the self-inductance of the pics.

This almost entirely removes minor resonances which occur at approximately har-

monically related frequencies, and gives a very smooth curve of apparent capacitance

for the r-f-c. The spacing between pics and the number of turns on the pies should

be experimentally adjusted for best results with the choke located in the position in

which it is to be used.

(ii) Other types

At high frequencies (above 10 Me s) self resonant chokes can be w’ound to give a

high impedance over a reasonably wide band of frequencies. The winding length

of such chokes for a given former diameter and wire size can be obtained from Ref. HI
for frequencies between 10 and 100 Me s.

In other cases it is necessary to design chokes for maximum impedance, i.e. maxi-

mum inductance and minimum self-capacitance with a minimum of resistance. Such
an application occurs in the battery input circuit of a vibrator unit. Solenoids have

been used for this purpose but higher impedance can be obtained with pyramid wind-

ing (say eight turns on the first layer, seven on the second and finishing with a top

layer of one turn).

Even better results arc obtainable by using an iron core as a former, although the

winding must be arranged in such a way that the iron core docs not increase the self-

capacitance unduly.

Another application requiring a minimum-resistance r-f-c is a mains filter. Uni-

versal windings of, say, 26 A.W.G. wire are used in some cases, but where better per-

formance is required a wooden former of perhaps 2 inches diameter is used, and

slots in the former arc filled with jumble windings of heavy wire.
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SECTION 7 : TROPIC PROOFING

(i) General considerations (ii) Baking (iiV) Impregnation (iv) Flash dipping

(r) Materials,

(i) General considerations

The use of a suitable wax or varnish is not the only way in which the moisture

resisting properties of a coil can be improved. The higher the impedance of a circuit,

the greater the effect of a cenain resistance in parallel with it. Thus a leakage be-

tween coil terminals (or other appropriate parts of the circuit) due to moisture will have

a greater effect on a high Q circuit than on a low Q one. Depending upon the im-
portance attached to maintenance of performance in humid conditions, it may be de-

sirable to use low impedance (low Q and low’ L) circuits even at the expense of an

additional stage in a receiver.

Another aspect of the question is that the moisture absorption of a coil is governed

by its surface area. High Q coils usually have a larger surface (due to the use of pie-

winding for instance) and thus are more liable to deteriorate rapidly under humid
conditions.

This has been demonstrated in a test in which two sets of coils were used The
first set consisted of 1 mH coils wound in a single pie with a 3 8 in. cam, giving an
initial Q of 75, the second set of 1 mH coils were wound with three pics and a 1 10 in.

cam giving a Q of 145. Both sets of coils were baked, impregnated and flash dipped
and then exposed to conditions of high humidity. At the end of one week the single

pie windings had an average Q of 65, and the three pie windings an average (} of about

60. As the test continued the improved performance of the single pie windings

became even more marked. In addition the variations betw'ccn individual coils

were much less in the single pie windings, which may have been due to the more
variable nature of the flash-dip on the three-pic windings.

No coating or. impregnating treatment for coils prevents moisture penetration if

the exposure to high humidity is prolonged. On the other hand, some treatments

will delay the ingress of moisture much longer than others for instance the y of a

coil with a single flash-dip w'ill fall much more rapidly than that of a coil which has

been vacuum impregnated and flash-dipped twice. I hc corollary should not be

overlooked ; after prolonged exposure to humidity the coil with a single flash dip

will return to its original performance when the humidity is decreased more rapidly

than will the other. Conditions of use determine requirements, but it cannot be

taken for granted that the treatment which gives the slowest deterioration in Q is the

best for all types of operation.

Apart from maintaining moisture proofing is also required to maintain insulation

resistance between different windings or between windings and earth. This is

particularly important in the case of imerwound coils (c.g. an oscillator coil) in which
one winding is canhed and the other is of fine wire with a d.c. potential applied to it.

Leakage between the two windings in the presence of moisture can produce elec-

trolysis and a consequent open-circuit in the fine wire.

(U) Baking
Irrespective of the moisture proofing treatment which is to be applied to a coil,

the first requirement is to remove all moisture. This is done most conveniently

by baking at a temperature ab<ivc the boiling point of water. Materials used in coil

winding are liable to be damaged at temperatures greatly in excess of 1(X) C and a

satisfactory oven temperature is from 105 to UO C.

The time required depends on the component.s being treated, and it i.s essential

for all parts of a coil to be raised to oven temperature and maintained at that tempera-
ture at least for a short time. Raking for a quarter of an hour is a minimum for simple
coils, and half an hour is a more satisfactory time.
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One detail of oven design which must not be overlooked is that provision must
be made for removing the water vapour as it is expelled from the coils. A current

of fresh air passing through the oven is satisfactory for this purpose.

Whether the baking is followed by impregnation or flash-dipping only, the next
process should begin before the coils have cooled.

(iii) Impregnation
Although vacuum impregnation gives the best penetration of the impregnant and

best removal of moisture vapour and gas, a “ soaking *’ treatment is often used and
gives satisfactory results for commercial requirements.

A typical soaking treatment calls for the coils to be immersed in wax which is main-
tained at 105 to 1 10 for a period of from one quarter to one half hour, depending
on the type of winding, e.g. a thick universal winding needs more time than a spaced
solenoid. In any case the coil should be ’eft in the wax until no more bubbles are

given off.

The temperature of the wax-tank needs accurate adjustment as apart from damage
to coils which may result if it is i<x3 high, the characteristics of the wax may be altered

by excessive heating.

Soaking in varnish (air-drying or oven-drying) is also possible but it is necessary
to keep a close check on the viscosity.

(iv) Flash-dipping

Flash-dipping is commonly practised without impregnation and properly carried

out It can be a satisfactory commercial treatment. The flash-dip should be of the

same type of material as normally used for impregnation.

A wa.K-tank for flash-dipping can conveniently be maintained at a lower tempera-

ture than one tor soaking, and a suitable temperature is one at which a skin of wax
just develops on the surface of the tank on exposure tv> air. By keeping the top of

the tank covered when not in use the skin will not be troublesome and it can readily

be cleared away when necessary.

With the wax temperature low, a thicker coaling is obtained on the coil when dipped
and the tendency for '* blow-h(^Ics ” to develop is minimized. This is partly due to

the thicker ct>ating and partly because the coil itself is heated less by the wax and so

has less tendency to expel air through the coating of wax as it is setting.

(')nce a hole has developed it is desirable tv^ seal it with a hot instrument. To
attempt to seal it with a second flash-dip usually results in failure as air is expelled

through the hifle in the tirst coat as the coil is warmed up and this punctures the

second coating in liie same place.

If flash-dipping alone is used for moisture pnH>hng a minimum treatment might
be, hrst flash-dip, seal all blow-holes with wax, then second flash dip.

Similar troubles arc experienced with hifles when varnish sealing is used.

(v) Materials

'I'hc first requirement for an impregnating ^.vmipound is gcH>d moisture resistance.

It IS also important that its losses be low at the frequencies cvmccrned, and it is quite

possible to obtain imprcgnanis which can be used without noticeably affecting the Q
of the impregnated winding.

Because it is usually desirable to have minimum self-capacitance in a coil, the dielec-

tric constant should be low% and the temperature coelhcient should also be known.

Waxes can be obtained with dielectric constants having a negative temperature co-

efficient and this IS useful in offsetting the temperature cx'eflicicnt of the coil itself,

which is positive in all usual cases.

Apart from the resistance of a moisture pr^K>fing comp^mnd to moisture absorption,

its surface properties arc impi'riant. A compound which docs not wet easily is de-

sirable and tests on moisture pnH)fing should be designed to separate the etfccts of

surface leakage from those of absorption.
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Where flash>dipping only is carried out, some of the properties mentioned above

arc not of such importance but they cannot be ignored completely.

Other points which must be considered when choosing a moisture-proofing com-
pound arc that it must be capable of maintaining its properties over the range of tem-

peratures to which it is liable to be subjected. Melting of waxes is the trouble most

likely to be encountered, but crazing (and the consequent admission of moisture)

may be experienced at low temperatures.

Waxes and varnishes do not themselves support fungus growth, but they are

liable to collect coatings of dust which may do so. Suitable precautions to avoid

this may be desirable. More important is the avoidance in coils as far as possible of

materials which arc subject to fungus attack. Some types of flexible tubing fall in

this category and should not be used, and the same applies to some cheap coil former

materials. The fabric covering of wires also may support fungi and should be com-
pletely coated with the wax or varnish to avoid this occurrence.
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SECTION 1 : INTRODUCTION

(i) Voltage amplifiers

A voltage amplifier is one in which the voltage gain is the criterion of performance.

To be strictly correct it is not possible to have voltage without power since infinite

impedance does not exist in amplifiers, but for all ordinary purposes a “ voltage

amplifier ” is one in which a “ voltage ” output is required. V’oltagc amplifiers

generally work into high impedances of the order of 1 megohm, but in certain cases

lower load impedances are used and there is no sharp demarcation between “ voltage

and “ power ” amplifiers. In cases where transformer coupling is used between
stages, the secondary of the transformer may be loaded only by the grid input im-

pedance of the following stage and the numerical value of the impedance may not be

known. In such cases the transformer is usually designed to operate into an infinite

impedance, and the effect of normal grid input impedances on the transformer is

very slight compared w'ith the primary loading.

It is important to bear in mind the reversal in pc^larity which occurs in any valve

when used as an amplifier with a load in the plate circuit. As a consequence, the

a-f voltage from grid to plate is
*

H,, lin, /*,*(! A) CD
where A is the voltage gain from grid to plate.

481
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SECTION 2 : RESISTANCE-CAPACITANCE COUPLED TRIODES

(0 Choice of operating conditions (if) Coupling condenser (Hi) Cathode bias

(iv) Fixed bias (v) Grid leak bias (vi) Plate voltage and current (vii) Gain and
distortion at the mid-frequency (viii) Dynamic characteristics (ix) Maximum
voltage outfut and distortion (x) Conversion factors with r.c.c. triodes (xi) Input
impedance and Miller Effect (xii) Equivalent circuit of r.c.c. triode (xiii) Voltage

gain and phase shift (xiv) Comments on tabulated characteristics of resistance-coupled

triodes,

(i) Choice of operating conditions* (Fig. 12.1)

Any triode may be used as a r.c.c. amplifier, but for most purposes the valves

specify suitable for this application may be grouped :

1. General purpose triodes with ft from 15 to 50, and plate resistance from
6(X)0 to 10 000 ohms (with battery types somewhat inferior). These are also called
“ medium mu ** triodes.

2. Hi^h-mu triodes with /x from 50 to 100, and plate resistances say from 50 000
to 100 000 ohms.
The load resistance (R j) may be any value from a few ohms to many megohms,

but for normal operation should never be less than twice the plate resistance at

the operating point, with a higher value preferred. The load resistance should never
be greater than the following grid resistance and should preferably be not more
than one quarter of The following table is a good general guide, but capable

of modification in special circumstances.

Valve type - General purpose High-mu
Following grid resistor— 0.22 to 1 0.22 0.47 1 M.Q
Load resistance O.l 0.22 0.22 0.22 h\Q

or 0.47 or 0.47 MD
The optimum combination of R^ and for maximum output voltage is covered

in Sect. 2(ix).

The plate supply voltage (E^^) should

generally be as high as praaicable pro-

vided t^t the maximum ratings are not

exceeded. Plate supply voltages up to

300 volts are safe for use with all types of

indirectly-heated valves unless otherwise

stated. Somewhat higher supply voltages

may be used with triodes provided that the

designer ensures that, other than momeni-
tarily when switching on, the maximum
plate voltage racing is not exceeded under
any possible conditions.

The input grid resistor (R^i) should

not normally exceed 1 megohm with in-

directly-heated valves, although higher resistances arc satisfactory with 1.4 volt

battery valves. Higher grid resistances will not do damage to a r.c.c. triode, provided

that the plate load resistance is not less than, say, 0.1 megohm with 300 volts plate

supply, but the reverse grid current may be sufficient to shift the operating point into

the region of distortion and lower gain. For this reason cathode bias is to be pre-

ferred to fixed bias and the input grid resistor should not be higher than necessary,

particularly with high-mu triodes—sec (iv) below. For example, little is gained by

using a grid resistor having more than four times the resistance of the plate load re-

sistor of the preceding stage.

Values of input grid resistor in excess of 1 megohm may only be used satisfactorily

in low-level pre-amplifier operation where the valve is one specially manufactured

or tested for this class of service, under a specification which ensures that the reverse

grid current is very low. With a maximum reverse grid current of 0.2 ^ and with

•See Chafer 3 Sect. Idv) for vslve ratings and their liiniting effect on operation ; alto (v) Recom-
meiKled practice and operation.

riG. I a.

I

Ftg. 12.1. Triode valve (K,) resistance-

capacitance coupled to
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fi not greater than 40, a grid resistor up to 5 megohms may be used, provided that the

total resistance of the plate load resistor and the plate decoupling resistor is not less

than 0.1 megohm.
If grid‘leak bias is used, may be from 5 to 10 megohms.
The output grid resistor (Rgz) niay be the maximum recommended for the

following stage by the valve manufacturers usually 0.5 megohm for power valves

with cathode bias or as determined by eqn. (6) or (7) in Chapter 3 Sect. l(v)d.

Lower values are desirable to reduce the effects of reverse grid current in the follow-

ing stage, and there is no appreciable advantage in either gain or distortion through
the use of a resistance greater than 4 7?^. Calculation of the maximum grid resistance

for use with power valves is covered in Chapter 13 Sect. 10(i).

(ii) Coupling condenser
The coupling condenser (C) may be selected to give the desired low frequency

response. The loss of voltage due to C may be calculated by the use of a vector dia-

gram or by the following equation, which applies to the circuit of Fig. 12.1 provided
that the input resistance of V-. is very high.

/: R/\Z\ “ (la)

where signal voltage on grid of V2

li signal voltage across Rj
R Rgz ' r^Rj (rp f R j)

or as an approximation, ^ Rg^ if the plate resistance of is

small compared with K.,2> .

\Z\ magnitude of series impedance of R and C
\ R‘ : -Vc'

and X, l/oiC ~ \^2^fC.
For example,

tained

if R 1 megohm and / ^ 50 c/s, the following results will be ob-

db loss Ug E Xr;R Xc c
1 0.891 0.51 0.51 megohm 0.006 24 /xF

2 0.794 0.76 0.76 megohm 0.(X>4 19 /iF

3 0.708 1.00 1.0 megohm 0.(X)3 18 fiF

The phase angle shift is given by
tan ‘ 1 coCR tan * \ 2nfCR (lb)

In certain cases a low value of C is adopted intentionally to reduce the response

to hum arising from preceding stages. However, the use of a low coupling capacit-

ance, when the following grid resistor is 0.5 megohm or more, increases the hum
contributed by the following valve through the a.c. operation of its heater. A low

coupling capacitance should therefore not be used on a low-level stage. In high

fidelity amplifiers a fairly large value of C is generally adopted, thus not only improving

the low frequency response but also reducing phase shift and possibly also improving

the response to transients. However, excessively large values of C are undesirable.

The following table gives the approximate values of C for certain selected con-

ditions. Note that R must be as defined below eqn. (la).

COUPLING CONDENSER
Attenuation 1 db at 12.5 25 50 100 200“ c s

2 db at 8.5 17 34 67 134 c / s

3 db at 65 13 26 51 102 c/s

R 10 (XX) ohms 2.5 1.25 0.62 0.31 0.15

50 000 ohms 0.5 0.25 0.12 0.06 0.03 fiF

100 000 ohms 0.25 0.12 0.06 0.03 0.015 fiF

0.25 megohm 0.1 0.05 0.025 0.012 0.006 /xF

0.5 megohm 0.05 0.025 0.012 0.006 0.003

1.0 megohm 0.025 0.012 0.006 0.003 0.001 5 ^iF

2 megohms 0.012 0.006 0.003 0.001 5 0.000 8 fxF

5 megohms 0.005 0.002 5 0.001 2 0.000 6 0,000 3
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The effect of selected values of capacitance for R 1 megohm is shown graphically

in Fig. 4.36. These curves have an ultimate slope of 6 db/octavc.

A general curve of attenuation and phase shift is given in sub-section (xiii) below

and Fig. 12.9. A Nomogram of transmission factor and phase shift is given by Ret. A2.

(iii) Cathode bias
(A) Cathode bias (Fig. 12.1) is generally preferable to tixed bias as it is largely

self-compensating. The plate current flowing through produces a voltage drop

which is smoothed out by and applied through R,,x to the grid. The full voltage

on the grid (in the absence of grid current) is

F. I,R, (Ic)

where /«, plate current in amperes

and Rk resistance of cathode resistor in ohms.

If negative* grid current (e.g. gas or grid emission current) is flowing, the bias

will be decreased by I^R^i

where Ij direct grid current in microamperes (taken as positive)

and Rj^ - resistance of grid resistor in megohms.

nc. la.SA

Fig. 12.3A. Frequency characrertsitcs due ro caihodc hy-pus^ condefi^cr tilth i^cfteral

purpose mode having 20, r. 10,(XK) F/ 0.1 nugohni, R 0.5

megohm y R, 27(X) ohms.

If positive grid current is flowing the bias will be increased by l^R.,^.

The cathode by-pass condenser C\ is only fully clTcctivc at high frequencies, and

it becomes increasingly ineffcaivc as the frequency is decreased under these con-

ditions there is degeneration (negative current feedback sec Chapter 7). The
effect of Ri andC\ on the voltage gain at any frequency is given by the equation

A'

A

where A'

A

Ot

I . (o^CkRky

- DR^Y
R' r„ J

( cuCkRt,)'
( 2 )

stage voltage gain at frequency / with self bias resistor F* by-passed

by condenser

stage voltage gain with Ri completely by-passed

mid-frequency V()ltage gain

2rr/ 2rr frequency of input signal

’Alv) kmwn reverse uriJ current.
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C* capacitance of by-pass condenser in farads

Ric - resistance of self bias resistor in ohms
valve amplification factor at the operating point

Tp ™ valve plate resistance in ohms at the operating point

Rf - resistance of plate load resistor in ohms
R ^2 “ resistance of following grid resistor in ohms

and R' R^Rj^/iR^ f R^^)-

The derivation of eqn. (2) is given in Ref. Bll ; see also Refs. All, A13.

The attenuation characteristics of a typical general-purpiose triode with cathode
bias are given in graphical form in Fig. 12.3A. It will be seen that all curves have

the same shape, but are shifted bodily sideways depending on the value of Cjt- The
maximum slope of the curves in Fig. 12.3A is 1.4 db/octave ; the slope does not

normally exceed 3 db/octave when R^ is the optimum value to provide bias.

The limiting loss of gain at zero frequency due to is given by

A' R' - r,,

A R' - . \)R\
(3)

Examples of limiting loss of gai^n at zero frequency (based on equation 3)

Type R 12 R R. rv* A'/A loss

6J5 O.lfAQ 0.5bAQ O.OSMfi 2700 18 17 000 0.65 3.7 db

6Q7 0.25MQ 0.5MQ 0.17Mf2 3000 68 70 000 0.53 5.5 db

6SQ7 0.25Mr^ 0.5MQ 0.17M-O 3900 100 100 000 0.40 8.0 db

•At operating point.

t 10 so 100 soo ipoo
Frt^ncy c/i FiG. 12,38

Fig. 12.3R. Universal atTcnuatian cunrs tvirh cathode bias {Ref. Ali Parr 4).

Universal attenuation curves are giv’en in Fig. 12.3B (Ref. A1 1 Part 4) in which

and A'* 1 (...C*).
. V .

(B) The phase angle shift is a maximum at the frequency where the slope of the

attenuation characteristic is a maximum, and drops tow'ards zero at zero frequency
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and at higher audio frequencies. The maximum value for any normal r.c.c. amplifier

does not exceed about 30°.

Universal curves showing phase angle shift arc given in Fig. 12.3C in which the

symbols have the same meaning as in Fig. 12.3B.

(C) Choice of cathode bias resistor

The best method is to determine the grid voltage as for fixed bias—see (iv) below

—

and then to calculate /?*. A fairly satisfiictory approximation is to select by the

following table.

MI?
Low level

Inter-

mediate

level

High level

Rg - R
J

R. = 2R,

12 to 25
i

any R, - 0.25Rj/h- 0.5R,Jfi O.bRJii O.SRj/fi

30 to 50
11

any R, -- 0.5R^/fi 0.7R 1 / I 0.7/?,/^ 1 0.9/?,7/i

70 to 100 0.1 ! Rk 10E,//i \.2R,/fi i 1.2/?, /m j
1.6/?, //x

i

0.22 Rn - O.SRi^/fi. 1.0R,,V 0.9/?,, M 1
1.2/?,, /X

' 0.47 Rk 0.65/? ///X 0.8R,7m 0.75/?,, /i 1.0/?, /fx

Conditions : Plate supply voltage 200 to 300 volts. Values of are the published

values.

Fig, 12.3C. Umversal phase angle shift curves with cathode bias (Ref. All Part 4).

(D) Cathode bias loadiines

Cathode bias loadlines may be drawn on the plate characteristics as on the mutual

characteristics [Chapter 2 Sect. 4(v) and Fig. 2.27] but they will no longer be straight

lines. Fig. 12.4 shows the loadline and plate charaacristics for a high-mu triodc.

The cathode bias loadline may very easily be plotted for any selected value of /?»,

c.g. 10 000 ohms. In Fig. 12.4 each curve applies to increments of 0.5 volt in Et,

so that (with 10 000 ohms) the successive increments of / 6 are 0.05 mA -

= 0 0.5 1 -1.5 2 - 2.5 3 volts

7* 0 0.05 0.1 0.15 0.2 0.25 0.3 mA
The intersection of the selected loadline with the R

j
loadline gives the operating

point (Fig. 12.4).

Alternatively, the intersection of the Rj loadline with each grid curve may be

marked with the corresponding value of ; e.g. in Fig. 1 2.4 at point A, E , 1 .5 V
and /» == 0.47 mA, therefore - (1.5/0.47) / 1000 3200 ohms Similarly at

point B, Rit ^ 7800 ohms. If greater accuracy is required in determining an in-
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dividual point, the values of Rk may be plotted against Ec, and the desired value may
be selected.

For greater accuracy, particularly with relatively high values of cathode resistance,

the slope of the loadline in Fig. 12.4 should be that corresponding to -f /?*).

(E) Maximum grid resistance with cathode bias
It may be shown that the maximum permissible grid resistance with cathode bias

is greater than that with fixed bias, as indicated by the approximation :

Rg with cathode bias

7er\Wth"fi3c^bias
^ 1 ^

where slope of dynamic characteristic at operating point

gmrp ft

(Xv i Ri) (rp f Rj)
gm " mutual conductance at operating point

ft - amplification factor at operating point
Tp ^ plate resistance at operating point

and Rk ^ cathode bias resistor.

This ratio (cqn. 3a) is usually between 1.2 and 2.

Fig. 12.4. Plate characteristics of high-mu triode (()SQ7) with ~ 400 volts and
R/ 0.5 megohm. Cathode bias loadlines for selected values of cathode bias resistance

(Ri) have been drawn in.

Fig. 12.5. Resistance-capacitance coupled triode with fixed bias from voltage divider.

(iv) Fixed bias
(A) It is sometimes desired to operate the valve with fixed bias, either from a

separate bias supply (battery or rectifier/ filter combination) or from a voltage divider

across the plate supply. Fig. 12,5 is an example of the latter, with R^ and R^ forming

a voltage divider. Here

RfEkb + RiRt^ b . n „ _ rA.\^
^

/?. -f /?,

Condenser C* is for by-passing /?j, but as may have a fairly low value, thus necessi-

tating a large capacitance for C*, it is frequently economical to add R 3 and so permit

a smaller value of C*. In addition, forms a useful hum filter for the bias volt-

age.

(B) The optimum grid bias (
- E,) is a fimction of the input voltage ; the bias

should be the minimum (/?,) which can be used without running into damping due to

positive grid ctxrrent, with a margin for differences between valves, together with a

further margin (itt) to allow for the effects of reverse grid current in the grid resistor.

If the input voltage is known,

Ee - 1.41 E, k^ f ifa volts (5a)

If the output voltage is known,

Er - (1.41 Eb/A) { Af| f volts (5b)
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where
E,
A

r.m.s. input voltage

r.m.s. output voltage, from plate to cathode

voltage gain of stage

0.75 to 1.0 for high-mu indirectly heated valves*

0.6 (approx.) for general purpose indirectly heated valves*

0.25 (approx.) for battery valves*

7.5 R,

100

100 R,

for high-mu valves

for general purpose valves.

/?,! — resistance of grid resistor (upper limit)

and R^ = resistance of plate load resistor (lower limit).

These approximate values of k, are based on typical American manufacturing

specifications for maximum grid current (limiting values), and on the assumption
that the reverse grid current is proportional + to the plate current.

voltage of 250 volts.

Case 1 : 1 megohm

- 0.1 megohm
General purpose triode

k. 0.?!

High-mu triGcIc

k. 0.75 volt

0.22 megohm k. 0.14 k: 0.34 volt

“ 0.47 megohm k. 0.07 Ar. 0.16 volt

The additional bias { k -,) provided to allow for the effect of reverse grid
current is of no great consequence with general purpose triodes, but it is

very serious with high-mu triodes

Case 2 : 2/?,,

ki
~ 0.15 volt for high-mu triodes

-- 0.06 volt for general purpose triodes.

Case 3 : R,, 4Rj
kt - 0.3 volt for high-mu triodes

it, 0.12 volt for general purpose triodes.

Thus with general purpose triodes operated as fixed bias r.c.c. amplihcrsy
a grid resistor having a resistance of 1 megohm or even higher may be used without

serious effects. However, it is always desirable to keep the resistance as low as

practicable not more than four times the resistance of the preceding plate load

resistor, and not exceeding 1 megohm.
If the effect of reverse grid current on the operating point is to be kept small in

fixed-bias high-mu triodes, it is essential to use a grid resistor (that is, its own
grid resistor) having a resistance not more than twice that of its plate load resistor.

This will restrict the maximum change of bias to 0.15 volt (i.e. 0.15 voliV For

example a load resistance of 0.47 megohm will permit the use of a grid resistor of

1 megohm, w'hile a load resistance of 0.22 megohm will permit the use of a grid re-

sistor of 0.47 megohm.

(C) Cathode bias is preferable to fixed bias in that the shift of operating point

due to reverse grid current is minimized. With general purpose triodes employing
cathode bias there is no advantage in making any adjustment to the bias voltage as

calculated for fixed bias (cqns. 5a, 5b) but with high-mu triodes employing cathode

bias the value of k. may be taken as approximately

5 R
inn r>

high-mu valves with cathode bias.
KX/ R

!

Consequently, with high-mu triodes, the resistance of the grid resistor may be
made 1.5 times that with fixed bias for the same effect on the operating-point.

*The«<r valur<i of arc only typical, and are likely to be exceeded by ^omc valves. In each case, a

value should be determined for the valves betnit used.
'tThis is approxinuacly true when the reverse grid current is nearly all due to ionixatton—see Ref.

Cl, Fig. 1.
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(D) Damping due to positive grid current

It is shown in Chapter 2 Sect. 2(iii) that damping on the positive peaks of grid input

voltage may be quite serious, even when the peak grid voltage docs not reach the grid

current “ cross-over point.’* This damping on pt>sitive peaks introduces an object-

tionable form of distortion which is particularly important when the preceding stage

has high eftective impedance (looking backwards from the grid of the stage being con-

sidered) as, for example, with a high-mu triode or pentode. The damping at the

positive peak of the input voltage is proportional to the grid conductance at this point,

which value increases rapidly as soon as electrons commence to flow from cathode

to grid, and even while the resultant grid current is still negative.

If grid current damping is to be avoided, the grid bias must be increased sufficiently

to avoid this region.

(v) Grid leak bias

If a grid resistor of 5 or 10 megohms is used, it is possible to obtain the grid bias

for a high-mu triode by means of the voltage drop in R.^ jscc Chapter 2 Sect 2(iii)].

This imposes damping on the input circuit due to the grid current, and the average

input resistance is approximately R 2. The distortion is approximately the same

as with the optimum fixed bias, but the great advantage is that it accommodates itself

variations from valve to valve, while fixed bias is critical.

It may also be used with general purpose triodes operating with input voltages not

exceeding, say, 1 volt peak.

Grid leak bias is not very suitable for use with low-level (pre-amplifier) stages owing

to hum.

(vi) Plate voltage and current

As discussed in Chapter 2 Sect. 3(i), the

voltage on the plate is less than the supply

voltage by the voltage drop in the load re-

sistor. This is illustrated in Fig. 12.6 in

u'hich the loadline is fixed by the plate sup-

ply voltage Ffth and the load resistance Rj.

The quiescent operating point Q is fixed

by the intersection of the loadline and the

grid curve for E,,, the bias voltage having

been previously determined. Alternatively,

the cathode bias loadlinc may be drawn by

the method described above, thus de-

termining the operating point.

Having fixed y, the quiescent plate cur-

rent ho and plate voltage will auto-

matically be fixed. If

Fig. 12.0. Plate characteristics of r.cx.

triode u'ith normal loadline AB, operating

point Q, and tvorktng loadhne EQF
due to grid resistor shunting.

ho where AT is a constant less than 1 and h Rjy then

Et,o (1 If K 0.5, for example, then

/,.o i/r, iEf,, Rf and Eko iE,,; in this case the voltage across the

valve is equal to the voltage across the load resistor. In practice, K may have values

between about 0.25 and 0.85.

Typical values of K are tabulated below
Intermediate

Low level level High level*

General purpose triodes 0.75 - 0.85 0.6 0.75 0.5 0.6

High-mu triodes 0.6 0.65 0.5 0.6 0.45 0.55(R
f

0.5Mf^)

0.4 0^ {R, 0.25M.Q)

*lf is less than then the values of K for high level operation should be

decreased.
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Reladon between K and cathode bias resistor

Knowing K, it is possible to calculate R* or vice-versa :

R, ^ (6a)
fiK

K ^ S~T-^r—5- (6b)
Ri + Tp + f^Rk

Relation between K and grid voltage

^ [R^ - KiR^ -r rp)t(£,,;/xR^). (6c)

Eqns. (6a), (6b) and (6c) are exact for linear characteristics, but only approximate

in practice.

Example : ^ ^ 20, rp — 10 000 ohms,
K = 0 0.1 0.2 0.3 0.4 0.5

E, = -12.5 -11.1 -9.7 -8.4 -7.0 -5.6

0.1 megohm, Etb - 250 volts

0.6 0.7 0.8 0.9 1.0

-4.3 2.9 1.5 -0.1 M.25

(vii) Gain and distortion at the mid-frequency
The voltage gain at the mid-frequency is

^ Rl -r r, (l/r,) -r ( 1
,
7?/.)

^ ^

where there is no a.c. shunt load, and where n, and r^, are the values at the operating

point, that is at the operating plate current. Alternatively this may be calculated

from the loadline (Fig. 12.6) :

Ao = ^ (6c)

where E^t is plate voltage corresponding to negative peak grid signal voltage

E^i is plate voltage corresponding to positive peak grid signal voltage

and Efi is peak grid signal voltage.

Wh^ there is m following grid resistor Rg^y the loadline must be rotated about

Q to a new position EQF with a slope of —(1/^2: + ^/Rpt)- The voltage gain for

the same input voltage is then

which may be shown by the equivalent circuit [see (xii) below] to be

""
l/r, +T7«“'-r“l7«,.‘'

also A'/A = /?„/(/? + R,^) (8)

where R = Rf r^/iRi -r r^)

and gp, and rp are the values at the operating point.

In practice, the new loadline EQF extends downwards with point F in the region

of increasing distortion, and in the extreme case plate current cut-off may occur.

This effect may be avoided by reducing the input voltage so that the output voltage

will be

R,t/(RL -f Rpi) X output voltage without shunting (9)

Gain in terms of and gp
Equation (6d) may be put into the alternative form

'’• - '’>

where gp = plate conductance at the operating point l/r,.

When there is a following grid resistor R,k the gain is given by

where R R,Rpt/(Ri Rpt)-

The values of and g, may be derived from “ G ** curves (e.g. see Fig. 13.9B).

By this means the actual values of gp, and g, at the operating point may be determined
with a good degree of accuracy without any assumptions or manipulations (Ref. A15).
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Distortion
The percentage second harmonic distortion—sec Chapter 13 Sect. 2(i)—is given by

(viii) Dynamic characteristics
The dynamic characteristic of a resistance-loaded triode is described in Chapter 2

Sect. 3(i) and Fig. 2.19. In shape it closely resembles the dynamic characteristic

of a resistance-loaded pentode, and a comparison between the two is made in Sect.

3(viii) below and Fig. 12.15. With the triode dynamic characteristic the greater

part or the whole of the “ top bend ** is in the grid current region and therefore can-

not be used. The most nearly straight portion is therefore that of minimum bias.

An “ ideal ** (linear) dynamic characteristic of a general purpose triode is shown in

Fig. 12.7A. It is limited at the lower end by plate-current cut-off at A, while the

other end is in the grid current region. The usable part extends from A to G, but

in reality the lower part is curved, and is avoided as far as possible. The upper end
(GB) is also curved, but as this is in the grid current region it cannot be used in any
case. The curves are to scale for /x — 20, r, ^ 10 000 ohms, -= 0.1 megohm
and 250 volts.

Fig. 12.7. Ideal ” linear dynamic characteristics {A) for general pierposc triode

with 20, r, ^ 10 000 ohmsy Rj^ 0.1 megohm and 250 volts ; (B) for
high-mu triode with = 100, rp 0.1 megohm^ R^ - 0.25 megohm and 250

volts.

Point C at Ee 0 has a plate current E^ty^(Rj + r,) which in this case is

0.91 E tb 'E.J. This point and point A may be used as the two basic points for plotting

the loadline. Alternatively, point B may be plotted, since FB - Point

G is the commencement of grid current (F^ ^ - 0.5 volt) and in this case its /^2 —
0.86 Etb/Ri- highest operating point cannot exceed 0.85 and this is

only possible for extremely small input voltages. The lowest useful operating point

(for high-level operation) is D, which is the mid point of AG, with 7^, = 0.43 F^ ^/F;

.

Thus the operating point must be within the limits 0,43 and 0.85 x F>»/F;.
The dynamic characteristic in Fig. 12.7B applies to a high mu triode with ju 100,

Tp 0.1 megohm, R^ ^ 0.25 megohm and F^^ ^ 250 volts. The grid current

is taken as commencing at Fe = — 0.75 volt. The usable part of the characteristic

extends from A to G, and the operating point must be within the limits 0.25 and 0.5

multiplied by F^b/F;. The upper limit would be somewhat extended if the load

resistance were increased to 0.5 megohm.

(iz) Maximum output voltage and distortion

It is difficult to lay down any limit to the maximum voltage output, since over-

loading occurs very gradually. It is assumed that in all cases the grid bias is sufficient

to avoid positive grid current.
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An approximate method for determining the conditions for maximum output
voltage are given by Diamond (Ref. A 16). In Fig. 12.7C, the tangent FCA at

cuts the voltage axis at F where The dynamic loadline AQD corresponds

to Ri in parallel with the following grid resistor Point B is predetermined by
the minimum plate current permissible on account of distortion

The optimum value of Rf is given by

and the maximum value of peak-to-peak voltage swing is then

where rp ^

8 -
X

Y

Eob ^

Eo =
and e, ^

1 8

^
; 2(S '

v
'8

plate resistance at point C (as given by slope of FC)

R,..

“ positive ” swing GK
total swing GH

plate supply voltage

peak-to-peak total voltage swing GH
plate voltage corresponding to intersection of tangent FC with volia^e

axis.

Fig, 12.7C. Approximate method for determining conditions for maximum output
voltage (Ref. Alb).

The value of y for low distortion in a single valve is 0.5 ; values appreciably higher

than 0.5 are possible with push-pull operation. The value of e, is a function of the

valve character i.stics, the load resistance and the plate supply voltage ; it is usually

less than 10 volts for R, not less than 0.1 megohm and ^ not greater than 3(X) volts.

Example : Type 6J5, r^ 10 000 ohms, e, 5 volts, 250 volts, R^j 0.5

megohm, 0.2 mA, y 0.5. We obtain x 50, 8 0.008 17, y x O.Ol,

and from the equations, R, ^ 70 000 ohms optimum i £„ 186 volts pcak-to-pcak.

Output voltage and distortion

The maximum output voltage for a general purpose triodc (e.g. type 6J5) for 14‘\,

intermodulation distortion* and E^t, from 180 to 300 volts is given approximately by :

Load resistance Following grid Maximum output

resistance voltage r.m.s.

0.1 megohm O.l megohm 0.155

0.2 megohm 0.19 -

0.4 megohm 0.215 - £.»
0.25 megohm 0.25 megohm 0.20

0.5 megohm 0.24

1 .0 megohm 0.27

*For dcfaih u( mtcrmodulation distortion u;t Chapter 14 Sect. 3.
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For lower values of I.M. distortion, the preceding values of maximum output
voltage should be multiplied by :

I.M. Rj 0.

1

megohm Rj 0.25 megohm
10“,, Factor 0.8 Factor 0.72

5“,. 0.48 0.36

2.5“., 0.26 0.18

With a high-mu triode the voltage output for 14“,, intermodulation distortion is

only about 0.17 E,,,, to 0.21 E,,,. for Rj 0.25 and R.j., 0.5 megohm.
Note that with intermodulation distortion the ouput voltage is taken as the arith-

metical sum of the component voltages see Chapter 14 Sect. 3(ii).

The intermodulation distonion of a triode and a pentode are compared in Fig.

12.16A [Sect. 3(ix)l. At low output voltages the pentode gives less distortion while
at high output voltages the triode gives less distonion. The triode is, however, less

critical than the pentode, and the distortic-n increases at a lower rate than with the

pentode when the bias is made more negative than the optimum value.

(x) Conversion factors with r.c.c. triodes

Some valve manufacturers publish values of ft, g and r„ plotted against plate

current. These may be used fairly accurately under any conditions of plate or grid

voltage.

If these are not available :

1. The amplification factor is nearly constant. In most high-mu triodes it

drops ab<-iut 5“,, to 10“,, (15“., for types 6SL7-GT and 5691) as is reduced to

0.25 mA, while in general purpose triodes it drops about 15“., as It, is reduced to 1 mA.
2. The mutual conductance is largely a function of the plate current and is given

by the approximate equation

^ (11a)

where ^ desired mutual conductance at any operating point with plate current I
j,

published mutual conductance at plate current /^o

and E IS given by the follov, ing table based on the equation

J- \' /•',
s' /. /^„

/* /m. 1.0 0 9 0.8 0.7 0.0 0.5 0.4 0.3 0.2
}•' 1.0 0.97 0.93 0.89 0.84 0.79 0.74 0.67 0.58

Alternatively, if the gain with resistance-coupled operation is known, the mutual
conductance at the operating point may be calculated from

voltage gain

R{fi voltage gain)

where R RjR, [R
^

• R \

and amplification factor at the operating point.

3. The plate resistance may be calculated from r, It is approximately

equal to I,..

(xi) Input impedance and Miller Effect

In the amplifier of Fig. 12 1 the grid to plate capacitance has impressed across

it a voltage {A • \)E, where A is the voltage gain of l\. The current flowing

through is therefore (A 1) times the current which would flow through the

same capacitance when connected from grid to cathode. This is one example of the

Miller Effect which occurs in all amplifiers. For example take type 6SQ7 high-mu

triode with C,, 1.6 and A 62’ The effective input capacitance due to

C\,, alone is therefore 63 1.6 101

The total input capacitance also includes the capacitance from grid to cathode plus

{A 1) times any stray capacitance from grid to plate.

If the plate h>ad is partiaUy reactive the input impedance is equivalent to a capacit-

ance C and a resistance R in parallel from grid to cathode,

where C' * (1 ‘ /I cos <^) C^p, (12)

R I arr/C\pAsin4>) (13)

.er

0.1

0.46

(11b)
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and ^ = angle by which the voltage across the load impedance leads the equival-

ent voltage acting in the plate circuit (<t> will be positive for an inductive load and

negative for a capacitive load)

When the load is capacitive, as usually with a r.c.c. amplifier, R' is positive and

there is some slight additional loading of the input circuit. When the load is induc-

tive, R' is negative and self oscillation may occur in an extreme case.

(xii) Equivalent circuit of r.c.c. triodc
The exact a.c. equivalent circuit of a r.c.c. triode is given in Fig. 12.8 where the

valve Kj is replaced by a generator of voltage fiE^ in series with fp. The plate load

resistor R^is shunted by Co, which includes the valve output capacitance plus stray

capacitance. The grid resistor of is shunted by C< which includes the input

capacitance of F, (including the Miller Effect capacitance from the plate) plus stray

capacitance. Any additional condenser connected from plate or grid to earth should

be added to Co or C, respectively.

FIG. i2.a

The cathode bias resistor is here assumed to be adequately by^passed at all signal

frequencies.

This equivalent circiiit is the basis of the t'alculations of gain and phase angle

shift at ail frequencies.

(xiii) Voltage gain and phase shift

It has been shown by Luck and others that the voltage gain/ frequency characteristic

of a r.c.c. amplifier has the same mathematical form as a tuned circuit except that

the Q is very low (never greater than 0.5). There is a mid-frequency at which the

gain is a maximum (Aq) and the phase shift zero. At both lower and higher fre-

quencies the gain falls off, and when the gain is /!o \ - the absolute values of the

resistive and reactive components arc equal. These two reference frequencies, which
correspond approximately to 3 db attenuation, arc the basic points on the attenuation

characteristics, and, with the mid-frequency gain i4o, arc sufficient to determine the

whole frequency characteristic. The value of Q is given bv

Q -/o/(/. /a)
'

(14)

where /« ^ mid-frequency (at which voltage gain is Aq)

/* ^ (high) reference frequency at which voltage gain is 0.707 Aq
and fm (low) reference frequency at which voltage gain is 0.707 /!„.

The low reference frequency /„ is given by

/a - \f2nCR' (15)

where R' ^ R^ ^ f Rj)
and the constants are as in Fig. 12.8.

The high reference frequency (Z^) is given by

/, l/2rr(Co b CdR" (16)

where/?" jR^/{rJR

^

f -f RfR,).
When /, and /* have been determined, the attenuation at any other frequency may

be found by reference to Fig. 12.9A.

The phase shift at any frequency may be determined from Fig. 12.9B ; the phase
shift at /a and /» is 45 leading and lagging respectively.

Alternatively, if the low reference frequency is known, the gain at any frequency
/ is given by (Ref. FI):
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12.9(A). Attenuation in decibels for r.c.c. mode at lozv and high frequencies

(B) Phase shift at lozv and high frequencies. Values of phase shift for frequencies beyond
the limits of the curx'es may be estimated zeith reasonable accuracy by taking the angle

as proportional or inversely proportional to the frequency.

gain at frequency /
. cos tan ‘ (17)

gain at mid-trequcncy /
while the phase angle shift is given by

tan 4> /., / (18)

uhere /„ low reference frequency (3 db attenuation).

Similarly if the high reference frequency is known, the gain at any frequency /
is given by

gain at frequency/ /
. ,

. cos tan ^ - (19)
gam at mid-lrequcncy /„

wliile the phase angle shift is given by
tan <i> yj ^ (20)

where f ^ high reference frequency (3 db attenuation).

(xiv) Comments on tabulated characteristics of resistance-coupled
triodes

Published operating characteristics of rcsisiancc-couplcd triodes (unless the test

conditions are specified) appear to be taken under test conditions with a low source

impedance, a low d.c. resistance between grid and cathode, and a small value of posi-

tive grid current. When this is so, they cannot be applied directly to the normal prac •

tical case where there is a high revisiance d.c. path between grid and cathode, and
where the source impedance m.iy be high. The usual value of total harmonic distor-

tion, unless othcr\Nisc specified, appears to be about 5’^o under the conditions of test

(Ref. A17>.

In a practical resistance-coupled amplifier the maximum output voltage for total

harmonic distortion will be less than the tabulated value, depending on the source

impedance and the d.c. resistance from grid to cathode, in the presence of grid-circuit

damping. This damping is caused, not only by positive grid current, but also by

ihc grid input conduaance which, on the extreme tip of the positive peaks, may be

appreciable. See page 20 under Grid variational conductance and page 489 under

Damping due to positive grid current.

Thus, for any practical amplifier, the tabulated maximum output voltage is mis-

leading, and a lower value should be used for design purposes. In addition, there

will be a slight effect on the gain.
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SECTION 3: RESISTANCE-CAPACITANCE COUPLED PEN-
TODES

(i) Choice of operating conditions (ii) Coupling condenser (Hi) Screen by-pass

(iv) Cathode bias (r) Fixed bias (in) Dynamic characteristics of pentodes (vii) Gain
at the mid-frequency (viii) Dynamic characteristics of pentodes and comparison tvith

triodes (ix) Maximum voltage output and distortion (x) Conversion factors tvith

r.c.c. pentodes (xj‘) Equivalent circuit of r.'c.r. pentode (xn) Voltage gain and phase

shift (xiii) Screen loadlines (xiv) Combined screen and cathode load-lines and the

effect of tolerances (xv) Remote cut-off pentodes as r.c.c. amplifiers (xvi) Multigrid

valves as r.c.c. amplifiers (xvii) Special applications (xviii) Comments on tabulated

characteristics of resistance-coupled pentodes.

(i) Choice of operating conditions
A r.c.c. pentode may be treated as a special case of a r.c.c. triode, and many features

are common to both provided that the necessary adjustments are made for the differ-

ences in tJLy g^ and r^.

The load resistance (Ri) may be any value from a few ohms to many megohms,
but for normal operation it is generally from 0.1 to 0.5 megohm. Lower values are

used when a reduction in gain or an extended high frequency response is desirable,

or when some form of tone correction is intended. Higher values are occasionally

used for special applications, but the frequency response is seriously limited unless

negative voltage feedback is used. The load resistance should never be greater than

the following grid resistor (R^^) 2^nd should preferably be not more than one quarter

of Rgt. The choice of load resistance has only a small effect on the distortion, lower

values of R^ (of the order of 0.1 megohm) being somewhat better in this respect.

Plate supply voltage : As for triodes.

Screen supply : A series resistor from the plate supply voltage is generally pre-

ferred. Valves in which the screen current has wide tolerances (e.g. some remote
cut-off types and most tetrodes) should be supplied from a voltage divider.

Following grid resistor : As for triodes.

Input grid resistor : As for triodes.

(ii) Coupling condenser
The triode formulae and curves in Sect. 2(ii) may be used except that R may be

taken as being approximately equal to ^ See Sea. 3(x) below for more
accurate calculations involving r,.

(iii) Screen by-pass
For normal performance it is necessary for the screen to be adequately by-passed

to the cathode. In praaice this is usually obtained by by-passing from screen to

earth and also from earth to cathode, the value of C* being normally much larger

than C, (Fig. 12.10).

FIG. 12.10

Fig. 12.10. Circuit of resistance-

capacitance coupled pentode with
screen dropping resistor arul cathode

bias.

The effea of incomplete screen by-passing on gain is given by cqn. (1) on the

assumption of complete cathode by-passing (Fig. 12.10), the derivation being given

in Ref. B3 (see also Refs. All, A12, A13, B2^.
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A : >/ - Rr M‘C,^
^ ^

where A' stage voltage gain at frequency /with screen resistor R, by-passed by
condenser C,

A stage voltage gain with R, completely by-passed

mid-frequency voltage gain

tU 2Ttf

1 (la)
R.gm

^ ^ R,gmd

mfi, (\ -r Rj/fj,) ntfii

Ib lf 2 (assumed constant)

mutual conductance at operating plate current [see Sect. 3(vii)]

slope of dynamic characteristic at operating plate current

and fif triode mu (with screen tied to plate).

If the screen voltage is obtained from a voltage divider (Ri, Rz) then R, should be

a ken as RxR^ {Ri - R.).

B

m
gm
g m d

FREQUENCY C/S*

Ftg. 12. 11 A. Curves for the frequency response of a resistance-coupled pentode

with screen dropping resistor R, and screen by-pass reactance X, ( 1 wCf).

The value <\f B given by eqn. (lu). The frequency fiW R^ X, 1 is given by

f I 2n R,C,. The frequency scale should be traced and the tracing moved hori-

zontally until f corresponds to R, X, 1 {method after Sturley).

Eqn. (1) is plotted in Fig. 12.11A for selected values of B versus R, X, which is

equal to 2nfR,C, and therefore proportional to the frequency.

For most purposes it is sufficient to use the approximation, for a loss not exceeding

1 db at a frequency / :

C, ^ B nfR, (2)

where ^ 1 • R,gn, tfni,

and m / * /.it-

For example, type 6j7 with R, 0.25, R, 1.5 megohms, g^ 850 ^imhos,

20 and m 4 has B ^ 16.5. For 1 db attenuation at / 50 c s, C, 0.07 ^aF.

The limiting loss of voltage gain at very low frequencies is 1 B ; in the example

above this is 0.06 (i.e. 24.3 db). If the screen had been supplied from a voltage divider,

the loss of gain at very low frequencies would have been much less.
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An unbypasscd screen resistor of gf^r, ohms gives the same degree of degeneration

as a 1 ohm cathode resistor

where r, = dynamic screen resistance {de,/di,)

^ triode plate resistance.

For example, when = 2000 micromhos and r, ^ 10 000 ohms, an unbypassed

0
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Fi>. 12.1 IB. PAofe angU displacement corresponding to Fig. 12. 11 A.
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FIG. 12. lie

Pig, 12 . 11c. Magnitude and phase of factor for use in Pig. 12.1 ID (Ref. All).
Reprinted by permission from RADIO ENGINEERS^ HANDBOOK by F. E.

Terman, ' copyrighted iH 1943, AfcGroip-Hi// Book Company Inc,

ENGINEERS* HANDBOOK by F. E.
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screen resistor of 20 ohms will give the same degree of degeneration as a 1 ohm cathode
resistor.

The effect of the screen by-pass capacitance on phase shift is indicated by Fig.

12.1 IB. Under normal conditions with a high resistance dropping resistor, the

angle does not exceed 65'. This angle may be considerably reduced by reducing
the effeaive value of /?„ as for example with a voltage divider. Such action is norm-
ally only necessary with negative feedback.

(iv) Cathode bias
(A) Effect of incomplete by-passing on gain

Provided that the screen is adequately by-passed at all frequencies of operation,

the procedure is as for triodes (Sect. 2) except that the d.c. current flowing through

-OO* -60® -40® -20® P ^20® *^40® ^60® SO®
(tog) Phase Shift of Output (Lecxl)

FIG. 12.110

Fig, 12.1 ID. Curves from which the loss in gain and phase shift of output at low

frequencies resulting from resistance-condenser bias impedance RfC, can be calculated

in a resistance-coupled amplifier for the general case where both screen and bias

impedances are of importance (Ref. A12), Reprinted by permission from RADIO
ENGINEERS* HANDBOOK by F. E. Terman^ copyrighted in \9A3t McGraw-Hill

Book Company Inc,
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/?jt is now /t —
/ft -f /^a. The cflfect of Rt and C* on the voltage gain at any fre-

quency is given by the approximation (derived from Sect. 2 Eqn. 2)

A' ^ /
1 ^ (coCV/?,)-’

- L<-CtR\r
(3a)

on the assumption that the screen is completely by-passed.

When the screen is not completely hy-passed, so that both cathode and screen

circuits arc attenuating simultaneously, the cathode attenuation characteristic is

affected by the screen circuit. Under these circumstances it is possible to use the

method due to Terman (Refs. A12, B2) whose curves are reproduced in Figs. 12.1 1C
and 12.11D.

Terman expresses the relationship in the form
Actual output voltage 1

Output voltage with zero bias impedance 1 -

where grn mutual conductance of valve in mhos, at operating point

Rf cathode bias resistance in ohms
1

1 -;(//.)'

/ actual frequency in c s

/, 1 277 CfR; frequency at which the reactance of C, equals bias re-

sistance Rf
'A'l

and S - contributed by the screen circuit at frequency / as given by eqn.

(1). (Note that ^ 1 for complete by-passing).

The procedure in a practical case is

1. Determine 3 from equation (1).

2. Knowing / and /„ calculate / /|.

3. Apply this value of / /< to Fig. 12.1 1C, thus determining the magnitude of

in db, and also its phase angle.

4. Calculate the value of Rrg^i^i in db above unity.

5. Apply the value of R,g^T)3 and the phase angle of i) to Fig. 12.1 ID to determine

the loss in gain (in decibels).

It will be seen that incomplete screen by-passing results in a smaller value of attenua-

tion by the cathode impedance than would occur with complete screen by-passing.

Attenuation curves for a typical r.c.c. pentode are given in Fig. 12.12 for com-
plete screen by-passing.

As a useful rule of thumb, sufficient for most design purposes other than for

amplifiers incorporating negative feedback over 2 or 3 stages,

fCk ^ 0.55^^ for I db attenuation (4a;

fCk ^ 0.35 for 2 db attenuation (4b)

where C* is in microfarads,

and gyn mutual conductance in micromhos at the operating plate current.

The effect of incomplete cathode by-passing on phase angle displacement is ap-

proximately the same as for a triode, and the curves of Fig. 12.3C may be used, but

the value of B may be taken as roughly

B 1 4 g^Rk
on the assumption that /i is very large and that R' is small compared with r^, where

R'
The combined effect of incomplete cathode and screen by-passing and of a grid

coupling condenser on gain and on phase angle displacement may be determined by
adding the attenuations in decibels and the phase angles in degrees, provided that

eqn. (3b) is used for calculating the attenuation due to the cathode impedance.

(B) Cathode bias resitunce
The cathode bias resistance should preferably be the smallest value which can be

used without any danger of grid current on the maximum signal. Fortunately,

however, the resistance is not critical and a higher value has very little deleterious
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PIC. 12.12

Fig. 12.12. Attenuation characteristics for selected values of cathode by-pass condenser

with valve type 6J7 and Ehh 250 ro/rs, Rf 0.25, R, 0.5, R, - 1.5 megohms,
R^ - 2000 ohms : screen adequately by-passed.

effect under normal operation, provided that the screen voltage is adjusted to give the

correct operating plate current.

Optimum values may be calculated for any specific case by first finding the fixed

bias and then calculating Ri, (/ ^ * Z.,)*

Alternatively, the value of /?* may be determined by cqn. (5f) below.

The procedure for the calculation of the cathode bias resistor when a series screen

resistor is also used, is given in Sect. 3(vi)C, while the graphical method is described

in Sect. 3(xiii) and (xiv).

(C) Effect of reverse grid current with cathode bias

When the screen voltage Is maintained constant from a low impedance source,

the following approximate relationship may be derived from Chapter 3 Sect. 1 eqn (6) :

for cathode bias
, „ , , ,,

R„ for fixed bias
^ h (4c)

For a typical pentode, type 6J7, the ratio is approximately 1.7, 2.1 and 2*.6 for

Rj 0.1, 0.22 and 0.47 megohm respectively. Now the value of R^^ for fixed bias

is derived in (v)a below for a reverse grid current of 1 ftA. so that for type 6J7 the

maximum grid resistor under this condition with cathode bias and fixed screen voltage

is approximately
0.5b megohm for Rf 0.1 megohm,
0.01 megohm lor R^ 0.22 megohm,
1.5 megohms for R/ 0.47 megohm.

With a series screen resistor the following approximate relationship may be

derived from Chapter 3 Sect. 1 eqn. (6).

R , ,
for cathode bias ^ FgM..

0 4 r IK, ^
^

R^i tor fixed bias

The first tw’o terms arc the same as in eqn. (40"*, while the third term is the same as

the second term of cqn. (5b) below, so that the ratio in eqn. (4d^ will normally exceed

7 : 1, for Ri 0.1 megohm and will be considerably greater than this value for

0.22 megohm or higher.

However, it is generally advisable to limit the grid resistor to 2.2 megohms maximum
for amplifiers having a reduced frequency range and 1 megohm or less for amplifiers

having a maximum frequency of 10 000 c s or more.

(v) Fixed bias

The optimum bias is the smallest which can be used without danger of positive

grid current, provided that the screen voltage is adjusted to give the correct operating

plate current.
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If the input voltage is known,
E t\

~ 1.41 -f- *f- ki

If the output voltage is knoNvn,

(4c)

(4f)E,, - {\A\Eo/A) k, ^ k,

where r.m.s. input voltage

Eo r.m.s. output voltage from plate to cathode

A voltage gain of stage

ki ----- bias voltage to avoid damping due to positive grid current — a value of

1.0 volt maximum would cover all normal indirectly heated valves^

and kt ^ - increment of bias voltage to allow for the effects of reverse grid current

in the grid resistor (see below).

If a fixed screen voltage is used, and the grid resistor has the maximum value de-

termined in (a) below, then the value of may be taken as 0.1 volt for high slope valves

(e.g. 6AU6) with not less than O.l megohm, and the same value for low slope

valves with not less than 0.22 megohm. The value of may be taken as 0,2 volt

for low slope valves having R^ less than 0.22 but not less than 0.1 megohm.

If a series screen resistor is used, and if the grid resistor does not exceed 1 megohm,
may be taken as 0.1 volt maximum.
With some valves, as the screen voltage is decreased, the grid current commence-

ment (or cross-over) point may tend to move to a more negative value in indirectly-

heated types, and to a less positive value (possibly even negative) in directly-heated

battery pentodes. Low screen voltages should therefore be avoided wi^ zero-

bias operation of battery pentodes, particularly when a high plate load re-

sistance is used.

The effect of reverse grid current with fixed grid bias

(a) With fixed screen voltage
The position of the operating point in pentodes, for minimum distortion, is fairly

critical. Thus when the correct screen and grid bias voltages have been applied,

any reverse grid current that may flow through the grid resistor will cause a change

in bias and hence a change in plate current to a value less than the optimum. The
writer considers a change of 0.1 E^b/Rr as being the maximum permissible change

in plate current due to the flow of grid current. On this basis, the maximum per-

missible grid resistance with fixed bias and fixed screen voltage can be shown to be

given approximately by
/ \0.3i

"" ^A^ooo) '
5.)

where

Rl

K.

/.,

^ mO
Ebb

and I cl

maximum grid resistance in ohms,
load resistance in ohms,

87,0

S moE b »7 cl

plate current in amperes at which both and I

^

arc measured,

mutual conductance in mhos at plate current I

plate supply voltage,

maximum rated reverse grid current in amperes at plate current /»o

In this calctiiation the assumption was made that the ionization current is pro-

portional to the cathode ctirrent, which relationship only holds approximately and then

only when the grid leakage current is small compared with the ionization currem and
provided that the latter docs not increase during operation.

Values of Xp have been derived for three valve types -

Type 6J7 == 5.2 x lO;-!

and I ri 1 fiA,
Type 6SJ7 AT,

Type 6AU6
5.8

5.7

10"
.

10‘J
‘

Values of the function of Rf arc given below

—

'Higher vehies msy occur in a few caaat, but are not typical. See alto comsnenu on triodea in Sect.
2(tv)B. For grid damping ace Sect. 2(iv)D.
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100 000 5.75

220 000 7.8

470 000 10.4

From which the following values may be calculated :

Type Ri. - 0.1 0.22 0.47 megohm
6J7 R„i 0.3 max. 0.4 max. 0.54 max. megohm
6SJ7 R^i 0.33 max. 0.45 max. 0.6 max. megohm
6AU6 Rgl 0.33 max. 0.44 max. 0.59 max. megohm
We may therefore conclude that> for a maximum reverse grid current of

1 /xA, the value of Rgi with fixed bias and fixed screen voltage should not
exceed

0.33 megohm forRj 0.1 megohm,
0.43 megohm for R^ 0.22 megohm,
0.56 megohm for Rf 0.47 megohm.

Where the variations of reverse grid currents are such that the large majority of

valves would have values below half the maximum value -i.e. in this case below
0.5 mA double these values of R^i would be satisfactory. This w'ould also apply
in any cases where the maximum value of reverse grid current is specified as 0.5 fiA.

(b) With series screen resistor

When fixed bias is used in conjunction with a series screen resistor supplied from
the plate voltage source, it may be shown from eqn. (9) of Chapter 3 Sect. 1 that

Rg. for series screen resistor PgiRgi- —
1 -i—^—--

Rfi for fixed screen voltage

where P /n//*
gt gmUk/h) at the operating point,

Rg 2 * resistance of series screen resistor in ohms,

and fLgi ,2 “ triode ” amplification factor.

Ratios calculated from eqn. (4c) for typical valves, with a load resistance of 0.1

megohm or more, exceed 6 times, so that when a high-resistance series screen
resistor is used, the grid resistor may be at least 6 times the value quoted
above for fixed screen voltage.

However, it is generally advisable to limit the grid resistor to 2,2 megohms maxi-
mum for amplifiers having a reduced frequency range and 1 megohm or less for am-
plifiers having a maximum frequency of 10 000 c s or more.

Fig, 12.13. Dynamic characteristic qf r.cx, pentode for fixed screen voitage

(6) compared tvith mutual characteristic (a).
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(vi) Dynamic characteristics of pentodes
(A) General description

A single dynamic characteristic of a pentode, together with the equivalent mutual
characteristic, arc shown in Fig. 12.13. The slope of the dynamic characteristic at

any point is given by

S in
\

~
r,

"
~\ + {R, >;>

The values of and are normally within 10'^,, provided that the operating

plate current does not exceed 0.8 R^, Values of g^ and g „4 for valve types

6J7 and 6SJ7 are given in (vii) below.

Pentodes differ from triodes in that there is an unlimited number of dynamic
characteristics for any selected plate voltage and load resistance, there being one

characteristic for each value of screen voltage. Some typical d>Tiamic characteristics

are shown in Fig. 12.14A from which it will be seen that these have much the same
general form, but that they are moved bodily sidew'ays. Careful examination will

show that the cur\'es for lower screen voltages are less curved than those for higher

screen voltages. As a general rule, the screen voltage should therefore be as low as

possible, provided that the correct operating point can be maintained and that positive

grid current does not flow.

F»G 12 MA

-n

Fi^. 12.14A, Family of dynamic characteristics for typical r.c.c. pentode (type 6J7
tvith E

^

250 volts, 0.25 megohm).

(B) Optimum operating conditions

A very complete investigation (Ref. B8; has .shown that all pentodes normally used

with r.c. coupling may be adjusted for maximum gain and minimum non>linear
distortion merely by ensuring that the plate current is a certain fraction (K) of

Rf. This plate current may be achieved either by fixing the grid bias (or cathode

bias resistor) and varying the screen voltage (or scries screen resistor) or vice versa.

The effect of reverse grid current in the grid resistor is to decrease the effective grid

bias by an amount which may be appreciable with fixed screen voltage, but may
Usually be neglected when a high-resistance series screen resistor is used. In the

\)rmcr case, with fixed screen voltage, it is suggested that the design be based on a

alue of half the maximum specified reverse grid current flowing through the grid

^sisior.

The optimum value ofK is not appreciably affected by either the following grid

.!sistor or the electrode voltages, provided only that the screen voltage is kept rcason-

bly low. The op.iimum value of K for minimum distortion is, however, a function

( the output voltage as indicated below.

i
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Output voltage (r.m.s.) 0.08Ef,b 0.l6Et,t 0.24Et,b
Output voltage (r.m.s.)* 10 20 40 60
Optimum K 0.78 0.76 0.70 0.62

•For Ef,,, 250 volts.

where /C Ibn, and E(,,,'Rf , and 2Rj.
For example, with Fo,, - 250 volts and Rj 0.25 megohm, I^rn ^ ^ niA.

The voltage between plate and cathode is a function ofK \ F,, " (1 -- K) E^b-
When K - 0.78 0.76 0.70 0.62

Then F, 0.22F,s 0.24F,,, 0.3F,, 0.38F,,,

(C) Determination of series screen and cathode bias resistors when plate
and screen current curves are available

If curves of both plate and screen currents versus grid voltage under resistance

loaded conditions (e.g. Figs. 12.14A and 12.18) are available, the procedure is

—

1. Determine F,, see (v) above.

2. Determine the optimum value of K see (vi)B above.

3. From the I curves, determine F,. to give the required values of F,, and K ;

also determine /, at the operating point.

4. From the /, . curves, determine /,. at the operating point.

5. Then R, F., (/, • /,,) (5d)

and R, (F.,, F,.) (5e)

3. Then R,

(D) Calculation of series screen and cathode bias resistors

The prcKcdure for calculating R, and F* is

1. Determine F\i as for fixed bias see (v) above.

2. Determine the optimum value of K see (vi)B above.

F,,F
y
m

KE,.{m • 1
)“

where F^, control grid voltage (taken as positive)

and m I,..

Typical values of m at normal voltages are :

Type 6J7 6SI7 6SF7 6SH7 6AC7 6AU6 1S5 1U5
w 4.0 3.75 3.75 2.63 4.0 2.54 4.0 4.0

Equation (5f) is perfectly general, and may be used with any screen voltage sour

The only approximation is the assumption that m is constant.

(50

4. Then F.^ F.

where

and

E.

Rn

Kh r> ^ / I \

Rj )

screen voltage

iriodc mu
screen voltage at which I 2 mA for F
22 (for oAUb), 25 (for 6SJ7), 39 6j 7

O.l MU
max. slope of dynamic characteristic with R

0

.1 MU
Equation (5g) may also be used with fixed bias F,,.

5. Then F,
mR

I

KE,
(F^, F\.0 (5h)

Note : This procedure is based on several approximations (e.g. that g and F^

arc constant) but is sufficiently accurate for all practical purpc>ses for any pentode.

It will be seen that a single operating condition is incapable of giving optimum
performance for both low and high levels. For low level operation, E c\ may be taken

as 1.3 volts, while for high level operation F„ may arbitrarily be taken as 0,24F^^

volts r.m.s. unless it is desired to determine some intermediate condition.

It will be seen from cqn. (5g) that the optimum screen voltage is a function, not onK
of F^i, but also of F; a higher value of load resistance permits a lower screen voltage.
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(E) Screen supply from voltnge divider
Although a scries screen resistor is normally preferable, the screen may be supplied

in certain applications from a voltage divider. The procedure is straight forward,

but the voltage should be adjusted manually or else the two resistors should have

± 5‘’o tolerances.

When a screen voltage divider is used, the equivalent scries screen resistance is

given by the resultant of the two sections of the voltage divider in parallel. This
value may be used as R,, in eqn. (6) of Chapter 3 Sect. 1, although if Rg^ is less than

50 000 ohms, its effect is small.

If the equivalent scries screen resistance is less than 50 000 ohms, the screen voltage

may be considered as fixed, and it is then necessary to increase the grid bias to allow

for the effect of reverse grid current.
The increase in grid bias is

JEn - R.yIrJ,/ho (6a)

where = plate current at which the reverse grid current is measured,
and J cl may be taken as half the maximum specified reverse grid current (say 1 ^A) ;

i.c. (say) I

^

^ 0.5 /lA.

The increased value of cathode bias resistor is given by

Rk = R» dR, (6b)

where JR^^ — dEfi m
f d + f ft f 6 m 1

and Eel given by equation (6a).

Using the suggested value of /,„ we have

^ ,

Rgi - 0.5 A 10 • m
i<k — Kk A-

/ 1>9 m
For example, if R,i - 1 megohm, /t,o

Rk — Rk -f 200 ohms.

• 1

- 2 mA, and m --- 4, then

(6c)

(vii) Gain at the mid-frequency
(A) The voltage gain at the mid frequency (for small input voltages) is given by

jt _ f
(1/r,) (1/R,) -f- ri.R,)

where ~ mutual conductance at operating plate current,

Tp plate resistance at operating point,

and Rg - resistance of following grid resistor.

The mutual conductance at the working plate current is often an unknown factor,

and methods for determining it are given l^low (E).

(B) Alternatively, the gain may be calculated from the slope of the dynamic charac-

teristic ;

where ^ slope of dynamic characteristic at the operating point see (E) below,

and R — R £^Rg/(^R

^

-f“ R»).

(C) The gain may also be calculated graphically from the dsmamic charac-

te^tic (Fig. 12.13). If the peak-to-peak grid input voltage is CD, then the in-

stantaneous plate current will swing between the extreme limits M and P, giving a

peak-to-peak output voltage EF measured on the plate voltage scale. To allow for

the effect of R,, the output voltage must be multiplied by the factor R^/XR, t- R')

where R' rJRjirg -f ^i) ^ R
i,-

Typical voltage gains are :

0.1 megohm
0.25 megohm
0.5 megohm

•R|^ ~ 0.22 megohm.

R, 6J7 6SJ7 6AU6
0.5 megohm 94 104 168

0.5 megohm 140 167 230*

2.0 megohms 230 263 371^*

••Ry 0.47 megohm.
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If the resistance of the following grid resistor is limited, the twa-rlrruitn gain
on low input voltages is obtained when the load resistance is approximately equal
to the following grid resistance, i.e. Ri ^ Rg-

(D) Gain in terms of gm and g,,

Eqn. (7) may be put into the alternative form

Aq
gmR

1 + gpR
where R = + Rg)

gp ^ plate conductance ^ l/r^.

(9a)

Unfortunately “ G,” curves for pentodes hold only for a fixed screen voltage and
are not flexible {g„, curves for type 7E7 are shown in Ref. A15).

(E) The determination of g„i g^ay and
The values of g^y g^^ and fp for use in equations (7), (8) and (9) are difficult to

calculate with any precision, but may be measured on an average valve.

Curves of constant g^^ could, with advantage, be plotted on the family of dynamic
charaaeristies such as Fig. 12.14A, although this has not yet been done.

Mutual conductance

For the general case sec (x)A below. Fig. 12.14B gives an approximation to the

maximum value of with any load resistance for two typical pentodes. This value

is believed to be accurate within : 10'\» for an average valve.

Slope of dynamic characteristic

The value of the slope of the dynamic characteristic at any point is given by

gn.4 ^./(l - (9b)

where slope of dynamic characteristic at operating point

mutual conductance at operating point

and Tp plate resistance at operating point,

FIG. 12 i4B

Fig. 12.14B. Mutual conductance

of resistance-capacitance coupled pen-

todes types 6J7 and 6SJ7 plotted

against load resistance. In each
case the value of K is taken as being

adjusted to give maximum mutual
conductance.

iMi miiitoncf A, (Mt«ohmi)

Plate resistance

The value of plate resistance r, at the operating point may be estimated from Sect.

3(x) below.

Data for types 6J7 and 6SJ7

Detailed values of mutual conductance slo(>e of the dynamic characteristic

(gme) «nd plate resistance (fp) for types 6J7 and 6SJ7 arc tabulated below. It is

emphasized that there are considerable variations between valves, particularly with the
plate resistance.
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Valve type 6J7 6SJ7
Plate supply voltage 250 1

250 volts

Published 1225 ! 1650 ^mhos

K ^ m m li
1

S m r.

MO ^mhos ^xmhos MO /imhos /zmhos MO
0.1 0.78 1065 980 0.6 1390 1280 0.7

0.76 1080 1010 0.67 1380 1290 0.9

0.70 1130 1080 1.1 1370 1310 1.3

0.62 1120 1080 1.5 1340 1290 1.4

0.55 1100 1060 2.1 1335 1280 1.7

0.25 0.78 896 834 1.6 1050 990 1.7

0.76 880 836 1.9 1040 985 1.8

0.70 860 830 3.0 1000 960 2.4

0.62 820 790 3.3 940 900 3.3

0.55 790 765 3.7 920 845 3.4

0.5 0.78 670 640 3.0 720 660 3.0

0.76 660 630 3.6 710 660 3.0

0.70 647 620 4.5 650 648 3.7

0.62 595 575 5.2 590 580 5.0

0.55 550 540 6.0 519 495 5.4

•With £ ft 250 volts, E ' 100 volts, 3 volts.

(viii) Dynamic characteristics of pentodes and comparison with
triodes

A family of dynamic characteristics for a typical pentode is shown in Fig. 12.I4A.

There is one curve for every possible value of screen voltage^ but it is obvious that

those for lower screen voltages (e.g. 30 volts) are less curvxd than those for higher

voltages. In actual operation the quiescent operating point is fixed, and the signal

voltage on the grid causes the plate current to swing along the dynamic curve. This
only holds strictly when there is no following grid resistor or other shunt load, but it

is sufficient for design purposes since allowance can readily be made for the effect of

Rj in reducing both the voltage gam Teqn. 8) and the output voltage.

The voltage drop in R

/

is proportional to the plate current, and therefore a plate

voltage scale may be added to Fig. 12.14A. The general treatment and the calculation

of gain are identical with those for ideal linear dynamic characteristics as applied to

triodes in Sect. 2(viii). In the case of pentodes the operation can be kept outside

the grid current region, without any other loss, by selecting a suitable screen voltage.

A single pentode dynamic characteristic (that is one for a fixed screen voltage) is

drawn as curve b in Fig. 12.13. For comparison, curve a has also been included,

this being the ordinary mutual characteristic for the same screen voltage. At low plate

currents the two are practically identical but they diverge steadily up to the p<^int of

inflexion* P, beyond which the dynamic characteristic forms the “ top bend.”

TTie line XY is at a plate current FT R

,

at which the factor K 1. This
curve is typical of the shape of all pentode dynamic characteristics which differ mainly
in the slope and the horizontal displacement of the curve. The effects of changes in

R

I

are largely overcome by the use of the factor K in place of the actual plate current.

Comparison between triode and pentode dynamic characteristics

Both triode and pentode dynamic characteristics arc shown in Fig. 12.15 in such a

way as to enable a comparison to be made between them. Over the region from
K 0.4 to K 0.6 they appear to be very similar, but in the region from K 0.15

to 0.4 the pentode characteristic appears less curved than the triode, while in the

region from K 0.6 to 0.8 the triode characteristic appears less curved than the pen-
tode.

•The pnnt of inficSitm i> ih« point dt which the curvature change* from one direction to the other,
•nd it tm point of irre«te»t dope.
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Fig. 12.15. Comparison between pentode and triode dynamic characteristics of the

same valve (6SJ7 with 250 volts^ Ri - 0.25 megohm^ 22.5 volts for

OentodCf Ert connected to plate for triode characteristics ; triode characteristics divided

by slope factor 0,0813 and superimposed so that points for 0.5 mA coincide).
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(ix) Maximum voltage output and distortion
The maximum voltage output, with any specified limit of distortion, is obtained

when Rg is much greater than If Rg is limited, the maximum voltage output

is obtained when Ri is much less than Rg. The following table is typical of r.c.c.

pentodes such as types 6J7 and 6SJ7, and also enables a comparison to be made with

modes. The optimum value of K has been used throughout.

Intermoduladon distortion* with = 250 volts

Output voltaget

Valve type 6J7

10 19

Intcrmodulation

37
distortion

63

%
Rj^ = 0.1 MQ Rg - 0.1 MQ 0.35 2.2 8.6 —

0.2 0.3 1.5 4.6 14.0

0.4 0.26 0.85 3.9 12.5

R^ = 0.25 MDRg - 0.25 MQ 0.65 1.9 7.4 37

0.5 0.5 1.6 4.4 17

1 0.35 1.4 3.5 15

R^ - 0.5 Mf? Rg - 0.5 MQ 1.0 3.7 14.0 54

1 0.8 2.6 9.5 32

Valve type 6Sp
2 0.5 2.0 6.5 19

- 0.1 MQ Rg 0.1 MQ 1.0 2.9 12.0

0.2 0.9 2.2 8.3 24

0.4 0.8 1.5 5.9 20
- 0.25 MQ Rg - 0.25 MO 2.1 6.0 16.0 67

0.5 1.1 3.8 13.0 38

1 1.0 3.0 11.0 23
= 0.5 MQ Rg = 0.5 MO 3.0 8.3 18.0 76

1 2.1 6.6 15.0 42

2 1.5 4.4 12.5 28

The maximum output voltage for limited intcrmodulation distortion (r.m.s. sum)
is indicated below for type 6SJ7 pentode with /?, - 4/?,.

r. m. •.)/^ I

• - - - . -

I.M. - 2.5% 5% 10% 20%

0.1 MO 0.09 0.13 0.18 0.25

0.25 0.08 0.1

1

0.16 0.22

0.5 0.07 0.09 0.13 0.20

When Rg = 2/?y , the factors above should be multiplied by 0.87. When Rg R ;

,

the faaors above should be multiplied by 0.7. The values arc for ^ 250 volts,

but hold closely over the range from 200 to 300 volts. Optimum operating con-

ditions are assumed.

Harmonic distortion
Type 6SJ7 with - 250 volts, 0.25 MO, Rg 0.5 MO
K 0.8 0.76 0.72 0.65 0.6 0.56

volts 8 16 30 52 62 78

0.03 0.06 0.12 0.21 0.25 0.31

H,% 0.3 0.9 2.6 3.5 5.4 4.4

% 0.24 0.19 1.25 4.2 5.0 12.0

% 0.14 0.11 0.19 1.9 2.2 2.85

H, % 0.01 0.02 0.18 0,67 0.28 0.17

*Modulation method—r.m.t. turn. For details and for relation between intermodulation and bar*
monic distortion see Chapter 14 Sect. 3.

tThe arithmcticil sum of the r.m.s. ealues of the two component waves.
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Comments
1. Type 6J7 (with published gf^ = 1225 /unhos) has less distortion than type

6SJ7 (with published gm = 1650 Aunhos) under the same conditions.
The distortion for a given output voltage increases when a valve is replaced by

another having higher mutual conductance, although there are also differences be-
tween valve tyi>es having approximately the same mutual conductance.

2. Load resistance =0.1 megohm provides lower distortion than higher values
of load resistance.

3. The distortion under any given conditions decreases when the resistance of the
following grid resistor is increased.

Comparison between triode and pentode
[Refer Sect. 2(ix^]

The comparison is based on intermodulation distortion with type 6SJ7 as both
triode and pentode, having Rj^ = 0.25 and R, = 1.0 megohm (Fig. 12.16A). Gener-
ally similar results are obtained with type 6J7 and with other load resistances (Ref.
B8).

1. At the level used in the first a-f stage in a typical receiver (Eq = 10 volts r.m.s.)
the pentode gives only about one eighth of the intermodulation distortion given by a
triode, when both are adjusted for minimum distortion.

2. The two curves in Fig. 12.16A cross, and the intermodulation distortion is there-
fore the same for both triode and pentode, at about 31 r.m.s. volts output.

3. At higher output voltages the pentode gives the greater intermoduladon dis-
tortion, the ratio being 2.3 ; 1 at 63 r.m.s. volts output.

4. The pentode, to give the minimum value of distortion, requires fairly critical

adjustment. Under the working conditions recommended in this section, however,
the distortion with a pentode is likely to be less than with a general-purpose triode at
output voltages up to about 20 volts r.m.s.

Fig. 12 16A. Intermodulation distortion

for type 6S}7 uith = 250 volts^

Rl 0.25 Aff?, /?, == 1.0 Aff?, in both

triode and pentode operation.

C lO 20 » 40 so 60 XD
OUTPUT VOLTS

(arithmetic sum Of R>La VALUCS)

(x) Conversion factors with r.c.c. pentodes
(A) The mutual conductance may be derived from published data (generally

plotted against £:%,) or if these arc not available then it may be calculated as for triodes,
Sect. 2(x). Sec also values quoted for 6J7 and 6SJ7 in (vii) above.

(B) The plate resistance may be estimated by the following method from pub-
lished data. The usual data arc for cither equal plate and screen voltages (c.g. 100 V)
or for 250 V and 100 V respectively. Unfominatcly there is no general rule for cal-
culating the effect of a change of plate voltage on the plate resistance, and the accuracy
obtainable by graphical means is very poor. However, as some sort of guide, the
plate resistance of type 6SJ7 is increased about twice, and of type 6J7 about 2.75 times,
for a change from 100 to 250 volts on the plate, with 100 volts on the screen and — 3
volts grid bias.

The plate resistance of a r.c.c. pentode may vary from slightly below the published
value at Efc = 1(X) volts, to 6 or 8 times this value, depending on the load re-
sistance and value of K. Typical values for types 6J7 and 6SJ7 arc given below [see
also uble in (vii) above] :

=0.1 megohm r, = 0.6 to 2.1 megohms
Ri ^ 0.25 megohm r, 1.6 to 3.7 megohms
R; = 0.5 megohm 3.0 to 6.0 megohms

for K - 0.78 to 0.55 respectively.
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There are considerable variations between different valves, and some may have

plate resistances less than half these values, while others may have higher plate re-

sistances.

(C) Conversion factors applied to whole amplifiers
If one set of operating conditions is available, it is possible to calculate others.

Given: Rt R, Rg ^ Ro
300 V 0.1 MQ 450 Q 0.5 MQ 0.25 MQ 82 81 V

Example :

(1) To calculate conditions for R, 0.25 megohm,
Eft ft

= 300 volts :
-

Fr ~ 2.5 (i.e. resistance conversion factor).

- 2.5 450 1130 ohms.
R, — 2.5 • 0.5 ^ 1.25 megohms.
Ry = 2.5 • 0.25 0.75 megohm.

Eo will be approximately the same for the same distortion.

A is affected both by the load and the mutual conductance.

The load resistance factor is 2.5 ; the mutual conductance factor is ^ I bi
~

^ -=- 0.74. Therefore A 82 • 2.5 0.74 152.

Note : If Eft ft
had been altered, the mutual conductance factor would have been

E ft ftoR ^
1 ' E

ft ftjR 1 2-

(2) If ail resistors are multiplied by a factor E„ leaving Eft ft unchanged, the voltage

gain will be increased approximately as tabulated :

Fr 0.4 0.5 0.75 1.0 1.5 2 2.5

Voltage

gain 0.54/4 0.63/4 0.83/4 A 1.43/4 1.58/4 1.85/4 approx.

In praaicc these may vary - 10'\, or even more.

(xi) Equivalent circuit of r.c.c. pentode
The exact a.c. equivalent plate circuit of a r.c.c. pentode is given in Fig. 12.16B

where the “ constant current generator ’* circuit has been adopted. This could

equally be applied to the triode case (Fig. 12.8) or vice versa. In other respects the

triode and pentode equivalent circuits are identical [see Sect. 2(xii ) ) . Both the cathode
and screen circuits arc assumed to be adequately by-passed at all signal frequencies,

or the effects to be separately calculated.

L

. I " Ci fm C

-K-

no. ii-i* e

T
0<^t

to

1—0«t

Fig. 12.16B. Exact a.c. equivalent plate

circuit of a r.c.c. pentode.

(xii) Voltage gain and phase shift
Provided that the cathode and screen circuits are adequately by-passed at all signal

frequencies, or that their voltages arc obtained from low impedance sources, the

voltage gain and phase shift will be the same as for the triode case [Sect. 2(xiii)|. In

the case of a pentode it is usually possible to neglect the “ Miller Effect ’* capacitance

from the plate circuit.

The low frequency response (Sect. 2(xiii) ; cqn. (15)] will be slightly higher

than for a triode with the same values of C|, R, and R„ owing to the higher value of r^.

The high frequency response (Sea. 2(xiii), cqn. (16)] will normally be lower

than that for a triode, owing to the higher value of R'' due again to the higher plate

resistance. The valve output capacitance is usually greater for a pentode chan for a

triode, this being a further contributing factor. The high frequency response may
be extended to higher frequencies by reducing the resistance of the plate load resistor,

although at the cost of gain. A '^imilar result may be achieved by the use of negative

voluge feedback/
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The effect of the screen and cathode by-passing has been covered in (iii) and (iv)

above.

(xiii) Screen loadlines
(A) Exact method using 7^2 versus characteristics

These characteristics (Fig. 12.17) only apply to a single value of supply voltage

and plate load resistance. The screen loadline is a straight line drawn from A to B.

Point A : Ecz - - Ern (here 250 volts), I rz 0
Point B : E.^ 0, -E,,.R, (here 250 1.5 - 167 /xA).

It is then necessary to transfer the values of Em at the intersections of the Er\

curves and the loadline, to a second curve in which E^x is plotted against Em From
the latter, the values of £,j corresponding to the screen voltages of the dynamic

characteristics (Fig. 12.14A) are determined, and transferred directly to the plate

dynamic characteristics, and the screen loadline drawn as a smooth curve (Fig. 12.19).

Fig. 12.17. Screen / ^
versus E,^ characteristic for type 6J7 ; Em, - 250

voltSy Rj 0.25 Affi. A screen loadline is shotvn.
^

(B) Exact method using /.• versus characteristics

This is an alternative method illustrated by Fig. 12.18 on which the screen loadline

(which in this case is slightly curved) may be plotted. On each E rt cur\’e plot the

corresponding value of I derived from the equation

7.2 (E.„ E.,) E, (10)

Then draw a smooth curve (CD in Fig. 12.18) through the plotted points. The

values of E^ corresponding to the points of intersection are then transferred direcUy

to the plate dynamic characteristic, and the loadline drawn as a smooth curve (Fig.

12.19).

tc.(vOLTS)

Fig, 12.18. Screen versus E,i characteristics for type 6J7 : static curves are for

Etb ^ 250 volts, K/, - 0.25 MI7. A screen loadline is shown.
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(C) Approximate method*
This is based on the assumption that the ratio of plate and screen currents is con-

stant> such being only a rough approximation ; it is, however, good enough for many
purposes. Using the conditions for Fig. 12.19 and assuming - 4.0 (as for

tyj)e 6J7) and R, = 1 megohm, we can draw up the table :

Ect {Eeei — E f*)
t!

100 V 150 V 0.15 mA 0.60 mA
80 170 0.17 0.68

60 190 0.19 0.76

40 210 0.21 0.84

20 230 0.23 0.92

The values of / » arc then ploncd on the characteristics corresponding to the respective

screen voltages The screen loadline (Fig. 12.19) is almost a straight line which

may be extended to cut the horizontal axis at approximately

and which may be shown to have a slope of approximately

+ mti,) ( 12 )

where = valve triodc mu,

gmd — slope of plate dynamic characteristic at point of interest,

and m = ratio of plate to screen currents.

Alternatively, the point of intersection of the screen loadline with the horizontal

axis may be determined by the point of cathode current cut-off on the “ triode
**

characteristics (if available) where ^ E.rt-

The plate current at Ef, " 0 is given approximately by

1 60^ »tgm4Ecct/R»gmd ^ ^ 3)

The value of screen resistor to provide a plate current I ^ KE^^^ ^Rj at a fixed

grid voltage En when E^h is given approximately by

Fig. 12.19. Plate dynamic characteristia for type 6J7 tmih screen loadline.

Variiitioiis in ratio between plau and screen currents

Although considerable variations exist, particularly in the region of high plate

current, there is a comparatively large region within which the ratio is constant within

± 5%, this being fortunately in the region most generally useful for amplification

(e.g. shaded area in Fig. 12JO).

The variations which occur are mainly caused by the variations in the ratio of

plate to screen voluges. It is dear that they will be serious for less than E,t

(above broken line in Fig. 12.20) but the variations become greater as £» approaches

Egf it is desired to make accurate calctilatioos involving an assumed constant

value of m (- Ih/ln) it is desirable to mainuin EJE^^ nearly constant. The use

*A funher appfoximatc method U deacribed in Ref. B12.
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of a series screen resistor with a resistance equal to mR, (or slightly above this value)

assists in maintaining the constant current ratio.

(xiv) Combined screen and cathode loadlines and the effect of
tolerances

(A) Cathode loadllnes

The method normally adopted is an approximate one but very convenient, since

it may be used directly with the plate dynamic characteristics. Provided that / 5// c*
=

m - constant, the current through R* will be (m -f 1 ) /{,, so that it is necessary to

use a “ conversion factor ** of w/Cm f 1 ) in respect to both the current and slope of

the loadlinc. For example if m 4, the loadline for a cathode bias resistor of 2000

ohms would have a slope of 1/2500 mhos. The effect of any error in the value of

m is minimized through the screen current being only a small fraction of the cathode

current.

Fif^, 12 .20 . Plate dynamic characteristics for type 6J7 tvith curves of constant

plate to screen current ratio. The shaded area has m tvxthin zi 5®o.

Fig. 12.21. Cathode loadlinc (OF) tvtth single plate dynamic characteristic for

type 6J7. The broken lines sfunv the limits of lO^o tolerances in R^.

The method is illustrated in Fig. 12.21 where only one plate dynamic characteristic

is shown, with a cathode bias leadline OF having a slope of m (w * 1 )Ra. The

static op>crating point is at P, the intersection of OF with the d>Tiamic characteristic.

Owing to the very large plate load resistors commonly employed, there is very little

rise in plate current due to rectification effects, so that P may be regarded as the

dynamic operating point.

The effect of 10 ^";, \^iation in R* is illustrated by lines OF ' and OF' respec-

tively in Fig. 12 . 21 .

It may readily be shown geometrically that : lO'^o variation in R^ has less effect

on /ft than ;
10 ‘\, variation in F.,-

(B) Cathode and screen loadlines and tolerances

When both cathode and screen resistors are used, the point of operation is the

intersection of the two loadlincs (Fig. 12.22). In this diagram it has been assumed

that the screen loadlinc is a straight line, this being closely correct except at very low

and high values of / ft. However, any practicable method for determining the screen

loadline may be used sec (xiii) above

The effect of - 10 ^;, variation in the resistance of R. is indicated by the broken

lines, and the combined effect with • lO^o v^ariation of bi>th R, and Rj. is indicated

by the region shown shaded. It is on account of these inevitable variations, together

with valve variations, that it is inadvisable to operate with ttx^ low a nominal screen

voltage and consequently very close to the grid current pK)int.

(C) Tolorancea In general

All three resistors R,, R. and R, have partially self-compensating effects which

enable fairly satisfactory results to be obtained with ordinary 10 ^,, tolerances in the

resistors. If operation is required for minimum harmonic distortion at low level or
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for a high output voltage, the resistors may beneficially have closer tolerances or be
selected so that high high R, and high Ri, go together, and similarly with low
values.

The supply voltage may be varied by a ratio up to 2 : 1 m either direction without
very serious effects in normal operation and without necessarily making any change
in /?;, R, or R^.

(xv) Remote cut-off pentodes as r.c.c. amplifiers
Remote cut-off (“ variable-mu ’’y pentodes may be also used satisfactorily as r.c.c.

amplifiers, although they give higher distomon for the same voltage output, and should
therefore be restricted to low level operation. However, they are quite satisfactory
in ordinary radio receivers for the first a-f stage driving an output pentode. Opera-
tion is slightly more critical than with sharp cut-off pcnn)dcs, but a value of K 0.78
is reasonably close for low level operation.

As a typical example, mteimodulation
250 volts.

distortion on type bSF7 IS tabulated for

R, E„ 10 19 37 63 volts r.m.s.
0.25 Mf) 0.25 Mf2 1.8% 5.5% 17%

0.5 1.5% 4.0^\, 13.5% 52%
1.0 1.2%
Optimum value of K

3.0^*;, 10.5% 34

0.25 MQ 0.8 0.7B 0.73 0.63

(zvi) Multigrid valves as rxx* amplifiers
All types of muliigrid valves may be used as r.c.c. amplifiers, and behave effectively

the same as pentodes provided that the unused grids are connected to suitable fixed
voluges. Operating conditions, including suitable values of /C, are the same as for
pentodes.

(xvii) Special applications
1. An article giving useful information on 28 volt operation is Ref. B4.
2. An article ^scribing a special pentode operating as two triodes in cascade,

giving gains up to 500 with a 45 volt plate supply, is Ref. B6.
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(xviii) Comments on tabulated characteristics of resistance-coupled
pentodes

('ommcnts iirc as for trioJos Sect. 2i xiv;. Scj Sect. (vi jB and E for optimum
operating conditions.

SECTION 4 : TRANSFORMER-COUPLED VOLTAGE
AMPLIFIERS

(f) hitroductiofi (n) Gaiti at the uiid-frcqurticy {Hi) Gain at laze frequencies

(iv) Desirable valve charactcnstiL^ {vj liquivalem circuits {vi ) Gam and phase shift

at all frequencies {vii ) Tranformcr characteristics (viii) Fidelity (;'.v) Valve load-

lines fx) Maximum peak output voltage {xi} Transformer loading ixii) Parallel

feed ixni) Auto-traufornicr couplim^ [xiv Applieations '.vf Special applications.

(i) Introduction
'rransf<»rmcr-coupled voltage amplifiers usually employ general purpose inode

valves with plate re'^istanees about o tti 10 <){)() ohms. X’alves having higher

plate resistance require excessively large transformer inductances, while valves having

lower plate resistances are only used in ‘pecial

applications, with transformers designed to

handle the higher plate currents.

A typical transformer-coupled amplifier

stage is shown in Fig. 12.23 where 1*, is the

valve under consideratiim, with transformer

T coupling It to the grid of the foIli>wing

valve (F. . 'Phe stage gam is the voltage

gam from the grid 1', \o the grid of F..

Push-pull [ransfi>rmcrs are covered m Section

b. Read also Cdiapier 5 Sections 1, 2 and 3

rtG 12.23

lie. 12 23. C'lrcuit diat^ram of

rran\former-coupIeJ Z'oita,i:e amplifier

(ii) Gain at the mid-frequency
An unhc'idcd transformer with high inductance and Kwv losses has a very high

impedance at the mid-frequency ; an input impedance of 1 megohm at 1000 c s

is not uncommon.
With the circuit of F'ig. 12.23, the voltage gain at the mid-frequenev is verv nearly

A, A)
where a* amplification factor of valve

T turns ratio .\\. .V,

A’, primary turns

and A’.. secondary turns.

The gain with loaded transformers is dealt with in (xF below

(iii) Gain at low frequencies
At low frequencies the gain is reduced by the shunting effect of the prima .• induct-

ance. The gain relative to that at the mid-frequency (/!<,) is given m C'hapicr 5

Sect. .3(iii)a particularly eqn. (1)

(iv) Desirable valve characteristics
(a) Low plate resistance gives better bass response.

(b) High amplification factor gives higher gun.
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(c) Low operating plate current—reduces the direct current through the trans-

former primary and thus increases the effective inducjtancc compared with a

valve having a higher plate current. If necessary, any valve may be over-

biased so as to bring the plate current to a suitable value 5 mA is quite usual.

(d) High maximum plate voltage only desirable if a high input voltage is required

by the following stage (c.g. push-pull low mu triodes, or cathode follower).

(v) Equivalent circuits
See Chapter 5 Sect. 2, panicularly Fig. 5.9, the input terminals of which are to be

understood as being connected to a generator in series with r^.

(vi) Gain and phase shift at all frequencies
A transformer tends to produce a peak in the gain/frequency characteristic due to

the scries resonance between the total leakage inductance and the distributed capacit-

ance of the secondary. This peak may be made negligible by ensuring that

Q. - [r, - (r, T^) r,l < 0.8 (2)

where Q, ^ Q of resonant circuit in secondary

" 2n > frequency of resonance \ I L'C^ T'

L' - leakage inductance referred to primary

Cj ~ secondary equivalent shunt capacitance

r, d.c. resistance of primary
Tj ~ d.c. resistance of secondary

and T ~ turns ratio X. A',.

Irrespective of the value of there is a 90 phase angle shift (lagging) at the fre-

quency of resonance which extends asymptotically to 180 at infinite frequency. The
rate of change is more gradual for lower values of Q,. It is on account of this pha.se

shift that transformer coupling is avoided as far as possible with negative feedback,

and that (when unavoidable) the secondary is heavily damped to give a low Q,.
At low frequencies a transformer-coupled amplifier has the same attenuation and

phase angle shift (leading) characteristics as a r.c.c. amplifier due to its grid coupling

condenser alone (sec Fig, 12.9).

See Refs. A12 (pp. 366-371 and curves Fig. 13) ; A13 (pp. 28-38).

(vii) Transformer characteristics
See Chapter 5 Section 3.

(viii) Fidelity
Distortion caused by the valve is usually very low in the vicinity of the mid-fre-

quency with unloaded transformers of high impedance about T’o to 2'’o second

harmonic with maximum grid swing but it increases as the transformer is loaded,

up to about 5^0 second harmonic and 2^f, or 3^,, third harmonic. At frequencies

below 1000 c/s the impedance steadily falls, while the loadlinc opens out into a broad

ellipse at low frequencies. The valve distortion may be considerable at high output
levels under these conditions [see Chapter 2 Sect. 4(vi)).

The transformer (core) distonion is usually quite appreciable and may cause serious

intermodulation distortion (see Chapter 5 Sect. 3(iii)|.

(ix) Valve loadlines
The loadline for the mid-frequency approximates to a resistive loadlinc

| sec Chapter

2 Sect. 4(i) and (ii)|. The prexedure is identical to that for Fig. 2.23 except that the

loadline AQB is at a smaller angle to the horizonul.

(z) Mazimiiin peak output voltage
To determine the maximum peak output voltage for the mid-frequency, refer to

the published curves (say type 6J5), determine /» (say 5 mA) and /;’* (say 250 V) ;

mark Q at E* ^ 250, /» 5 mA ; draw a horizontal loadlinc through Q ; determine

for the grid current point (E, - 0.5 V) on the loadlinc here 65 volts.
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The maximum peak output voluge in this example is (E* -- Ebi^T ----- (250 -- 65)
T 185 T volts 0.74 E^T. This is reduced as the load becomes less, and a value

of about 0.65 E^T fairly typical.

(xi) Transformer loading
A resistor shunted across the secondary reduces the value of thereby giving more

uniform high frequency response, and also extends the low frequency response. A
resistor shunted across the primary extends the low frequency response. If /, is the

low frequency giving a specified attenuation with an unloaded transformer, then the

same attenuation is reached at 0 5 /, when the total shunt load effective across the prim-
ary is equal to r„, and at (2 3) /, with a shunt load of 2r„.

Loading results in higher valve distortion and secondary loading also results in

higher transformer distortion. Loading is generally undesirable, although unavoid-
able in some applications ; it reduces the maximum peak output voltage and the gain.

The effective load on the valve is given by E
,

E, • R, T-
where E, resistance shunted across the primary

R. resistance shunted across the secondary
and T A’, turns ratio.

(xii) Parallel feed
Parallel feed (Fig. 12.24) avoids the direct plate current passing through the trans-

former primary and thereby increases its effective inductance, and decreases trans-

former disiortiim. Owing to the drop in R
i
the average plate voltage will be con-

L'lC. 12.24. Circuit diagram of
paralU'i'fcd tratuformcr-couplcd volt-

age amplifier.

sidcrably less than the supply voltage and this miy restrict the maximum output

voltage. If a high output voltage is required, the supply voltage may be increased

up to the maximum rating. It is generally desirable to make R
j
a resistance of 3 or 4

limes the plate resistance i^f the valve. Higher values of Rj result in increased dis-

tortion at low frequencies due to the elliptical load-line. Lower values of R^ result

in lower gain and increased distortion at all frequencies.

Lhc optimum value of C is dependent upon the transformer primary inductance,

and the following values are suggested

L 10 20 30 50 100 1 50 henrys

C 4.0 2.0 2 0 LO 0.5 0.5 ^iF.

'Lhese values capacitance are suHiciently high to avoid resonance at an audible

Irequcncy. Use is sometimes made of the rcstsnance between C and the inductance

of the primary to give a certain degree I't bass bv>osiing. By this means a transformer

may be cnablcvl to give uniform response dmvn to a Unver frequency than would other-

wise be the case. It sht>uld be nv>ied that the plate resistance of the valve, in parallel

with Rjs forms a senes resistance in the resvmant circuit. I he lower the plate re-

sist.ince, the more pronounced should be the effect |see C.hapter 15 Sect 2UiiK.l.

It IS frequently so arranged that the resonant frequency is sufficiently low to pro-

duce a peak which is apprv^ximately level with the response at middle frequencies,

tlicreby avoiding any obvmus bass boosting while extending the frequency range to a

maximum.
For mathematical analysis see Ref. A13 pp. 38-41.

In all cases when making use of any resonance effects involving the inductance of

the transformer primary, it is important to remember that this is a variable quantity.
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Not only are there considerable variations from one transformer to another, but there

are large variations of inductance caused by the a.c. input voltage (see Chapter 5).

The scries resonant circuit presents a low impedance to the valve at the resonant

frequency, thus tending to cause serious distortion, particularly when the valve is

being operated at a fairly high level. Fot these reasons the resonance method is not

used in good design.

(ziii) Auto-transformer coupling
An “ auto-transformer **

is a single tapped inductance which is used in place of a

transformer. Fig. 12.25 shows a parallel-fed auto-transformer coupled amplifier.

The auto-transformer may be treated as a double-wound transformer (i.c. with

separate primary and secondary) having primary turns equal to those between

the tap and earth, and secondary turns equal to the total turns on the inductance.

A step-up or step-down ratio may thus be arranged. An ordinary double-wound
transformer may be connected with primary and secondary in series (with sections

aiding) and used as an auto- transformer, but capacitance effects between windings

may affect the high-frequency response of certain types of windings.

The inductance between the lapping point and earth should be the same as for a

normal transformer primary. With the parallel-fed arrangement of 1-ig. 12.25 the

plate current does not flow through the inductance, but an alternative arrangement is

to omit the parallel-feed and to add a grid coupling condenser and grid resistor for V^.

Fi.c. 12.25. Circuit dioj^ram of parallcl’fcd auto-tramformcr coupled voltJi^e amplifier.

12.26. Choke-capacitance coupled voltai^e amplifier.

(ziv) Applications
The cost of a transformer having linear response over a wide frequency range is

considerable and, since equally good response may generally be obtained by a very

simple resistance-coupled amplifier, the transformer is only used under circum-

stances where its particular advantages arc of value. Some of these arc

(1) High output voltage for limited supply voltage,

(2) Stepping up from, or down to, luw-impcdancc lines,

(3) When used with split or centre-tapped secondary for the operation of a push-

pull stage, and

(4) When a low* d.c. resistance is essential in the grid circuit of the following stage.

(xv) Special applications
(a; Cathode loading : F, in Fig. 12.25 may be connected as a cathode follower

either with the transformer primary in the cathode circuit or with parallel feed (see

Chapter 7 Sect. 2(i)G).

(b) 28 volt operation : see Reference B4.
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SECTION 5 : CHOKE-COUPLED AMPLIFIERS

(i) Performance (/V) Application.

(i) Performance
A typical choke-capacitance coupled amplifier is shown in Fig. 12.26. The opera-

tion and design are similar to those of a transformer-coupled amplifier (Fig. 12.23)

with a transformer ratio 1 : 1 except that C must be designed as in a r.c.c. amplifier

to avoid additional low frequency attenuation. An amplifier of this type produces
a higher maximum output voltage than a r.c.c. amplifier but less than that with a step-

up transformer.

(ii) Application
It is occasionally used with valves having rather high plate current, for which a

suitable transformer may not be available. It was also used with tetrode valves of
old design, the inductance being several hundred henries, shunted by a resistance of
about 0.25 megohm.

SECTION 6 : METHODS OF EXCITING PUSH-PULL
AMPLIFIERS

(i) Methods ittt'olving iron-cored inductors (it^ Phase splitter {Hi) Phase inverter

(it) Self-balancing phase inverter (t’s Self-balancing paraphase itwerter (ri) Com-
mon cathode impedance self-balancing itwerters [vii) Balanced output amplifiers

tvith highly accurate balance {viii) Cros^ coupled phase inverter.

Normally we begin with a single-sided amplifier, and then at some suitable level

a stage may be inserted having a single input and a push-pull output. In a radio

receiver such a stage usually immediately precedes the output stage, but in more
ambitious amplifiers there may he several intermediate push-pull stages. In this

section we consider the methods of exciting push-pull amplifiers.

(i) Methods involving iron-cored inductors
^A) Tapped secondary transformer (big. 12.27.'\^

I'his needs little explanation except that the input transformer step-up ratio (prim-

ary to half secondary) di>cs not usually exceed 1 . 2. The fidelity is largely dependent

upon the quality of the transformer. This method may be used with almost any type

of amplifier, and the arrangement illustrated is merely typical. For example, fixed

bias operation, (^r operation with triodes in place of pentodes could equally well be

adopted.

Fig. 12.27. (/I) Triode valve (T,) follosvcd by transformer {T^ having centre-tapped

secondary and exciting the grids of the push-pull stage Tn). {B) Modijied form uith

non-centre-tapped tramformer, using ttvo resistors to proiidc an equivalent cemre-tap.
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(B) Centre-tapped resistor across secondary (Fig. 12.27B)

This is an alternative arrangement which does not require centre-tapping of the

transformer secondary. In this case an ordinary transformer with a single secondary

winding is used, and a centre-tapped resistor (/^, R^) is connected across the

secondary. I he resistors cause a load ti» he reflected into the plate circuit of C,

which IS equal to R^) T- where 7' A'_. A’,. For example if /?, R, 0.1

megohm, and T 3, the load reflected inu> the plate circuit will be 200 000 9

22 000 ohms. This load is lower than some triodes are capable of handling without

noticeable distortion, and it might be necessary to increase R^ and R.^ the limit being

set by the maximum grid circuit resistance permitted with valves V

.

and F3. In

addition, this arrangement gives greater distortion than the centre-tapped trans-

former w'hen the valves are slightly over-driven and pass grid current.

(C) Centre-tapped choke (F’lg. 12.28)

This IS an alternative method sometimes used, involving parallel feed. 'The

effective voltage gain from primary to half secondary is 1 0.5, indicating a loss as

compared with a transformer. It is difficult to obtain perfect balance between the

two sides.

I)‘ Choke-coupled phase inverter— see page ^55.

(il) Phase splitter

(A) This IS ah excellent method which is also self-balancing. Its principal charac-

teristics arc given in Chapter 7 Sect. 2(ii)B and F'ig. 7.25. Perfect balance* is ob-

tained at low frequencies if the plate and cathode load resistors arc equal, while com-
mercial tolerances m the follow ing grid resistors have only a small effect on the balance.

General purpt>se inode valves are normally used, and the gam is about O.Q to each

side of the output. The input resistance is of the order of 10 megohms, and the

harmonic distonion is extremely low.

Fig. 12.28. Trtode valve (Vi^ unth parallel feed and centre-tapped choke exciting the

grids of the push-pull stage.

Fig. 12.29A. Modified form of phase splitter gixnng full gain without degeneration.

The input is from grid to cathode and cannot be earthed. The cathode resistor is by-passed
to provide full gain.

An analysis of the balance with equal load resistors and shunt capacitors is given

in Ref. C27, indicating that under these conditions the balance is perfect at all fre-

quencies, However, in practice, the total shunt capacitances across the two channels

differ slightly and there is a slight (and generally negligible) unbalance at high fre-

quencies ; see also page 330.

If a high gain amplifier is placed between the phase splitter and the output stage,

hum may be troublesome. Part of the hum is due to the difference of potential

between the heater and cathode. This may be reduced by operating the heater of

the phase spliner from a separate transformer winding which may be connected to a

suitable point in the circuit at a potential approximating that of the cathode.

It is normal practice to assume a maximum r.m.s. output voltage (grid-to-grid)

•In »n expcnmcnul imt it it imporunt to revere the phMC of the Input from the B.F.O. when the
valve voltmeter U moved from one output to the other.
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of 0.18E 6 5 for less than 2% total harmonic distortion, equivalent to 0.25 Ei,„ pcak-to-
peak output. The distortion drops rapidly as the output voltage is decreased. With
a plate supply voltage of 400 volts to the phase splitter, the output is sufficient to

excite push-pull Class A 2A3 valves operating with 250 volts on their plates and — 45
volts bias.

A complete circuit with 3 stages incorporating a phase splitter and negative feed-

back is shown in Fig. 7.42.

(B) A modified form of phase splitter (Fig. 12.29A) gives the full gain without
degeneration, but the input is floating and cannot be earthed. For this reason it

cannot generally be used with a pickup, although it may be applied to a radio re-

ceiver. In the latter application, the valve may be a duo-diode triode performing
detection and 1 st a-f sugc amplification ; a.v.c. may be operated with some com-
plication. This circuit is panicularly prone to suffer from hum, owing to the high
impedance from cathode to earth and the high gain. The hum may be minimized
by adjusting the potential on the heater to approximately that of the cathode.

References (C) 1 , 3, 7, 1

1

, 12 .

(C) It is possible to apply positive feedback from a tapping on the cathode
resistor, through a coupling resistor to the unbypassed cathode of the preceding r.c.

pentode, and thus increase the gain. A direct-coupled version is shown in Fig. 7.51 A.
See Chapter 7 Sect. 2(xi).

(D) Another modification (Fig. 12.29B) also gives high gain not from the phase
splitter itself but from the preceding stage. It makes use of the high input resistance

of the phase splitter as the dynamic load on K„ thereby increasing its gain. The full

analysis of its ojicration is given in Reference Cl 8 and the following is a summary
The effective cathode load on (apart from the cathode resistor Rg) is and

in parallel, i.e. 20 000 ohms, which is the same as R 4 . The cathode resistor Rg
is by-passed in order to increase the input resistance.

Fig. 12.29B. Phase splitter (K,) using high input impedance to increase the gain of the

preceding stage (K,) by about six times.

Fig. 12.29C. Phase splitter using pentode tvith unbypassed screen and suppressor grid.

The d.c. load resistance in the plate circuit of Fj is ^ Ri --- 0.29 megohm, while

the dynamic load is the input resistance of F*, i.e. [sec Chapter 7 Sect. 2(ii)B]

r/ R,(l -A')

where R, R,R,/(Ri ' Ri) 167 000 ohms
and A' ^ 0.9,

so that in this example, r/ 1.67 megohms.

The gain of F, is given by

(l/r.) -t (l/r, ) 1/4 ( 1/1.67
’

which is about 6 times the gain under normal conditions.

The circuit is nearly balanced if R 4 ~ R, and

Eoi

^01 ^f»i ^

where R, R|R»/(^*
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The out-of-balancc, being about 1.2% in this example, is negligible.

(E) A further type makes use of a heptode (mixer) valve in which unequal

load resistors arc placed in both plate and screen circuits, the push-pull output being

taken from plate and screen. The input is taken to grid No. 3.

Ref. C20.
(F) A further modification makes use of a pentode with an unbypassed

screen. The two output voltages are taken from plate and screen, and the sup-

pressor grid is maintained at a negative potential with respect to the cathode (Fig

12.29C and Ref. C23).

(iii) Phase inverter (Fig. 12.30A)
This is a popular arrangement with twin triode valves, either general purpose or

high-mu. It is not self-balancing, and requires individual adjustment for accurate

balance both during manufacture and after the valve has been replaced. It is slightly

out of balance at very low frequencies owing to the two coupling condensers operating

in the lower channel, but Ca may be made larger than if desired. It gives a gain

(to each channel) equal to the normal gain of one valve.

If it is preferred to avoid individual balancing, the value of is given by

Ri (Ri ' /?a) A where A is the voltage gain of valve I"... If Ri and R , both have

r 10‘*o tolerances, the maximum possible out of balance w'lll be nearly 20“,, due
to the resistors alone, plus valve voltage gain tolerances.

Separate cathode resistors, each by-passed, arc helpful in reducing valve gain

tolerances, but require independent cathodes. If a common cathode resistor is used,

it may be unbypassed, thus introducing negative feedback for out-of- balance voltages.

The hum level is quite low.

N.B. This circuit was originally named Paraphasc, but the latter name covers a

large number of different circuit arrangements and cannot therefore be used to dis-

tinguish one from another.

References Cl, C3, C7, Cll, Cl 4.

PiC. IJ.SOA

Fij^, 12.30A. Conventional form of phase inverter in uhtch I", excites T.,, and
excites V i, the grid of V . being connected to a tapping on the grid resistor of 1 %.
Fig. 12.30B. Phase inverter zvith pentodes using the suppressor grids for self-balancing

(Ref. CIQ).

(iv) Self-balancing phase inverter (Fig. 12.SOB)
In this circuit F, and arc pentodes, and any unbalanced voltage appears across

the common plate resistance R^ and is fed to both suppressors through the bkxking
condenser C 3 , thus causing degeneration in the valve producing the larger signal

output, and regeneration in the other. Ref. Cl 9.

(v) Self-balancing paraphase inverter
(A) Floating paraphasc (Fig. 12.31)

This circuit is, to a considerable extent, self-balancing thereby avoiding any neces-

sity for individual adiustn«cnt except in cases where a very high accuracy in balancing

is required.
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In order to visualize the operation of this circuit consider firstly the situation with

F'l removed. Resistors and R • in scries form the load on valve F',, and the voltage

at the point X will be in proportion to the voltage at the grid of When F* is

replaced, the voltage initially at point X will cause an amplified opposing voltage to be
applied to resistors R, and R^. If resistor R 7 is slightly greater than R^, it will be

found that the point X is nearly at earth potential. If the amplification of F* is high,

then R^ may be made equal to R^ and point X will still be nearly at earth potential.

The point X is therefore floating, and the circuit a true Paraphase ; the derivation

of the name “ Floating Paraphase ” is obvious.

FIG. 12.92

Fig. 12.31. The tloating Paraphase self-balancing phase inverter with cathode bias.

Fig. 12.32. The bloating Paraphase circuit with fixed bias in the following stage.

The degree of balance is given by

where voltage gain of \\ into plate load resistor R 4 and following grid resistor R?.

If Rj R; R,, then R, H. I - 3 (2)

If Fj is type 6J5 (or half type 6SN7-GT) R 4 0 . 1 , R^ R; R, - 0.25 megohm,
then Ai 14 and F, E, 1.21 which is too high to be acceptable. In such a case

R, may be increased to, say, 0.3 megohm giving £, 1.03.

If Fj is type 6SQ7 with R, Rj R^ R, 0.25 megohm, then A^ 48 and
f, R, 1.06 which is generally acceptable.

If F, is a pentode (e.g. type 6J7) with R, R^ Rj R^ 0.25 megohm, then

At 104 and F, E, 1.03, which is very close.

The gain from the grid of V, to the grid of V,, is slightly greater than the gain

with R, 0 .

ri«. II.

Fig. 12.33. Com/non plate

impedance self-balancing

phase inverter.

If fixed or panially-fixed bias is employed, it is

necessary to couple the grid of Fj to point X through

a suitable condenser (C in Fig. 12.32). In addition,

a hum filter (R,o, C,o) may be required, because

most partially- fixed bias sources contain appre-

ciable hum voltage ; any hum voltage appearing

across the grid resistor of F. is amplified by F.^ and

F 4 . References Cl 2, Cl 4, Cl

6

.

(B) Common plate impedance (Fig. 12.33)

This follows the same principle as the Floating

Paraphase, except that the common impedance is

in the d.c. plate circuit instead of in the shunt a.c

(following irid) circuit. Here similarly
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FIC. 12.34

Fig. 12.34. “ Seesaw ’*

self-balancing phase inverter

(Ref. C9).

Jj .J(l (3)
E, R, /1,V i?,/

while if R, = /?4 — R„ then £i/£a ~ 1 -f 3/At (4)

where At ~ voltage gain of K, into plate load re-

sistance Ri. Ref. Cl 2.

(C) See-saw self-balancing phase inverter
(Fig. 12.34)

This is merely another form of the common plate

impedance circuit, with two separate resistors.

When Rt R* - R^,

then Ey/Et 1 f 3/(^a f 3) (5)

For perfect balance,

R* - R. [1 4- 6/(2At - 3)]. (6)

It is desirable for /I, to be greater than 40, thereby

giving an out-of-bal^ce less than 7%. References

C9, CIO, C17.

(D) Modified see-saw self-balancing phase inverter (Fig. 12.35)

This is very similar to the original form, except that it eliminates the loading of the

grid resistor Rj (Fig. 12.34). As a result the balance is improved :

When Rt R4, then

Ey/Et - 1 2/(Af -f 2) (7)

while for perfect balance, R4 Rj [I ^ 2; (At 1)] (8)

References C9, CIO.

(vi) Common cathode impedance self-balancing inverters
(A) The Schmitt phase inverter

This circuit has been described in Chapter 7 Sect. 2(viii)A. It is very useful with

twin triode valves, and exaa balance may be obtained by suitably proportioning

the two load resistors. A slightly modified practical form is shown in Fig. 12.36.

The gain with this type of circuit is only about half the normal amplification. Re-
ferences C7, Cl 2.

FiC. 12.39

Fig. 12.35. Modified '"seesaw" self-balancing phase inverter (Ref. CIO).
Fig. 12.36. Practical "Schmitt" common cathode impedance self-balancing inverter
using type 6C8-G twin triode (^l - 36). C| and Ct should have high insulation resistance.

(B) Two stage circuit (Fig. 12.37)

This circuit includes a normal push-pull triode stage with the input applied
to F, grid only. The grid of F, is excited from the common cathodes of the follow-
ing stage (VtVt) through blocking condenser C. Thus the out-of-baUnce voltage
across R excites F,. No analysis appears to have been published.
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(vll) Balanced ou^ut amplifiers
with highly accurate balance

For certain specialized applications it is

necessary to have highly stable and accurate

balance. This may be achieved in various

ways including

(a) the use of two or more inverters in

cascade, the later ones operating with

push-pull input.

(b) the use of an additional valve to amplify

the out-of-balancc voltage before apply-

ing it for correaion (Ref. Cl 3).

(c) the use of the so-cglled “ phase com-
pressor ** following the inverter —see

Sea. 7(v).

(viii) Cross coupled phase inverter Ftg. 12.37. Two stage self-balancing

The cross coupled phase invener (Ref. C25) inverter with common cathode

employs two twin triodes, the circuit impedance.

being that of the second and third suges of Fig. 15.43A. In this application the

single input may be connected between either of the two grids and earth, the other

being conneaed to earth. The hum level from the plate supply is low because hum
voltages balance out.

SECTION 7 . PUSH-PULL VOLTAGE AMPLIFIERS

(i) Introduction (ii) Cathode resistors (Hi) Output circwif (fv) Push-pull im-

pedance-coupled amplifiers - mathematical treatment (t) ^hase compressor.

(i) Introduction
A push-pull voltage amplifier stage is one having push-pull (3 terminal) input and

push-pull output. Two separate valves (or one twin valve) are required. The two
valves are each treated as for a single-ended amplifier, whether resistance- or trans-

former-coupled .

(U) Cathode resistor*

A common cathode resistor may generally be used and should not normally be by-

passed. Separate cathode resistors are beneficial in that they aid in the correct

adjustment of the operating point when this is at all aitical, such as

(a) r.c.c. pentodes when extremely low distortion is required*,

(b) any r.c.c. valves operating near to the overload point,

(c) transformer-coupled triodes when it is desired to reduce to a minimum the

out-of-balance direa current.

(ill) Output circuit

Tb: voltage from plate to plate does not include any appreciable even harmonic

diatortion owing to the cancellation between the two valves, but it does include odd
hannonics. The voltage from either plate to earth, however, includes even har-

monics. If such a stage is r.c. coupled directly to the grids of a following similar

push-pull stage, there is no benefit obtained in the form of reduced distortion. For
the latter achievement it is necessary to use either a push-pull transformer with a

*Altem«uvcly a aimiUr result may be achieved by adjusting the screen resistors.
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ccnirc-tappcd primary, or the so-called “ phase compressor **—see (v) below. The
same also holds true when feeding into a single-ended stage.

Many push-pull transformers are designed to operate with an out-of-balance plate

current not exceeding about 1 or 2 mA, thus necessitating matched valves, or adjust-

ed bias, or parallel feed.

(iv) Push-pull impedance-coupled amplifiers—mathematical treat-

ment (Fig. 12.38)

Such a 6 terminal amplifier involves four gain factors

A €i Cl for e,

A' ^ e.' for e,

y — e* ey for e

y
~ — ey' for e

In a perfealy balanced amplifier A
fiG.ia.ii If thw

-o»
C«

40-—
«l

< ••

Fig. 12.38. 6 terminal

push-pull amplifier.

In-phase gain ^ (^t ' ) (^i
^

- HA - A' - Y

Inversion gain - (e, - ef) l(ci - e

A - A‘ - Y y'

Differential unbalance - - ef) Te,

- HA A

piiner /i yi ana y - y .

If there is no cross-coupling (e.g. from a cathode

resistor common to both sides) y y' 0.

In a linear amplifier

Aey - Y^i' (5)

ef - A'ei - Y^i W
Differential gain (e.^ ef) (ey t*/) (7'

HA A' - Y - y ) (8:

Ftg. 12.39. Circuit of the

“ phase compressor *’ for

eltminating tn-phase com-

ponents and passing on a

pure push - pull output

voltage (Ref. C8).

In an amplifier without cross-coupling, y y' 0 ;

Differential gain {(A - A') average gain of two
sides.

In-phase gain differential gain.

Inversion gain A A' difference between gains

of two sides.

Differential unbalance HA A')

See also pages 573-574 for the theory of push-pull

amplification based on the expansion of the valve

characteristic into an infinite series.

(v) Pluise compressor
The so-called “ phase compressor ” is rather a mis-

nomer since its function is to eliminate the in-phase

components (e g. even harmonics) from a nominally

push-pull output. In this application it operates in

very much the same manner as a transformer. The
circuit is given in Fig. 12.39 and is a push-pull phase

splitter with the addition of capacitances C, and C,
from each plate to the opposite output terminal. It is

these condensers which attenuate in-phase components.

The gain for push-pull input is approximately 0.9 from
input to output.

Even if the input signal is imperfectly balanced, the

output is still balanced. This circuit, unlike a trans-

former, does not remove hum from the B ^ line, but

reduces it to abcut half at the output terminals. Ref. C8.
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SECTION 8 : EN-PHASE AMPLIFIERS

(i) Cathode-coupled amplifiers (iV) Grounded-grid amplifiers (Hi) Inverted input
amplifiers (iv) Other forms of in-phase amplifiers.

(i) Cathode^coupled amplifiers
These are described in Chapter 7 Sect. 2(viii)B and have many forms for special

applications. In Fig. 7.46 the output from terminal B is in phase with the input.

See references Chapter 7 Sect. 6(G).

(ii) Groimded-grid amplifiers
In these, the input voltage is applied to the cathode, the grid is earthed, and the

output is taken from the plate, being in phase with the input. Driving power is

required, so that it is not strictly a voltage amplifier.

(iii) Inverted input amplifiers
In Fig. 7.18 the input is from grid to plate and the output voltage is in phase with

the input.

(iv) Other forms of in-phase amplifiers
There arc many other forms too numerous to mention.

SECTION 9 : DIRECT-COUPLED AMPLIFIERS

(i) Elementary d-c amplifiers (it) Bridge circuit (tit) Cathode-coupled (ft;)

Cathode follotier (t;) Phase im^erter (vt) Screen coupled (ni) Gas tube coupled

(viii) Alodulation systems (ix) Compensated d.c. amplifiers (x) Bridge-balanced
direct current amplifiers (xi) Cascade amplifiers.

(i) Elementary d^c* amplifiers
A direct-coupled amplifier is one in which the plate of one stage is connected to the

grid of the next stage directly, or through a biasing battery or equivalent. It usually

receives the plate, screen and grid voltages from sources which do not include any
reactances such as filter or by-pass condensers. If this condition is fulfilled, it may
amplify down to zero frequency without attenuation or phase shift \ it may also be used
to amplify direct voltages.

riG.ia.40
ric. ( 2>«i

Fig. \2A\. Direct-coupled amplifiers

without “ hot** grid bias battery.

The most elementary form is Fig. 12.40 in which ihe'plaie of Fj is coupled to the

grid of F, through a bias battery to provide the correct grid bias. As it stands it is

of little practical use, owing to the “ hot ** bias battery.

A more practical circuit is Fig. 12.41 in which all the batteries may be at earth

potential. Tapping point B has to be adjusted to give the correct bias between grid

*Thc abbravUtion dn: ampUAer it used in thit Handbook to indicate a direct-couplcd amplifier.
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and cathode of Vf, The voltage drop across Rjrj will normally be more than half

the voltage between A and C.

A circuit requiring only a single source of voltage is Fig. 12.42 ; the two dividers

arc desirable to avoid interaction (degeneration) between the two stages unless the

bleed current is very high. The output terminal is returned to a point on the voltage

divider having the same potential.

Another circuit requiring only a single source of voltage is Fig 12.43 ; this has only

a single voltage divider. The voltage drop across must equal the plate voltage

of Vy minus the grid bias of F',. There will be degeneration caused by the unby-

passed cathode resistors, which may be avoided by a push-pull arrangement with

common cathode resistors for both stages.

FIG. 12.42 riC.ia.4S

Fig. 12;42. Direct-coupled amplifier tvith only one source of voltage

Fig. 12.43. Direct-coupled amplifier with one source of voltage and one voltage divider.

Pentodes may be used, if desired, in all these circuits by making suitable provision

for the screen voltages. In Fig. 12.43 the screen of V\ may be taken to a tap on
provided that either the screen is by-passed to cathode, or R ^2 is by-passed ; the

amplifier would then be limited to audio frequencies only (Ref. D40)
When the first amplifier stage is a pentode, its load resistor may be increased to

values much greater than those conventionally used, provided that sufficient negative

voltage feedback is applied to secure an acceptable high frequency response (e.g.

Ref. D40).

A pentode may also be used with another pentode as its plate resistor. By this

means a gain of several thousand times may be obtained, but this is only useful in

electronic measuring instruments.

Such circuits (Figs. 12.40 12.43) arc generally limited to two stages. If any in-

crease is made, there is distinct danger of slow drift occurring in the direct plate

current, due to variations in battery voltages and valve charaaeristics. These may
be minimized by voltage regulators and controlled heater voltage or current, or may
be avoided by one of the special methods described below (viii to x) Sec also Refs.

D36, D39.
Negative feedback may be applied to any d-c amplifier in the normal manner,

(ii) Bridge circuit

The bridge circuit (Fig. 12.44) may be used with any number of stages in cascade

from a single B supply. The basic design equations arc :

R, - Ry{E, -f E,)/\Ey £*(1 -f (1)

Rt - Ri(<Et - E,)/[Ey - E,(l -f /?,//?,)] (2)

where R, ^ the dx. plate resistance of Vy - E^/I^
and E^ the direct plate voluge.

Typiced operation with 6SJ7 pentode na Vy

= 400 volu, E| =« £, — 200 volts, E.^ - 100 volts, E, - 0, Ry/R^ - 0.5.

Amplification is 71.4% of that as a r.cx. amplifier. A two suge amplifier using type

6J7 pentodes has an amplification of 100 per suge with fixed voluges for bias and
screen supplies, or with push-pull connection.

Negative feedback may be applied to this type of circuit.

References D8, D15.



Fig, 12.44, “ Bridge ” circuity

direct-coupled amplifier.

(iii) Cathode-coupled

Fig. 12.45. Three stage d-c ampli-

fier with and as cathode-
coupled twin triodes.

The fundamental form of a cathode-coupled amplifier is covered in Chapter 7

Sect. 2(viii)B.

Fig. 12.45 shows a conventional d-c single triodc (K,) followed by two twin triodes

as d-c cathode-coupled amplifier stages. For example, has one triodc as a cathode

follower with its grid at a fixed volugc from the voltage divider while the other

triodc operates as an amplifier but sharing the common cathode resistor Ri^.

Fig. 12.46. Direct-coupled amplifier
incorporating twin triode with relative

positions opposite to those in Fig. 12.45
(extracted from Ref. D19^.

Fig. 12.46 is an alternative arrangement in which the positions of the two triodes

arc reversed. This input circuit was primarily for use with a phototube (Ref. D19)
but could be adapted to any other requirement.

In the form shown, the output circuit has a direct potential difference, being in-

tended for coupling directly to the screen of the 6V6 following.

See also Section 6(vi),

References Dl, D19 ; also Chapter 7 Refs. (G).

(iv) Cathode follower
The cathode follower may also be used as a d-c amplifier. One circuit is Fig. 12.47A

in which the total cathode U^d is R 4 « R^R: (R^ • R:). The value of is equal

to F, I u so as to eliminate the undcsired direct voltage across R^.

References D15, D36.

Fig. 12.47A. Cathode follower used as d.c. amplifier (Ref. D15).

Fig, 1 2.47B. Direct-coupled amplifier with r-c pentode exciting phase im^erter (Ref. Dl 4).
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(v) Phase inverter
A direct coupled axnplilfier having in the first stage a resistance coupled pentode,

and in the second stage a twin triode phase inverter, is shown in Fig. 12.47B. The
voltage gain is 67 db, with uniform gain up to 12 000 c/s.

References D14, D15.

(vi) Screen-coupled
The preceding stage may be directly-coupled to the screen of a cathode follower

pentode (Fig. 12.48). This circuit has a voltage gain of 30 db with 0.5^’o total har-

monic distortion at 0.85 volt peak output. Output terminal A has a d.c. potential

of — 1.5 volts, which may be used as bias for the following stage.

Screen-coupled cathode followers are stable, with a wide-band frequency response,

but the distortion is higher than with normal operation owing to the non-constant

ratio of plate to screen currents About 85 of this distortion can be cancelled by a

push-pull arrangement.
References D14, D19,

(vii) Gas tube coupled
Fig. 12.49 shows the simplest form of gas tube coupling in which a gas tube (GT)

provides the desired voltage drop from the plate of V\ to the grid of T,. The gas

tube here must be a glow' tube or neon lamp, a voltage regulator tube being unsuitable

because its d.c. plate resistance is of the same order of magnitude as the plate load

resistor. The values of and R.j must be carefully selected to meet the various

limitations.

f»o. ia.4Q
Fl«.l2.4a

Fig. 12.48. Two stage amplifier with the plate of the first stage dtrectly-cotiplcd to the

screen of the second stage {Ref. D14).
Fig. 12.49. Two stage amplifier with gas tube coupling from the plate of the first stage

to the grid of the secofid stage.

Fig. 12.50 is an improved circuit in which an additional valve (6J5) is used as a

cathode follower with its cathode impedance composed of the voltage regulator tube

and the resistor R,,. With this arrangement there is no d.c. load on the first amplifier

and the input impedance of the cathode follower is so high that it does not afifcct the

gain of the first stage. Almost all the signal voltage drop occurs across R^. 7'hc

design of the first stage is independent of the d.c resistance of the V.R. tube, but R^
must be much larger than the dynamic impedance of the V.R. tube. Negative feed-

back for improved stability is provided by R^ in the second stage.

The gas tube introduces noise, hence should not be used in low-level amplifiers.

For design, see Reference D13.

(viii) Modulation systems
Although not strialy direct-coupled amplifiers, they may be used in many applica-

tions. The d.c. signal to be amplified modulates a carrier wave, and after sufficient

amplification the modulated wave is detected to obtain the amplified signal. In a

modified arrangement, the input signal is interrupted or ** chopped.’*

References 02, D8, 09, Oil, 020, 021, 022, 028.
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ric. I2.SO

Fig. 12.50. Improved two stage am-
plifier with gas ttdbe couplings in

which o cathode follower is introduced

for better performance.

(ix) Compensated direct current amplifiers
In these, some variable characteristic of the amplifying valve is balanced against

the same variations in another valve, or against a different characteristic of the same

valve.

(A) Cathode compensation
A typical circuit is Fig. 12.51A and makes use of a twin triode with common cathode

resistance. This largely compensates for contact potential drift, and provides a stable

amplifier provided that an accurately regulated power source is used. Valves with

contmon cathodes are also used (e.g. 6SC7).

A diode-triode or diode-pentode valve with a common cathode may also be used

(Refs. D3b, D39). no. o.s.a

Both cathode and B supply compensation
may be obtained by returning the lower

input terminal of Fig. 1 2.51 A to a tapping

point (
• F'b /I) on the voltage divider

(broken line) instead of to earth (Ref. D8').

Other circuits used are series balance,

and cascode series balance (Ref. D39; ;

also cathode coupled phase splitter with

single ended output (Refs. Dl, 0 59;.

References Dl, D4, D8, D15, D23, D24,
D3b, D3Q.
(B) Compensation for filament and

plate voltages
This is used in the electrometer tube

circuit, and has low drift but cannot be

cascaded. Ref. D8.
(C) Compensation for emission

'I'his can be obtained by a circuit using

(D) Push-pull operation
A degree of compensation is provided by any push-pull amplifier An alternative

foi.n is a push-pull circuit in which one half only of each stage is used as an amplifier,

and the other half as a dummy to reduce drift (Ref. D25\

Ftg.
,

1 2 . 5 1 A . Car hodt -coupled

triode used as d.c amplifier

cat hodc eompc nsatio

n

.

peniagrid valve. Refs. D4, D8.

twin-

with

(x) Bridge balanced direct current amplifiers
With this type of direct current amplifier the regulation of plate and filament

supplies usually becomes unnecessary. These are normally used only in labdratory

instruments. Ref. D8.

(xi) Cascode amplifiers
The cascode amplifier flindamcnially consists of two triode > connected in scries

(Fig. I2.51B). The usual arrangement in practice is to provide a fixed positive voltage

for the grid of T,.
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A cascode amplifier may be considered as a single valve having the characteristics

gm'i The load into which K, works is given by

lAi-
^ ± 1

where and are the characteristics of both and V^,

The amplification of 1% is therefore given by

* (r, r f 1 )

1

, - - - :-2— - -
(4)

- 1)^A
Eqn. (4) may be compared with the ordinary form for expressing amplification,

namely
1

S M
and it will be seen therefore that from equation (4)

1 ) (5)

g^' \)hi 2 ) (
6)

and therefore r^' : > - 2)rt, (7)
g m

It is preferable to make R[ very much greater than r

^

in order to avoid distortion in

1^1 due to the low load resistance into which it works ; a value of 2 is satisfactory

For example, consider a twin triixlc with ^ 20 and ^ lOOOO ohms under
resistance-coupled conditions. A suitable value for the load resistance is • 10 000
^ 400 000 ohms -say 0.5 megohm.
From eqn. (5) : /i 20 • 21 500 000 510 000 412

From eqn. (6): gj - ;i/rp 20/10 000 2000 ^imhos.

From eqn. (7) : r,' 21 • 10 000 • 500 000 510 000 206 000 ohms.
A high-mu triode would show even higher values of amplification factor and plate

resistance, resembling those of a sharp cut-off r-f pentode.

Curves have been drawn for some typical twin triodcs

operating as cascode amplifiers ; they resemble the

curves of pentodes except that the rounded knee has

been replaced by a nearly straight, sloping line (Ref.

D35).
One special application is as a low-noise r-f amplifier

(Refs. D33, D35;.

Another application is as a voltage stabilizer (Refs.

D32, D34).

The cascode amplifier has been used as a direct cur-

rent amplifier respimding to zero frequency (Ref. D35).

Two cascode amplifiers have been used in a ** float-

ing paraphase ” push-pull amplifier operating with

single-ended input, to deliver a balanced output. In

this application, two high-mu twin-triode type 6SL7-GT
valves were used each as a cascode amplifier, to deliver Fig. 12.5 IB. Funda-^
an output of about 30 volts peak, each side. Only one mental circuit of cascode

coupling capacitor was used in the whole stage, thus amplifier

simplifying the design of the feedback circuit (Ref D41 ).

References to cascode amplifiers : D32, D33, D34, D35, D36, D4I.
Rafcrcncca to dircct-couplcd nmpliBert (gonerml) Refs. (D).

Ref. D36 is particularly valuable as it gives a detailed examination of the whole
subject, including all causes of ** drift.** See also Chapter 2 Sect, 2(vii) Drift of
characteristics during life, and (viii) Effect of heater voltage variation.
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SECTION 10 : STABILITY, DECOUPLING AND HUM
(i) Effect of common impedance in power supply (w) Plate supply by-passing (Hi)

Plate circuit decoupling (iv) Screen circuit decoupling (v) Grid circuit decoupling

(xri) Hum in voltage amplifiers.

(i) Effect of common impedance in power supply
Every form of power supply has some impedance—even a dry battery has appreci-

able internal resistance, particularly when panially discharged. This is represented

by the resistance in Fig. 12.52.

When two circuits operating at the same frequency have an impedance common to

both there is coupling between them, and the phase relationships may be such that the

coupling is either regenerative or degenerative. In the former case instability may
result.

A two-stage resistance coupled a-f amplifier has degenerative coupling through the

common power supply since the plate currents are out of phase.

A three stage r.c.c. amplifier (Fig. 12.52) has the signal plate currents of the first

and third stages in phase, and the total signal current through is /p, 7,3 - /p*.

Since ^ /p^) is greater than /^a, the resultant signal current through will be

in the direction of 7^:,, thus causing across R^ a signal frequency voltage drop E^.

As a result, the signal voltage applied to the grid of through 7?^, and Cj will be in

phase with the normal signal on the grid of Fj, thus giving positive feedback. If

the gain of the amplifier is high, there may be sufficient positive feedback to cause

oscillation. This effect may be prevented by the use of decoupling.

On the subject of stability, see Chapter 7 Sect. 3 (stability with feedback), also

Ref. El (requires a high standard of mathematics).

s

Ftg. 12.52. Three stage amplifier

demonstrating the effects of impedance
(7? 4) in the power supply.

(ii) Plate supply by-passing
The simplest form of decoupling, but one having limited usefulness, is a large

capacitance across the power supply (points A and B in Fig. 12.52). This reduces

the effective power supply impedance to a low value except at very low frequencies,

but it may not be sufficient to prevent low frequency instability (“ motor-bating ”)

and frequently requires 10 be supplemented by plate circuit decoupling.

This by-pass capacitance also fulfils a useful purpose m that it completes the circuit

for signal frequencies without appreciable signal currents passing through the B
battery or power supply.

Electrolytic condensers are generally used ; if paper condensers are used they should

be of a type having low inductance Either type of condenser may need, in certain

rare cases, to be shunted by an additional condenser with a small value of capacitance.

(ill) Plate circuit 4ecoupUng
The most popular method is illustrated in Fig. 12.53 where is the decoupling

resistance and C the decoupling capacitance. The signal plate current 7, divides
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between the path through C and the path through the B supply in the ratio

/jl _
^

77 ^ xT
where resistance of B supply

and X, - \,,ioC - l/(27r/C).

( 1 )

If X t is very much less than ^ them almost the whole of the signal current

will pass through C, thus reducing the coupling through the B supply. If the value

of R^ is unknown, it may be neglected as an approximation, since Rj is usually much
greater than R^.

The decoupling circuit comprising C and 7?^ is actually a resistance-capacitance

filter [for theory see Chapter 4 Sect. 8(ii)l. The frequency at which the current

divides equally between the two paths is given by
^ 1 *

(2 )

A normal minimum value of R^C is 10 000 10 giving a time constant 0.01

second and /, ^ 16 c s. Typical combinations for this value of RC are :

R^ 5000 10 000 20 000 40 000 100 000 ohms
C 2 1 0.5 0.25 0.1 /zF

Higher values of C may, of coarse, be used if desired ; these higher capacitances are

often necessary in pre-amplifiers where several stages operate from the same power
supply.

The total d.c. load resistance in the plate circuit is /?, /?.< ( /?| if desired), and
the quiescent operating conditions should be based on this value. On the other

hand, the dynamic (a.c.) load is approximately Rj.
The dynamic operating conditions (gain, voltage output etc.) may be determined

by referring to the published data for a supply voltage the same as that for point M
(Fig. 12.53). The voltage from M to earth is given by

IJl, (3)

where /{, R,
and the value of K (for low level operation) may be taken as approximately

K - 0.75 for general purpose triodes and pentodes

K 0,6 for high-mu triodes

[for more exact values sec Sects. 2 (vi) for triodes and 3 (vi) for pentodes).

A good general value of R^ for most purposes is one fifth of Rf. If the stage is

op>erating at low level, R.i may be increased up to about the same resistance as Rj
to give bener decoupling. If the stage is operating at high level, R should be reduced
as much as possible provided that sufficient decoupling can be maintained. This
may be assisted by increasing C, but the cost and size of paper condensers may set

a limitation. Two stages of decoupling can sometimes be used to advantage. Elec-

trolytic condensers should be used with caution, since their leakage currents arc

appreciable and they tend to cause noise if used in low level stages. They should

never be used with values of R.i above 50 000 ohms, and very much lower values

arc desirable.

The plate decoupling circuit of Fig. 12.53 has the effect of increasing the bass

response, since at extremely low frequencies the total plate load becomes very nearly

(R^ - Rrf). If F, is a triode, and is greater than 5 r„, then the effect is slight.

If F, is a pentode, or a triode with R^ less than 5 r,„ the effect may be appreciable.

The increase of gain and the phase angle arc both identical in form (except for the

sign) with the loss of gam and phase angle caused by the cathode bias resistor and by-

pass condenser sec Section 2 (iii) for triodes and 3 (iv) for pentodes ; also Ref. E3
for curves.

The limiting increase in gain is given by

1 .

'

(R,‘ R,)(\ ‘ \ R,) R, {\ r, \ R, \ R,)
or if r,. :>• Rf as for pentodes,

yJ . R.,R.,

/I
‘ R,(R^ - Rt - R,) (5)
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or if the effect of may be neglected,

1 4-

TpRd

Example : Pentode with Rj ^ 0.25, Ra
A'/A^IA5.

0.05, Rg ^ 1 megohm.

(6)

This increase of gain at low frequencies may be exactly cancelled by a suitable

choice of cathode bias resistor and by-pass condenser (Refs. E3, E5) provided that

Rj^ and Ra are small compared with and Rg : for triodcs—
Ric R(t/Rjgf^And CtcRie ^ CRd (7)

and then A g^rpR^/Xr^ f /?,). (8)

This generally gives a value of jR^ greater than and is of limited usefulness.

A special circuit giving plate decoupling without decoupling condensers,
suitable for use at low frequencies, is shown in Fig. 12.54 (Ref. E4). The plate cur-

rents of the last tw'o valves, which are in phase opposition, flow through separate im-

pedances Z,, Za, of such value that the back e.m.f.’s developed across them and the

common impedance Z3 of the plate supply balance out at the junaion points Jl, J2.

The screens and plates of the preceding valves are supplied from J2 and Jl through

pairs of resistances /?, R and /?,, /?, in order to balance out undesirable ripple.

The need for decoupling is less when push-pull operation is used, although there

is still the FK)ssibility of motor-boating arising from the effect on earlier stages of plate

supply voltage variations caused by the final stage. The laner are small when pure

Class A operation is employed.

Chokes may be employed instead of resistors for decoupling, and are frequently

used when the plate currents are large -e.g. power amplifiers.

It is desirable in all cases to reduce the internal resistance of the power
supply, so that even at very low frequencies there may be no tendency towards the

production of relaxation oscillations (“ motor-boating ”)• Power supplies having

good regulation have low effeaive internal impedance ; thermionic valve type voltage

regulators arc highly desirable for special applications and have the feature of re-

taining low internal impedance characteristics down to the lowest frequencies, if

correctly designed.

Motor-boating in transformer-coupled amplifiers may frequently be cured by
reversing the transformer connections on cither primary or secondary. This has the

effect of providing degeneration instead of regeneration, and may have an adverse

effect on the frequency response (Ref. E3).

Fig. 12.54. Special circuit giving plate decouplitig xviihout decoupling condensers

(Ref. i:4).

(iv) Screen circuit decoupling
Resistance-coupled pentodes in multistage amplifiers should always have their

screens separately decoupled from B 4 . By this means any impedance in the screen

supply may be prevented from causing instability, and the hum is much reduced.
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(v) Grid circuit decoupling

Fig. 12.55 is a method of applying grid-circuit decoupling with transformer input

and cathode bias. The condenser C acts as a by-pass to resistors R ^ and if its

reactance is small at the lowest frequencies to be amplified, a negligible portion of

the signal voltage will occur across C at all signal frequencies. This method requires

a smaller value of C than for cathode bias in the ratio R* : {R -f /?*). This circuit

is only effective with transformer coupling.

A similar arrangement for fixed bias is shown in Fig. 12.56, which may be used

with any form of coupling.

Fig. 12.55. Grid cir-

cuit decoupling with
transformer input and

cathode bias.

Fig. 12.56. Grid
circuit decoupling

with fixed bias.

(vi) Hum in voltage amplifiers

(A) Hum from plate supply

The plate supply is generally filtered sufficiently for the final stage, but additional

filtering is usually necessary for the earlier stages. This is usually provided by the

plate decoupling circuits, which may be made more effective than demanded by
subility in order to reduce the hum.

In a normal r.c.c. amplifier, such as Fig. 12.1, the hum voltage passed on to the

following stage is given by
E,' - E.r^ iR ^ rj (9)

where E^ hum voltage across the plate power supply

E„' ^ hum voltage across R^.
rp ^ effective plate resistance of 1^,, taking into account any feedback

and R RjR^Ji^r *

If tp is very much less than R, the hum voltage passed on to the following stage is

much less than £:\. On the other hand, if is greater than then Etf may approach

E,.

With a tranaformcr-coupled amplifier (Fig. 12.23) the corresponding ex-

pression becomes, in vector form,

E,' £*Z/(Z rj (10)

where Ej^' hum voltage across transformer primary
and Z input impedance of transformer at hum frequency.

Normally Z fp, and E^' approaches E^.

In the case of parallel-feed (Fig. 12.24; the expression becomes, in vector form,

E,' - E,Z\T -i- Rf) (11)

where Z' rpZ (rp i Z) ^ rp.

The hum pas.scd on to the following stage is normally only a small fraction of Eg.

The hum voltagea of aucceaaive stages are usually out of phase, thus resulting

in some cancellation, but this is very slight if the same degree of filtering is provided

for all suges. In such a case the hum of the first stage is the only one to be con-

sidered.

For amplifiers using negative feedback, see Chapter 7 Sect. 2(ix).
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(B) Hum from the screens may also be reduced by screen decoupling. The
hum from the screen is out of phase with the hum from the plate, but the screen hum
predominates. For amplifiers using negative feedback, see Chapter 7 Sect. 2(ix).

(C) Hum from the grid bias supply may be reduced in some cases by grid

decoupling. This hum voltage may be either in phase, or out of phase, with the

plate circuit hum, depending on the source.

(D) Hum neutralization
In a r.c.c. pentode the hum voltages from the plate and screen are out of phase,

so that it is possible to neutralize the hum by a circuit such as Fig. 12.57. Here the

screen is fed from a series resistance Rgz, and the hum voltage is applied to the screen

by the capacitance divider CyC^. If Vi is type 6J7 with R i
~ 0.25 and R^^ = 1.5

megohms, minimum hum is obtained when C, ^ 0.05 and C* — 0.5 /xF, the hum
then being about 14% of that without neutralization. C, and may have i 10%
tolerances in quantity production. For perfect neutralization it is necessary to

balance both resistive and capacitive elements.

An alternative form (Ref. E2) is shown in Fig. 12.58 in which, for perfect neutraliza-

tion at all frequencies,

«/./, R, \
. ,

C, RJ R,.\

R/V • r,. )
( 12)

C,

C.
where plate resistance of K, (preceding stage; and the other values are marked
on the diagram. This circuit gives neutralization both for hum and for low frequency

regeneration.

There are other methods w'hich may also be used for hum neutralization or re-

duction (see Chapter 31 Sect. 5).

Fig, 12.57. Hum neutralization rn a r.c.c. pentode.

Fig. 12.58. Alternative circuit giving perfect neutralization for hum and for low

frequency regeneration at all frequencies {^Rcf. E2').

(E) Hum caused by inductive coupling
The most common cause is an a-f transformer or choke, which may be placed in

an electromagnetic field. This effect may be minimized by altering the position of

the transformer or choke, but cannot usually be eliminated entirely. The best pro-

cedure is to avoid using the transformer, to remove the cause of the electromagnetic

field, or to employ a properly shielded transformer

Some valves exhibit hum when they arc placed in a strong field the cure is

obvious.

See also Chapter 18 Sect. 2(iii) on pre-amplifiers, and Chapter 31 Sect. 4 on hum.

(F) Hum caused by electrostatic coupling
This may be almost entirely eliminated by suitable placing of the mains and rectifier

leads, and by electrostatic shielding of all low-level wiring (especially the first grid

lead) and by shielding the valves and other susceptible components. See also Chapter

18 Sect. 2(iii) on pre-amplifiers.
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(G) Hum due to heater>cathode leakage or emission
When a valve is operated at a fairly high input level, it is often sufficient to earth

one side of the heater supply and to use a large by-pass condenser (40 or more)

with cathode bias, or an earffied cathode with fixed bias.

At a somewhat lower input level, hum due to heater-cathode leakage or emission

may be reduced as required, by one or more of the following devices

—

1. Centre-tapped heater supply, with tap earthed.

2. Centre-tapped heater supply, with tap connected to a fixed positive or negative

voltage (say 15 or 20 volts bias).

3. Potentiometer across heater supply, with moving arm cormected to earth and

adjusted for minimum hum.
4. Potentiometer across heater supply, with moving arm conneaed to a positive

or negative voltage (not more than 50 volts maximum) selected experimentally to

give minimum hum, in conjunction with adjustment of the p)otcntiometcr.

For further information see Chapter 18 Sect. 2 (pre-amplifiers) and Chapter 31

Sect. 4 (hum).

SECTION 11 : TRANSIENTS AND PULSES IN AUDIO FRE-
QUENCY AMPLIFIERS

(0 Transient distortion (ii) Rectangular pulses.

(i) Transient distortion
A transient is a complex wave which docs not repeat periodically ; it may be

analysed into a fundamental and harmonic frequencies (see Chapter 6 Sect. 8). If an

a-f amplifier contains a tuned circuit, e.g. in a compensated wide band amplifier, or

in a tone control stage, distortion of transients can occur if the damping of the tuned

circuit is too slight. The effea is actually shock excitation of the tuned circuit ;

this may be reduced to acceptable proportion if Q does not exceed 0.7 (Ref. A12
p. 428).

(ii) Rectangular pulses
TTie design of special pulse amplifiers is beyond the scope of this handbook, but

amplifiers are frequently tested with a rectangular input voluge (“ square wave ’*)

and their performance under these conditions is of interest.

E |l
f

9 t E
T
c

LJJl i o X
Fig, 12.59. A single resistance-capaci-

tance coupling and its response to a
rectangular waveform.

In the case of a single r.c. coupling (Fig. 12.59), the voltage across R is given by
« - (1)

where E =- amplitude of pulse voltage input

R ~ Rg rJRjiXg 4- Rj) ^ Rg
and t

~ time measured from commencement of pulse, in seconds.

If t is small compared with RC, we may write the equation as the approximatiem
(Ref. FI)

e ^ (I - t/ROE (2)

or E/(E - e) ^ RC/t - (say) X (3)

the error being negligible if t is not greater than 0.1 RC.
The value of the time constant RC to give any desired value ofX at the end of a

pulse is given by
RC TX (4)

where T ~ time length of pulse,

and A' - E/(E - e),

provided that X is not less than 10.
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For example, ifX is required to be 20 (i.e. the amplitude of the square top falls by
5*^0 at the end of the pulse) j»nd if T - 0.01 second, then RC ^ 0.2 second. If

R 0.5 megohm, then C 0.4 nF.

If the pulses are repeated periodically with the length of pulse equal to the time
between pulses, and if the applied voltage is zero during the period between pulses

(as Fig. 12.59),

then RC ^ X/2f, (5)

where /j frequency in cycles per second.

With sine-wave input, the frequency (/«) at which the response of a single-stage

r.c.c. amplifier falls by 3 db is given by

/o \.{2nRC) (6)

But with “ square-wave input, RC ^ X 2fy (7)

where /, frequency of square wave in cycles per second.

Therefore /„ /, nX (8)

By using a square wave input, and noting on a C.R.O. the frequency fi at which
there is (say) 10‘\, drop at the end of the pulse (i.e. X 10), it is possible to calculate

the frequency for 3 db attenuation with sine-wave input :

/o ^ lOrr [for A' 10] (9)

Vice versa, by measuring the frequency /o at which the sine-wave resp>onse is 3 db
below' that at the mid-frequency, it is possible to calculate the frequency /i at which
the square w'ave shows a specified drop at the end of the pulse :

/, Arr/, (10)

where A' H {1: c)

Equations (9) and (10) may also be used in connection with multi-stage amplifiers.

SECTION 12 : MULTISTAGE VOLTAGE AMPLIFIERS

(/) Stti^U-charwcl umpit/iers (ti) Multi-channel amplifiers,

(i) Single channel amplifiers

Almost any desired number of single r.c.c. stages may be connected in cascade,

if adequate provision is made for decoupling. A practical limit is reached when the

noise and hum from the first stage become excessive (sec Chapter 18 Sect. 2 pre-

amplifiers).

The total voltage gain of the amplifier (.4) is given bv
A A, A, A, ,

where /I, voltage gain of first stage, etc.

For decibel calculations see Chapter 19 Sect. 1.

The attenuation in decibels below the mid-frequency gain (An) is given, for any

frequency /, by the sum of the attenuations in decibels of the individual stages at the

same frequency.

It is normal practice to design such an amplifier with a flat, or nearly flat, response

over the desired frequency range, and to introduce one or more stages for cither fixed

tone compensation or manual tone control, or both (sec Chapter 15). These stages

usually give very limited gain at the mid-frequency.

(ii) Multi-channel amplifiers

Amplifiers having 2 or 3 channels are sometimes used. For example, a 3 channel

amplifier may be preceded by a frequency dividing network such that each channel

only amplifies a limited range of frequencies low’, middle and high. Each channel

may have its own attenuator, with an additional attenuator for the whole amplifier

(see Chapter 18). The three outputs may feed three separate power amplifiers, or

they may be recombined to form a tone compensating amplifier (see Chapter 15).
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SECTION 1 : INTRODUCTION
(i) Types of a-f paver amplifiers (ii) Classes of operation (iti) Some characteristics

of paver amplifiers {iv) Effect of paver supply on porrer amplifiers.

(i) Types of a-f power amplifiers
An interesting analysis of possible types of a-f power amplifiers is given in Ref. Gl.

However, for practical applications we may sub-dividc the arrangements as under :

On basis of form of loading
(a^i Plate loaded (the normal arrangement).

(b) Cathode loaded (i.e. cathode follower;.

(c) Combined plate and cathode loaded (e g. the McIntosh amplifier sec Fig.

13.50D and the Acoustical QUAD amplifier, Refs. H4, Hb).

On basis of coupling to load
(a) Transformer coupled.

(b) Choke-capacitance coupled (shunt feed).

On basis of load connection ~

(a) Single-ended output (i.e. one valve).

(b) Push-pull output.

(c) Parallel output.

(d) Push-pull parallel output.

(e) Single-ended push-pull (Refs. E32, HI, H2).

On basis of excitation -

(a) Single input to grid.

(b) Push-pull input to grids.

(c) Single input to one grid, with other valve excited from common plate or cathode
circuit sec Sect. 6(viii;.

(d) Grounded-grid single input.*

(e) Grounded-grid push-pull input*.

*Noi notfluJiy used with e-f amplihcn.

544
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On basis of input coupling —
(a) Resistance-capacitance.

(b) Choke-capacitance,

(c) Transformer.
(d) Direct coupling.

On basis of type of valve -

(a) Triode.

(b) Pentode.

(c) Beam power amplifier.

On basis of use of feedback (see Chapter 7)
-

(a) Without feedback.

(b) Negative voltage feedback.

(c) Negative current feedback.

(d) ('athode follower.

(e) Combined positive and negative feedback.

On basis of Class of Operation see (ii) below.

On basis of input power required
(a) No grid input power.

(b) With grid input power.

(ii) Classes of operation
Class A operation* is the normal condition of operation for a single valve, and

indicates that the plate current is not cut off for any portion of the cycle.

Limiting Class A push-pull operation* is operation such that one valve just

reaches plate current cut-off when the other reaches zero bias.

Class AB operation* indicates overbiased conditions, and is used only in push-
pull to balance out the even harmonics.

Class B operation* indicates that the valves (which are necessarily in push-pull)

are biased almost to the point of plate current cut-off.

The numeral “
1
” following A or AB indicates that no grid current flows during

any part of the cycle, while “ 2 ” indicates that grid current flows for at least part of

the cycle. With ('lass B operation the “ 2 is usually omitted since operation with

grid current is the normal condition.

(iii) Some characteristics of power amplifiers
Amplifiers incorporating negative feedback are covered in Chapter 7. The de-

sign of output transformers is covered in Chapter 5 Sect. 3.

F'or a limited supply voltage Class A, gives the lowest power output with given

valves, while Class AB, and Class AB.. give successively higher outputs. Pentodes

and beam power amplifiers give greater power output than iriodes under the same
conditions. Negative feedback does not aflect the maximum power output.

The power plate efficiency is the ratio of the audio frequency power output to

the d.c. plate and screen piwer input. It is least for Class A,» and increases pro-

gressively with Class AB,, AB, and B. It is less for Class A, triodes than for Class Aj

pentodes or beam power amplifiers.

The senaitivityt is normally taken as the ratio of milliwatts output to the square

of the r.m.s. grid voltage. Pentodes and beam power amplifiers have considerably

greater sensitivity than triodes. Class AB, or any push-pull operation decreases the

sensitivity. Amplifiers with grid current require power in the grid circuit ; sensiti-

vity cannot be quoted for such types except for the whole section including the driver

valve.

*Scc ilclinitiv>nH tn Sect. So H
fl'hc >^riicr lavoum the uic oi ihc ahcrnutivc form

Scn,i<iv.tv
' '"‘"iSL*"*

firitJ vokjgc rm.s.
which gives Vitlues fr»»m slightly over I te.g. l>pc 4S) lo nearly 30. This form has the advantage that,

for the «amc power output, the value proportional to the voltage gam. This value is the square rvnn
of the •• sensttivtiY ” us normally measured.

Another alternative form is the r.itio of milli-watts output to the square of the peak grid voltage.
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The effective plate resistance (or output resistance) of a power amplifier is an

important characteristic when the load is a loudspeaker. The optimum value of plate

resistance depends upon the loudspeaker, but in the majority of cases the optimum
is about one fifth of the load resistance for the best frequency response lower values

give heavier loudspeaker damping but a loss of bass response. Feedback amplifiers

with very high feedback faaors normally have a very low value of output resistance as

the result of negative voltage feedback ; in some cases the output resistance is pur-

posely raised to a more suitable value by some device such as bridge feedback see

Chapter 7 Sect. l(iv). The general question of the optimum plate resistance is covered

in Chapter 21 Sect. l(ii), while loudspeaker damping is covered in Chapter 21 Sect. 3.

Critical load resistance Pentodes are much more critical than triodes as regards

the effects of variation from the optimum value of load resistance this holds with

or without feedback in both cases. See Sect. 2(iv), Sect. 3(viii), Sect. 5(ii), Sect. 6(ii),

and summary Chapter 21 Sect. l{iii).

Distortion Single Class Ai triodes are usually operated with second harmonic
distortion at maximum output, while the third and higher order harmonics are small

under the same conditions. All published data for such valves arc based on 5“()

second harmonic unless otherwise specified. With push-pull Class A, triodes the

even harmonics arc cancelled and only small third and higher order odd harmonics
remain. Push-pull class Aj triodc operation is regarded as providing the best fidelity

obtainable without the use of feedback.

As the bias is increased towards Class AB, operation the odd harmonic distortion

increases only slightly until cut-off is just reached during the cycle (i.c. up to Limiting

Class A operation), beyond which point a kink appears in the linearity (transfer)

characteristic, and the distortion is more displeasing to the listener than is indicated

by the harmonic distortion.

Power pentodes operated under Class A, conditions on a resistive load may have
very slight second harmonic distortion but from 7*',, to 13'*,, total distortion. 'Fhis

is largely third harmonic with appreciable higher order harnninics. When operated

into a loudspeaker load the harmonic distonion is much more severe at low and high

frequencies due to the variation of loudspeaker impedance with frequency. Negative
feedback may be used to reduce distonion at all frequencies.

With a load of varying impedance, such as a loudspeaker, there is a selective effect

on the harmonic distonion. For example, if the impedance of the load is greater

to a harmonic than to the fundamental, the harmonic percentage will be greater than

with constant load resistance equal to that presented to the fundamental. Sec Sect.

ll(iii) and Fig. 13.54, also Sect. 2(iv) for triodes. Sect. 3(viii) for pentodes.

Owing to the fact that the dominant harmonic with power pentodes is the third,

there is very little reduction of distortion due merely to push-pull operation. If,

however, the load resistance per valve is decreased, the effect is to increase the second

harmonic per valve (which is cancelled out in push-pull) and to decrease the third

harmonic, and thus to improve the fidelity.

Some of the distonion occurring with Class ABj or Class B operation is due to the

effect of grid current on the input circuit. The design of such amplifiers is treated

more fully later in Sections 7 and 8.

Normally the harmonic distonion is stated for full power output, but the rate of
increase is also of importance. Second harmonic distonion (Cdass At triodes or

beam power tetrodes) incrca.scs more or less linearly from zero to full power. Third
harmonic distonion in pentodes increases less rapidly at first, and then more rapidly

as full output is approached. Higher order odd harmonics show this effect even
more marludly.
Beam power amplifiers in Class At have considerable second harmonic, but less

third and higher order harmonics. When operated in push-pull the second harmonic
is cancelled, and the toul harmonic distonion on a constant resistive load is small.

On a loudspeaker load, however, the same objections apply as for pentodes, and ne-

gative feedback is necessary in all cases where good fidelity is required.

For further information on fidelity and distonion see Chapter 14.
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In calculating the frequency response of an output stage, it should be noted
thit the inductance of the output transformer varies with the applied signal voltage.

When the d.c. plate current remains nearly constant at all output levels the regu-
lation of the power supply is not important as regards the output power, provided
that it is adequately by-passed see (iv) below. With Class AB, operation there is

a greater variation in current drain from zero to maximum signal, and improved
regulation is required in the power supply in order to avoid loss of power and increased

distortion. Class AB., and panicularly Class B amplifiers, require extremely good
power supply regulation owing to the large variations in current drain.

The use of self bias (cathode bias) reduces the variation of plate current due to

change of signal level, and frequently enables less expensive rectifier and filter systems
to be used, although in some cases the output may be slightly reduced and the dis-

tortion slightly increased as a result. Self bias cannot be used with Class AB. or

Class B operation.

Parasitic oscillation in the power stage is sometimes encountered, cither of a

continuous nature or only under certain signal conditions. High-mutual-conduct-
ance valves are particularly liable to this trouble, which may be prevented by one or

more of the expedients listed below. Class AB.. or Class B amplifiers sometimes
suffer from a negative slope on portion of the grid characteristic ; this may sometimes
be recognised by a “ rattle ” in the loudspeaker. Improvement in most cases may b>e

secured by the use of one or more of the following expedients :

A small condenser from each plate to earth.

A condenser from each grid to earth ^with transformer input only).

Series stopping resistors in grid, screen and plate circuits, arranged as close as

possible to the valve.

Improved layout with short leads.

Input and output transformers with less leakage inductance.

In addition to these expedients, it is usually helpful to apply negative feedback

from the plate of the output valve to its grid circuit or to the cathode of the preceding

stage.

A Class AB: Class B amplifier requires a driver stage and (usually) coupling

transformer in addition to the final stage. These, together with the additional cost

due to the gcy>d regulation power supply, should all be considered in calculating the

total sost. It is desirable to consider the whole combination of driver valve, driver

transformer and push-pull power stage as forming the power amplifier, and the input

voltage to the driver will generally be comparable with that required by a single power
pentode.

W'hcn fixed bias is required for a class AB,, AIL or B amplifier, this may be obtained

from a battery or from a separate rectifier and filter. In order to reduce the cost,

back-bias with the addition of a heavy bleeder resistance is often used. Some varia-

tion in bias is inevitable with this arrangement, and a loss of power output and an in-

crease of distortion will result. 7'he additional cost of the power supply and filter

needed to handle the total current of valves and bleeder must also be considered.

Pentodes and beam power amplifiers may be used as triodes by connecting plate

and screen. If the suppressor is brought out to a separate pin it may be connected

to the plate. C^re should be taken to avoid operating such a valve at a plate voltage

higher than the maximum rated screen voltage unless special “ triodc ’* maximum
ratings are available.

The load impedance with triode power amplifiers may be open-circuited (if neces-

sary) without any .serious effects ; it should never be short-circuited. The load

impedance with pentodes may be short-circuited only if the valve is being operated

considerably below its maximum plate dissipation i it should never be open-circuited

unless an appreciable degree of negative voltage feedback is being used.

(iv) Effect of power supply on power amplifiers
The usual by-pass capacitor connected across the power supply is large enough

to act as a reservoir and maintain practically constant voltage, except at low frequencies.
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The analysis of a power supply shunted by a condenser and supplying sine-wave

signal current does not appear to have been published.

An analysis has been made (Ref. B6) for the simpler case where the signal curreiit

is of rectangular form. The minimum frequency of rectangular waveform for a

specified variation of supply voltage over the half-cycle is given by

R.) - 1

4.606XR,C log.o .4
^ '

" /ho (/{o *”
/|»)

— resistance of voltage source
~ ^ ho /ho
— shunt capacitance

^ (1 - /C)

(1 - K) - [KiR]~ R~) - IJa: 100
^ direct voltage across C
— direct plate current of valve

" peak signal current through valve plate circuit

~ fall of supply voltage between beginning and end of positive half-cycle,

expressed as a percentage of
The only approximation in eqn. (1) is that the voltage across the condenser at the

commencement of the positive half-c>'cle is taken as being

Eqn. (1) has been applied to the following example

Fhu - 250 V,/,. ^ 40mA,/, 30 mA, C Ib^F, x 2,

to give these results :

When RjR. 5 10 20 30 35

then /, 170 157 127 96 49 c s

This example is a severe one since a rectangular waveform is more severe than a

sine waveform with the same peak current, while the value of x only allows 2^\, drop
in voltage over the half-cycle. If 5'\, voltage drop as permissible,/, becomes 39 c s

for Rf R. 10 The importance of good power-supply regulation for satisfactory

performance at low frequencies is demonstrated.

This effect does not occur to any appreciable extent with push-pull Class A am-
plifiers, and is not so pronounced with Class AB amplifiers as it is with single-ended

Class A or with Class B.

Amplifiers should always be tested for frequency response and distortion

at maximum power output, as well as for frequency response at a lower level.

fr

where K
R.

C

A

and X

SECTION 2 : CLASS A SINGLE TRIODES

fi) Simplified graphical coftditiom, pcnier output and distortion (n ) General graphical

case, poteer output and distortion (iii , Optimum operating conditions {iv) Loud-
speaker load (r) Plate circuit efficiency and pouer dissipation (yi ) Pirtur sensitivity

ivii) Choke-coupled amplifier (vni) Effect of ax. filament supply {tx, Overloading

(x) Regulation and by-passing of pouer supply,

(i) Simplified graphical conditions, power output and distortion
The basic circuit of a single Class A, triode is Fig. 13.1. The load resistance {R,)

is normally connected to the secondary of a transformer (7 ) whose primary is con-

nected in the plate circuit of the valve. The load resistance (/?,) presented to the

valve is given (see Chapter 5 Sect. 1) by

/?, {S, s.yRz (U
where A', S. transformer turns ratio, primary to secondary. In the ideal case,

the primary and secondary windings of T may be assumed to have zero resistance,

and the d.c. plate current /, to remain constant under all operating conditions.

The valve characteristics are shown by Fig. 2.22 in which the loadline AQB has a

slope 1 R; and passes through the operating point Q. In this example, F., 250
volts and £, 10 volts, and Q is venically above E 250 volts, because the full

£» voluge is applied between plate and cathode.
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The maximum grid swing which can be used is 20 volts, that is from A (E

,

-= 0)

to B - 20 volts) since the E, - 0 curve is the border of the grid current region.

Actually a slight grid current usually flows at zero bias, but this is generally neglected.

Fig. 13.1. Basic circuit of a Class

mode u'ith transformer-coupled load.

Fig. 13.2. Loadline applied to triode

plate characteristics to determine

potver output and distortion.

The power output may be calculated from a knowledge of the maximum and
minimum voltages and currents along the loadline, assuming a sinewave input voltage

(Fig. 13.2):

Power Output ^ Rm .) ^m n') (2)

(3)

J (
£" m . X R, (4a)

/^) (4b)

Equations 2, 3 and 4 give the exact fundamental frequency power output when the

odd harmonic distortion is negligible. The power output of 5^’o second harmonic
frequency is only 1 400 of the fundamental power output, which is negligible.

The load resistance corresponding to the leadline is

R, {E^,, (5a)

(E\ (5b)

The percentage second harmonic distortion

*(/.0
UX)

AQ QB
2{AQ QB.

100 i7a;

100 (7b)
AQ QB 1

2(AQ QB n
The equation (7b' has been plotted graphic-

ally in Fig. 13.3.

The voltage gain of a power amplifier

is given by

2.82 \ l\,R^ <8)

where P„ power output in watts.

The peak values of the fundamental and

second harmonic comp.^ncnis of the signal

plate current are :

Fundamental 7^, r fm.J
(9 )

Sca>nd harmonic 7*^ 1(7^.,. 7.,,.,

27y) (10)

If AQ QB 119 1 .22, then the sea>nd

harmonic distortion will be This

(6 )

Fig. 13.3. Cunr of second har~
fitonic distortion plotted against the

ratio AQ QB for the txvo portions

of the loadhne {Fig. 13.2).
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is the principle of “ 5% distortion rule ** reproduced in Fig. 13,4. The rule has

each division to the left of 0 a length of 11/9 or 1.22 of the length of a corresponding

division to the right of 0. It may be made with each left-hand division

11 millimetres and each right-hand division 9 millimetres. Each of

these divisions may be divided into 10 equal subdivisions. It may be
used by placing the “ 0 ** of the distortion rule at any likely operating

point and tilting the rule gradually until the reading on the rule corres-

ponding to the zero bias curve is the same as the reading corresponding
to the curve of twice the grid bias at the operating point. AQjQB
will then be 119 and the second harmonic distonion corresponding

to AQB as a loadline will be 5^,,.

There are also methods for the graphical determination of any
degree of second harmonic distonion. One of these was originated

by Espley and Farren (Ref. Bl) and is illustrated in Fig. 13.5 ; it

must be drawm on transparent material. It is applied to the curves

in a manner similar to the 5^o distortion rule, except that a loadline

is first drawn in, and then the Harmonic Scale is moved so that DBG
is parallel with the loadline. For example, with the loadline EFG the

distonion is 20®,, while with E FG the distonion is 10®,, The scale

may be constructed on the basis of :

2nd Harmonic Distortion ®o 0 5 10 15 20
DB BC 1.0 1.22 1.5 1.86 2.33

If the valve is to be operated with a known plate voltage, the usual

procedure is to take as the operating point (Qj the intersection of the

vertical line through with one of the Er curves such that Q is cither

on, or below, the “ maximum plate dissipation curve ” (Fig 13.2').

If the latter is not included in the published curves, it may readily be

plotted over a small range. This dissipation curve only affects the

operating point Q, and there is no harm if the loadline cuts the curve.

In general, if the plate voltage is fixed, a triodc gives greatest output

when it is operated at the maximum permissible plate current, with

the limit of \Ep, (sec eqn. 22).

If there is no predetermined plate voltage, a tritxlc gives increasing

pow'er output as the plate voltage is increased, even though the plate

current is limited in each case by the dissipation.

(ii) General graphical case, power output
and distortion

In praaice there are several additional factors which should be

taken into account,

(A) Resistance of transformer primary
Provision may be made for this resistance by giving the line Q/:\

a slope of 1 R' where R' is the resistance <^f the transformer

primary or choke (Fig 13.6). By this means the plate voltage of

point Q is less than Ef, by the value R7g. This (\ocs not affect the

slope of the loadline, which is determined solely by the effective im-

pedance of the load refleaed across the primary of the transformer.

It is assumed that the final filter condenser has sufficient capacitance

to supply the varying current over each cycle without appreciable

change in voltage.

(B) Effect of primary Inductance
The reactance of the transformer primary gives an elliptical load-

line (sec Chapter 2 Sect. 4(vi)|. This ntay be reduced to any desired

extent by increa.sing the inductance. Obviously this effect is only

serious at the lowest signal frequencies ; suitable values of inductance

are given in Chapter 5 Sect. 3(iii)c.

Fig, 1 3.4. 5% dinar(ion ruit for ui# in cakulating thg power
output of triodet.
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It will be observed that D'' does not correspond to the intersection of the loadline

and the static bias curve. Point P" is not the quiescent point (which is Q) but may
be described as ** the point of instantaneous zero signal voltage on the dynamic load-

line.” Point P"' must therefore be used in the calculations for harmonic distortion

at maximum signal. The loadline A 'D 'P 'B" provides the data necessary for the

calculation of power output, second harmonic distortion, and average direct current.

All these will, in the general case, differ from those indicated by the loadline AQB.
Summary :

1. Power output is calculated from the loadline A"B" in the usual nianner.

2. Second harmonic distonion (per cent) at maximum signal (2D 'P ' /A"B")
X 100.

3. Average d.c. current at maximum signal ^ ' — I ^ current for

point D".
The graphical method above is accurate, within the limits of graphical construction,

but rather slow. Approximate results may be calculated from the original loadline

by the equations :

//' ^ In * - /..n ' 2/^)(l R, V,) (13)

JI," ^ i(/^ar - /«.H - 2/^^)(l ^ R, rj (14)

Alternatively the rise in current may be calculated from the second harmonic dis-

tortion (Hi) and power output :

J/," 2Hi\ Po Rj(l - R, r,) (15)

In another form, the rise in current may be calculated from the harmonic distortion,

and 7^,, :

J/," ^ (/^ - /...)(! - /?;. r,)lHi (1 - 2//,)l (16)

or less accurately by

J/, ' ^ (0.78 7^)(1 - (1 - 2//,)) (17)

(on the assumption that 0.22 7^).

Eqn. (17) is interesting, since it does not involve any data beyond those normally

published. If 77, 0.05 it may be reduced to

J7,'' ^ 0.043.7^(1 Rf r,) (18)

Eqns. (13) to (18) give results slightly lower than the graphical method.

For rectification effects with cathode bias see below.

(E) Cathode bias

Cathode bias loadlines may be drawn on the mutual characteristics (Chapter 2

Sect. 4(v)] but the position is complicated by the rise in plate current caused by

rectification. The simplest approach is to assume a voltage between plate and cathode

(Es)y determine the plate current under maximum signal conditions as for fixed bias

Fig. 13.8 Determining change of plate

current with fixed and cathode hiasy

having operating conditions identical at

maximum signal.

(h") and then to calculate the cathode bias

resistor (R^) from the equation Rk
E. Itf’

.

It is then necessary to check for

plate dissipation at no signal ; this may be

done by the method of Fig. 2.27, drawing
a cathode loadline having the correct slope,

and noting the plate current (7^) at which
the cathode loadline intersects the mutual
characteristic for the desired value of Ft.

The dissipation with no signal input is

then There is a slight error

through assuming that Ey, remains con-

stant from zero to maximum signal, but

this is usually negligible. Alternatively,

the maximum value of /», may be calcu-

lated from the maximum dissipation, and

marked on the corresponding Eh curve ;

through this point a cathode loadline may
be drawn whose slope will indicate the

minimum permissible value of cathode

bias resistor.
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Alternatively, cathode loadlines may be drawn on the plate characteristics, but they
will be slightly curved (for method see Chapter 12 Sect. 2(iii)].

Rectification efTecta with cathode bias may be determined entirely from the
plate characteristics (Fig. 13.8). The loadline corresponding to maximum signal

conditions is A 'B" (as for Fig. 13.7) while p>oint P" is the point of instantaneous

zero signal voltage. The maximum signal plate current is h," as for fixed bias. For
the sake of comparison, the zero signal loadline AQB for fixed bias has also been
added. From D" a straight line is then drawn to £^6 where £ 5 ^, is the total supply
voltage across both valve and Rt, ; this line will have a slope of - !/£*.
The cathode bias loadline must pass through the point R on the £^, curve at which

the plate current is I because £^1 T The Rj, leadline also passes through
0 as shown ; it intersects the sloping line through £^5 at point S with plate current
1 This point S is the quiescent operating point with cathode bias and has a plate

voluge £{>2 which is slightly greater than £
The change in average plate current from no signal to maximum signal is given by

J// for cathode bias and J/j, ' for fixed bias. It is obvious that J/^' is always less

than J/ft ". More specifically,

J/.; r, £,,

J/» - R,
As a typical example, for type 2A3, E„ 250 volts, £r, — 45 volts, r, = 800

ohms, £* 750 ohms ; J/f, JI ^ 0.2.

In words, the change of plate current with fixed bias is five times that with cathode
bias.

If the value of the cathode bias resistor and the total supply voltage (£{>6 ~ Eb -r Ef)
are known, the following procedure may be adopted (Fig. 13.9A).

Ftg. 13.9A. Dctemtimng position of
loadlitie and rise tn plate current, given
plate supply voltage [E E^ * £,|)
and cathode has resistor only. »

1. Draw the cathode bias loadline (/?*) on the plate characteristics.

2. Draw a straight line through Et,H with a slope of 1

3 . Take the point of intersection (Q) and draw a vertical line to the horizontal axis.

This will give the quiescent plaie-to-cathode voltage £m, and Q will be the

quiescent operating point, with grid bias £,,.

4. 'Fhrough Q draw a loadline with the desired slope from E^ 0 to E, - 2E,i

this will be AQB. Mark the point of average plate current (D).

5. Select the adjacent characteristic curve ( £, 2 ) and arbitrarily select point Q '

having slightly higher plate current than Q. Through Q" draw a parallel load-

line A"Q B " from £. 0 to £, 2£, 2 . On this loadline mark the point

of average plate current (D' ).

6 . Join DO ', and mark its point of intersection (D ) with the sloping line through

Through D' draw a parallel loadline A'B which will be the maximum
signal loadline. Obviously B will be intermediate between B and B' , and

its pi>sition may be fixed approximately by joining BB' and making B' the point

of intersection with the new loadline. The rise in plate current from the quies-

cent condition (/^) to the maximum signal condition (7^0 is given by J/*'.
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If it is desired to make allowance for the transformer primary resistance^ the slope

of D in Fig. 13.8 should be — l/(/?' -f Rk) where R' primary resistance.

In general, any single Class A triode may be operated either with fixed or cathode

bias as desired. The maximum value of grid circuit resistance frequently depends

on the source of bias. When it is permissible to use a value of cathode bias resistor

which provides the same grid bias as required for fixed bias, the load resistance,

distonion, and power output will be identical. When it is necessary, on account of

plate dissipation, to use a higher value of /?t,then the conditions in the two cases will

be different.

Cathode by-passing It is important for the by-pass condenser to be sufficiently

large to maintain the bias voltage constant over each cycle any fluctuation leads to

increased distonion and loss of power output. When operating at low levels it is

usually sufficient to ensure that the reactance of the by-pass condenser, at the lowest

frequency to be amplified, does not exceed one tenth of the resistance of the cathode

bias resistor.

At high operating levels it is necessary to ensure that the direct voltage from B t

to cathode remains substantially constant over each half-cycle. This may be treated

in the same manner as the by-passing of the power supply see Sect. l(iv) and Eqn. (1).

The network comprising the resistive elements R, and and the capacitive ele-

ments C and Ci may be replaced by its equivalent network comprising C, in parallel

with /?!, connected from B * to cathode. In the special case when C C\ Rk Rt
we have Ri Rt and C, CC^ (C * CJ, but the general case is more in-

volved. Eqn. (1) of Sect. 1 may then be applied directly.

Fig, 1 3.9B. Plate characteristics type 6J5 with g and g^ curves and loadHnes {Ref, B5).
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(F) Alternative method using and gp curves
A - - gn^RjAl + gpRi) (19B)

where A — amplification with small input signal

g„ ~ mutual conductance

gp plate conductance l/r^.

For predominant second harmonic distortion :

A' {{A, \- A^) (19C)
Second harmonic distortion per cent 25(>4i /I 2 ) C/li f A^)
where A' ^ amplification with maximum input signal

Ax " amplification at maximum positive excursion
and A<^ amplification at maximum negative excursion.

The values of Ax and A^ may be calculated, using eqn. (19B), from the values of

g^ and gp corresponding to the relevant points on the loadline which may be derived
from Fig. 13.9B for type 6J5. Alternatively, the values oi g„ and gp may be derived

by measurement or graphically at the points of maximum positive and negative ex-
cursion on the loadline. By this means it is possible to calculate amplification and
distortion with high signal inputs from measurements made at low inputs.

This method may be used for cathode followers by using eqn. (19D) in place of

(19B) :

A g^R, [\ \ (g^ gr)R,] (19D)
It may also be used for degenerative amplifiers by using eqn. (19E) :

A gr^Ri ^ ' gp)R^ ' g.Rf] (19E)

References B5, B7, B8 , HI 7.

P. (20)

(iii) Optimum operating conditions
The preceding graphical treatment enables the optimum load resistance to be de-

termined to give maximum power output for limited distortion, provided that valve

curves are available. It is frequently desirable to be able to make an approximate
calculation without going to so much trouble. The optimum load resistance is a

function of the operating conditions (see Refs. A). The following treatment is based

on Ref. A 1 4, and relates to ideal (linear) valve characteristics.

Case 1 : Grid current and distortion zero, fixed signal input voltage, no
limitations on plate current or voltage

See loadline AQB in Fig. 13.10 in which the characteristics arc parallel and equi-

distant straight lines. The loadline may be placed anyw here between the I: r 0

curve and the axis. Maximum power output will be obtained when Rf r,.,

that is when the slope of AQB is equal in magnitude to the slope of the characteristic

curves. The power output with any load resistance is given by

(r. f R,y
where F, r.m.s. grid input voltage.

Since there is no advantage in having the loadline in the position shown, it may be

transferred to the position A'QTI' where it has the lowest possible grid bias and plate

voltages. Under these conditions the “plate circuit efficiency'’* is lb. 6**0 when

Ri
Case 2 : Grid current and distortion zero, fixed plate voltage, no limitations

on plate current or signal input voltage

Let Et^i be the fixed plate voltage. The loadline may be CPD in Fig. 13.10 where

C is the intersection with the 0 curve which is the boundary of the grid current

region. PD must equal CP for zero distortion. Maximum pimer output is obtained

when the loadline is adjusted so that its lower extremity touches the E^ axis, as with

EFG, and when R, 2rp. Under these conditions the plate circuit efficiency* is

The maximum power output with any k^d resistance is given by

• (2r, t RjV
Sec also equations (31) to (34) inclusive.

•Set Section 2(v).

(21 )
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Fig. 13.10. Ideal'" plate characteristics of mode to illustrate choice of optimum
loadline.

Fig. 13.11. “ Ideal " plate characteristics of mode tcith fixed plate voltage to illustrate

choice of optimum loadlinc.

Case 3 : Grid current and distortion zero, fixed plate voltage and maximum
plate current, no limitation on signal input voltage

Let E fixed plate voltage

and /m maximum plate current.

It is always advantageous to operate the valve with the maximum plate voltage,

which is here regarded as being fixed. There is, however, an optimum value of plate

current, and any increase or decrease in plate current results in lower power output.
The optimum plate current is given by

\Ft,^r^ (22)

where Rj 2rp

as illustrated in Fig. 13.11 with loadline EFG.
If the maximum plate current is higher than / then it is preferable to operate the

valve at /^o so as to avoid loss of power output and waste of current.

If the maximum plate current is less than / it is necessary to increa.se the grid

bias to reduce the plate current to I ^ (point L). One possible loadline is KLM where
KL LM and for this condition

Rj (Fm /„) 2r, (23)

\ (24)

and the plate circuit efficiency is given by

i(\ 2r,/,, F..,) (25)
The load resistance for this condition is always greater then 2r^,

Cate 4 : Grid current and distortion zero, fixed plate dissipation, no limita-
tion on plate voltage, plate current or signal input voltage

The power output under these conditions is given by eqn. (24) which may be put
into the form

Po iiP.r. 2hrr,) (26)
where maximum plate dissipation.

Obviously the power output continues to increase as E t\ is increased. The plate

circuit efficiency approaches 50% as E ti is made very large. The value of load re-

sistance is given by eqn. (23).

Case 5 : Grid current and distortion zero, fixed plate dissipation, fixed
minimum instantaneous plate current

Owing to the existence of “ bottom bend ** curvature in actual valve characteristics,

it is necessary to fix a minimum value of instantaneous pla|e current if distortion is

to be reasonable (Fig. 13.12).

It IS here assumed that the ponions of the characteristics above arc straight,

and that operation is restricted to the linear region. is the plate voltage at

which the extended straight portion of the characteristic cuts the axis.
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Applying this procedure to each of the previous cases, we have :

(1) No change Rj -

(2) No change R; 2r„.

(3) Po 11^1,1 - (21 ,,i - p ti - Ibfuiu] (27)
The optimum value of load resistance is given by
R (p bu I bl) 2r,. (h /bi - r., * P bm, n I b t w, r,, hi

— Pjtmin) (28 )

The plate circuit efficiency is given by
V - 1(1 - E,, E, £,,)(! (29)

(4) The optimum value of load resistance for maximum power output is given by
Rj - (^Ibl.^bnur - - P bmin I bm,n (30)

Fig. 13.12. Plate characten^tics of imaginary mode utih ''ideal*' characteristics
above / . and curi'cd characteristics bclozv this line.

Fig. 13.13. Ideal tnodc characteristics tilth Rj 2r..

Summary of operating conditions

(A) Ideal characteristics

If there is no limitation on plate current, the optimum load R
f

line is as Fig. 13.13.

bX

js as

Grid bias ; E,^ 0.75E
Plate current : /,, E\t 4r„

Max. power output : /\ I6r^

plate circuit efficiency : ^ 25 ^‘o

2r, and the load-

(31)

(32)

(33)

(34)

(B) Practical characteristics
The optimum plate current tor ideal characteristics is given by

I bn 4 ^ 1
^

and in practice is slightly higher.

Grid bias for optimum plate current :

P\, 6.75(E\ E,> u (35)
where P, plate voltage at intersection of E

,,
axis and tangent to F, 0 curve

at current

and Erl grid bias for d.c. filament operation (add P, 2 for a.c. operation).
Usual values of E, arc between 30 and 45 volts. Examples arc :

Type 2A3 P, 35 volts approx.
Type 45 E, 40 volts approx.

Note : At voltages above about 180 volts, the grid bias will have to be increased
to reduce the plate dissipation.

When a triinie is being operated at the optimum plate current, the load resistance

should be approximately 2r,. Fig. 13.14 shtwvs the variation in power output, and
second harmonic distortion, of a typical small power iriode indicating that maximum
power output iKcurs at slightly less than 2r,. The percentage third harmonic
distortion is usually between one third and one tenth of the second harmonic dis-

tortion up to 5*\, of the latter ; the ratio decreases as the load resistance is increased.
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When a triode is being operated at a plate current which is less than the optimum,
then Ri will be greater than 2rp for maximum power output. Refer to ^se (3),

eqns. 23> 24 and 25.

(iv) Loudspeaker load
A loudspeaker (sec Chapters 20 and 21) presents a load impedance which is neither

purely resistive nor constant. At most frequencies it causes an elliptical loadline

[see Chapter 2 Sect. 4(vi)l with the shape of the ellipse varying widely over the audio

frequency range. Ail that can be said here is that the elliptical loadline results in

higher distonion and lower power output than a purely resistive load.

The variation in impedance is almost entirely an increase above the nominal (400
C; s) impedance. As a result, with constant signal voltage applied to the grid, the dis*

tortion and the power output decrease as the load resistance is increased (see Fig.

13.14).

A triode applies nearly constant voltage across the load impedance. This is a

standard condition of test for a loudspeaker, and some models of loudspeakers are

designed to operate under these conditions (see Chapters 20 and 21). A triode is

almost the ideal output stage for a loudspeaker load when kniked at from the load

point of view, with or without feedback.

See also Sect. 3(viii) for pentodes, Sect. 1 l(iii) and Fig. 1 3.54, and Chapter 21 Sect 1

.

Ftg, 13.14. Potvtr cuttMt and dtstartion of type 45 triode plaited against load resistance.

The curves tcere ifUtived graphically ^ with alhwanc: for shifting loadline. The operating

conditions arc : E,, 250 Er -50 voltt^ peak grid signal voltage 50 volts

^

1^-34 nA (zero signal)^ r, 1610 ohms.
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(v) Plate circuit efficiency and power dissipation
The plate circuit efficiency is defined as the ratio of the maximum signal frequency

power output to the d.c. power input under these conditions. (Owing to recti fication>

the d.c. power input under maximum signal conditions is usually greater than with
zero signal input).

The plate circuit efficiency cannot exceed 50% in any Class A amplifier, and usually

does not exceed 25% with Class A triodes. The plate circuit efficiency in an ideal

Class A triode is given by
rj RiA2Ri ^ 4rJ (36)

The power relationships in a Class A triode are shown in Fig. 13.15 on the assump-
tion that no second harmonic or rectification effcas are present, and that fixed bias is

employed. Allowance is made for the power loss in the d.c. resistance of the trans-

former primary. The plate-to-cathode voltage is but the total supply voltage

is Eftfc.

The plate dissipation in a Class A triode is greatest with zero input signal. If there

are no rectification effects, the power input remains constant and the power output is

simply power transferred from heating the plate to useful output. With normal
rise of plate current for second harmonic distortion, the plate dissipation is more
nearly constant, but it is still sufficient to base the design on the zero-signal condition.

The quiescent operating point may be limited by one or more of the following :

1. Maximum plate dissipation.

2. Maximum plate voltage.

3. Maximum plate current.

Fig. 13.16 is an example including all three. The dissipation curv'e may be ploned
from the relationship / Pq E The horizontal line AB is the maximum plate

current, while the vertical line CD is the maximum plate voltage. The quiescent

operating point must not be outside the area ABCD.

Etf*, 13.15. Pinver output arui dissipation relationships in a Class A triode.

Etg. 13.16. Plate characteristics of small battery operated penver triode tvtih limits of
ma.ximum ^late dissipattony maximum plate X'oltage and maximum plate current.

(vi) Power sensitivity

A triode suffers from low power sensitivity when aimpared with pentodes and beam
power amplifiers, but the difference becomes smaller when a higher degree of negative

feedback is applied to the latter. In any case, it is usually a simple matter to provide

sufficient gain in the voltage amplifier.

Maximum power sensitivity is obtained when Rj r^, although this limits the

maximum power output for a fixed value of distortion.

See Sect, l(iii) for the form in which the sensitivity is expressed.

(vii) Choke-coupled amplifier
The choke-coupled amplifier of Fig. 13.17 may be used as an alternative to the trans-

formcr-couplcd arrangement of Fig. 13.1, and the foregoing discussion may be applied

exaaly on the understanding that
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1. the choke inductance and resistance correspond to the transformer primary
inductance and resistance>

2. the condenser C offers negligible impedanc'e to signal frequencies compared
with Ri,

(viii) Effect of a.c. filament supply
The curves of power triodes are usually drawm for the condition with d.c. hlament

supply and with the negative filament terminal regarded as the cathode. When a.c.

is applied to the filament, roughly the same performance is achieved by increasing

the grid bias by Er 2. The increase is taken as 1.5 volts for a 2.5 volt filament.

ric.i3.»7 nc >3 la

Fig. 13.17. Choke-coupled ampli-

fier.

Fig. 13.18. Basic ctrcuti of

pimer pentode.

(ix) Overloading
A triode has no “ cushioning ” effect such as occurs with a pentode when the peak

signal voltage approaches the bias voltage. There is therefore no warning of the

impending distortion which occurs when grid current flows. 7'he distortion may
be minimized by the use of a low-plate-rcsisiance triode in the preceding stage, a

low grid circuit resistance or a grid stopper resistor (10 000 ohms is normally satisfac-

tory, but values from 1000 to 50 COO ohms have been used).

(x) Regulation and by-passing of power supply
The regulation and by-passing of the power supply affect the minimum frequency

which can be handled satisfactorily at full power output sec Sect. l(iv).

SECTION 3 : CLASS A MULTI-GRID VALVES

(i) Introduction iij Idi.al pentodes {tti) Practical pentodes operating conditions

(tv) Graphical analysis pimer output and distortion (v) Rectification effects (ri)

Cathode bias (vti) Reactance and inductance of transformer primary (nil) Loud-
speaker load (jx) Effects of plate and screen regulation (.r) Beam pimer valves

(xt) Space charge tetrodes (xii) Partial triode operation of pentodes.

(i) Introduction
Multi-grid valves include pentodes, beam power amplifiers and similar types, and

space-charge valves. All of these have a family resemblance, in that they have higher

plate circuit efficiencies and greater power sensitivities than truxles, but on the other

hand they have higher distortion, particularly odd harmonic distortion. Their
advantages t^ver triodes generally outweigh their disadvantages, particularly as the

distornon may be minimized by negative feedback, and they arc almost exclusively

used in ordinary commercial radio receivers. Reference should be made to Chapter 7

for amplifiers incorporating negative feedback.

The basic circuit of a power pentode with transformer-coupled load is Fig. 13.18.

A choke-capacitance coupled load may also be used, as for a triode (Fig. 1 3.17). The
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only essential difference from a triode is that provision must also be made for a constant

voltage to be applied to the screen. In some cases the screen is operated at the same
voltage as the plate, so as to avoid a separate screen voltage supply.

In a practical circuit the screen, the plate return and the grid return should each
be by-passed to the cathode.

(ii) Ideal pentodes
An ideal pentode is one having infinite plate resistance, a 90 angular knee and

equally spaced characteristic curves (Fig. 13.19). The zero bias characteristic is

OAC, the Er\ characteristic is ODE, while the - 2i;\, characteristic is OB. The
operating point is Q, the optimum loadline is AQB where AQ ^ QB and the distortion

is zero.

The following may readily be derived -

Optimum (1)

Then for optimum load resistance :

I\ \EJ, (2 )

D.C. power input (3)

Plate circuit efficiency \E J EJ 50”o (4)

E., E., 2m, (5)
where E,^ screen voltage

and Ml triode amplification factor

For any value of load resistance :

Fo when Rj is less than E
i,

I
,, (6)

Po \E Rj when Rf is greater than E I ^ (7)

(It is assumed here that the signal voltage is reduced for other than optimum R^
in order to avoid distortion.)
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13.19. Plate charaetcristtcs of ideal pentode.

Fig. 13.20. Plate characteristics of typical pentode compared with ideal characteristics.

(iii) Practical pentodes—operating conditions

A practical pentode has characteristics of the form of Fig. 13.20 on which has been

supcrimpi>sed the “ ideal characteristics ** for the same plate voltage and current.

(A) The load resistance corresponding to the loadlinc AQB is slightly lower than

the ideal value /». A gi>od general rule for all pentodes is

Rf ^ 0.9 /, (8)

which is usually correct within 10% for maximum power output. Eqn. (8) is

safe to use under all circumstances, although an adjustment may be made experi-

mentally or graphically to secure the best compromise between distortion and power

output.

(B) The power output is always less than {EJ^y and may be calculated graphically

(sec (iv) below].

(C) Owing to rectification effects, the direct plate current may rise or fall from

zero signal to maximum signal [sec (v) below).
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(D) The plate circuit efficiency is usually between 28 ^’o and 43% for total har-

monic distortion less than lO^o* Of course, the screen current is wasted, so that the

total plate + screen circuit-efficiency is lower. The plate dissipation is equal to the

d.c. watts input less the signal power output. The screen dissipation is equal to the

d.c. screen input.

(E) Screen current : In a pentode, if the control grid bias is kept constant and
only the plate voltage varied, the total cathode current (plate f screen) will remain

nearly constant, decreasing slightly as the plate voltage is reduced down to the knee of

the curve. Below this plate voltage the screen current increases more rapidly until

zero plate voltage is reached, at which point the screen current is a maximum (Fig.

13.21). It is evident therefore that if a dynamic loadline cuts the zero bias curve

below the knee, the screen current will rise rapidly and the screen dissipation may be

exceeded. The average maximum-signal screen current may be calculated from the

approximation

^ i/, ^ (9)

where I
^

screen current at minimum plate voltage swing and zero bias (point A),

and 1q - screen current at no signal and normal bias.

The screen dissipation is therefore where

P.z ~ EMI., • i/g) (10)

The variation of screen current with change cf control grid voltage is such that the

ratio between plate and screen currents remains approximately constant provided that

the plate voltage is considerably higher than the knee of the curve. This ratio may
be determined from the published characteristics.

A pentode, or beam power tetrode may be used as an amplifier with the plate voltage

in the region of the knee of the curve of the £, 0 characteristic, that is somewhere
about one fifth of the screen voluge, provided that care is taken to keep both plate

and screen dissipations within their ratings. This gives operation very similar to that

of a triode with a non-critical and low value of load resistance, which may be useful

in some special applications (Ref. C6). This method of operation is not here de-

scribed in detail.

Fig. 13.21. Plate y icreen and cathode current characteristics of pentode.
Fig. 13.22. Calculation of pentode power output and distortion using the five selected

ordinate method.

(F) The screen should be supplied from a voltage source of good regulation ; a

voluge divider, whose “ bleed ** current is very much higher than the maximum
screen current under dynamic conditions, is the most common source when the screen

voluge is lower than the plate voluge.

(G) The voltage gain is determined as for a triode (Section 2(i) cqn. 8).

(H) If oacillatlon or parasitica are experienced, a grid stopper resistance of
about 500 ohms may be used. A small mica condenser from the plate terminal to

earth is often beneficial. The bias resistor and its electrolytic by-pass condenser may
be by-passed by a 0.001 /xF mica condenser. The shells of metal valves should be
earthed directly. The length of leads should be as short as possible, particularly

between the valve terminals and their by-pass condensers.
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With type 807, a stopper resistor of 100 ohms (non-inductive) may be connected
directly to the screen terminal of the valve, and a by-pass condenser (0.01 fxF mica)
taken from the end of the resistance remote from the screen, directly to earth.

(I) Overload characteristics Owing to the crowding together of the charac-
teristics at and below the knee of the curves, a pentode tends to give a smoother over-
load characteristic than a triode. There is no point at which the distortion begins
sharply, but rather a gradual flattening effect on the top, or top and bottom, of the signal

current wave. Pentodes or beam po%ver amplifiers with negative feedback lose most
of this “ cushioning effect,” and more closely resemble triodes as regards overload.

The distortion due to grid current may be minimized by a low impedance (triode)

preceding stage and a fairly low value of grid resistor ; this will then leave the dis-

tortion due to the charactc»-istics as the predominant feature, and provide a reasonably
smooth overload.

(iv) Graphical analysis—power output and distortion
The choice of k^dlinc for a pentode is usually made by firstly selecting the screen

voltage and then selecting a convenient plate voltage. I'he third step is to note the

grid voltage which allows a small plate current to flow, and to divide this voltage by
2 to obtain the grid voltage for the working point thus determining the quiescent
operating p>oint Q. A scale is then swung around Q (a small pin is helpful as a pivot)

until the two parts of the loadline are equal. If the scale is calibrated in millimetres,

the 10 cm. calibration may be held at Q and the two parts compared directly by eye.

When the two parts are equal, the second harmonic distortion will be zero, and the

U'>adlinc is a first approximation for maximum power output.

In the case of some pentodes, and particularly beam pow*er amplifiers of the 6L6
class, the loadlinc for zero second harmonic is obviously far from the knee of the curve.

In such a case the loadline should be taken to the knee of the curve, if sharply defined.

I'o determine the exact leadline for maximum power output, it is necessary to take

several angles, and to calculate the power output for each. The final choice of load-

linc IS usually a compromise between pow'er output and distortion ;
in such a case the

load resistance is alvcays less than the one giving maximum power output.

Load resisunccs higher than that giving maximum power output are to be avoided
because they give greater harmonic distortion, less power output and higher screen

current. It is better to err on the low side, particularly with nominal loudspeaker

loads.

Owing to the presence of appreciable percentages of third and higher order odd
harmtmics, the formulae for triodes arc not suitable for pentodes. There are several

methods for pentodes, the choice depending on whether third harmonic only is re-

quired, or third and higher harmonics. Reference should be made to Chapter 6

Sect. 8(iii) “ (iraphical Harmonic Analysis.”

'I'hc treatment here is based on a working loadlinc. If the amount of second

harmonic is vefy small, the rise of plate current due to rectification may be neglected.

If there is an appreciable amount of second harmonic, it is necessary to use the method

of Sect. 3(v) for drawing the corrected loadlinc ; the lormulae below should then be

applied to the corrected k>adlinc.

(A) Five selected ordinate method (For second and third harmonic's only)

I'his method makes use of the plate currents corresponding to grid voltages 0.293

and 1.707 F,, in additiim to the three currents used with Class A, triodes. If

these arc all available, the loadlinc of Fig. 13.22 is all that is required if not, it will

be necessary to plot the dynamic characteristic as in Fig. 13.24.

l\ (/.«, U.n t 1.41 (/.v Iv^VRt 32

Ri

2nd harmonic

,n) iU
u

f mi •»)

.. * ^ mtn 2/^^
100

• 1.41 (/.V ly)
'

1.41 (/v ly)
100

1.41 (/.,
- ly)

( 11 )

( 12)

(13)

(14)3rd harmonic
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where ly - plate current at — 0.293 £<.,

ly ^ plate current at — 1.707 E^.
Eqns. (11) to (14) arc exact provided that there is no harmonic higher than the third.

The power output is that for fundamental frequency only, but the power output for

10®o harmonic distonion is only l^o of the fundamental power output.

The presence of third harmonic distortion has a flattening effect on both the posi-

tive and negative peaks, thus increasing the power output for a limited value of / ^ ^

For example, lO^o third harmonic reduces the value of 7^,,^ by lO"^,, while

it increases the total power output by l®o- If there w'ere no distortion, and the value

of I max were maintained at 90 ‘^oj the power output would be only 81 Thus the

ratio of power output with and w ithout lO^’o third harmonic distortion is 101 81

1.25, on condition that I mar is kept constant. In simple language, for the

same plate current swing, 10‘\, third harmonic distortion increases the total power
output by 25*^0- This w'ill be modified by the presence of fifth and higher harmonics

[see iv(D) below ; Sect. 7(iii)].

(B) Five equal-voltage ordinate method (Espley)

For second, third and fourth harmonics only.

The previous method requires characteristics for 0.293 and 1.707 £,,, which

are often not directly available. The following method is usually more convenient

and is exact provided that all harmonics above //, arc zero (sec Fig. 13.23 for symbols).

F, - (7, - I I’d — 7,. 5 18 (15)

2nd harmonic ^ yjo 27,. 0 - 73.0)

4(/.' - /<,:»
(16)

3rd harmonic ^
(/, ^ 2/„., ^ 2/,.,

2(/o - /„.i - /,.i
(17)

4th harmonic ~
(7, - 47,. 3 67,., 47, .3

- 7.,o)

4(7, ^ 7o’.V
7,.3" ”73ro)‘

'

(18)

D.C. plate current = ^(7, ** 2,1 0 . ^ " 27,., T 7».q)
6

(19;

A third harmonic scale may be prepared for reading the third harmonic percentage

(Ref. A14 pp. 71-72).

(C) Seven equal-voltage ordinate method (Espley)

This is exact for harmonics up to the sixth, provided that higher harmonics arc

zero. It is sometimes more convenient than the five ordinate method, when there arc

no - 0.5 and 1.5 E.y curves, even when the higher harmonics arc of no interest.

The symbols have the same significance as in Fig. 13.23 w ith the subscript indicat-

ing the grid voltage.

- (167/o 2527... n 457.,.,;^- 457, 2527,.,, 1677, .,)•'/?, 819 200 (20)

77,% 25(5597o 4867., 12157„.,: 3407,., 12157,.,, 4867,.,; 5597, .o^ 7 (21)

//,% 250(457, 367. .n 637,.,; - 637, .33 367,.,, 457, .0} 7 (22)

450(177, 427,.3, - 157,..; - 207,., - 157, .,3 427,..; • 177, .. 7 (23)

//.%-4050(7, 47,.„- 57o..; 57,. 33 -47,..; -7,.,) 7 (24)

//.%-2025(7o 67o., 3 -157,.., 207,., ^157, 33 67,.„ • 7,.o) 7 (25)

where 7- 1677, * 2527o.33 457,.., -457,.,, 2527,..; 1677,.,.

(D) Eleven selected ordinate method
To use this method, it is first necessary to plot the loadline on the plate characteris-

tics, and then to transfer it to a dynamic mutual characteristic (Fig. 1 3.24) from which
the required values of plate current may be derived.

E, i(0.57, 0.512-q ’ (26)

7*, 0.57, 0 . 573 ., * 7.*, Umk fundamental (27)

7/ii 1(^0 fj'O ' 27,.,) (28)

7.3 0.167(27,., • 7,., !, 27,.,) (29)

/*, iUa • 27,., - 7,., 27,., 27,.,) (30)

i 0.1(27,.; 7, - 27,.. - 27,., 27, .j
' 7,) (31)

Percentage second harmonic ' - (7.«„ 7.„,) • 100
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Fig, 13.23. Calculation of pentode power output and distortion using the five equal-
voltage ordinate method.

Fig. 13.24. Calculation of pentode power output and distortion using the eleven selected

ordinate method.

Percentage third harmonic /^^l) 100 etc.

Note that all currents, including / ^ etc., are peak values. The exact values
of grid voltage arc 0, 0.191, 0.293, 0.5, 0.691, 1.0, 1.309, 1.5, 1.707, 1.809 and 2.0.

The approximate values are, however, sufficiently accurate for most purposes.
Eqn. (26) shows that third harmonic distortion adds to the power output, while

fifth harmonic subtracts from the power output as calculated for distortionless con-
ditions. Sec also (iv)A above ; Sect. 7(iii).

For theoretical basis sec Chapter 6 Sect. 8(iif

.

(v) Rectification effects

The general cflfects arc the same as for a triode except that it is sometimes possible

with a pentode to have zero second harmonic and no loadline shift. In all other cases

it is necessary to determine the corrected loadline before applying harmonic analysis or

calculating power output. The method of deriving the corrected loadline is the same
for pentodes as for irtodcs (Sect. 2(ii)D]. For example see Fig. 13.28.

With a triode, the loadline always shifts upwards into such a ix)sition that the dis-

tortion IS less than it would otherwise be. With a pentode, the loadline shifts upw’ards
when the load resistance is lower than a certain value, and shifts downwards when the

load resistance is higher than this value. When a pentode loadline shifts downwards
it causes increased distortion or decreased power output.

(vi) Cathode bias
The operation of cathvxle bias is the same as with triodes (Section 2(ii)E] exc'ept

that the total current flow ing through the cathode bias resistor is the sum of the plate

and screen currents (C'hapter 2 Section 4(v) ). If the screen is supplied from a voltage

divider which is returned to the cathode, the bleed current must be added to the

cathode current in calculating This tends to stabilize the bias voltage. Even in

cases where there is no rise of plate current at maximum signal, there will always be

a rise in screen current [Section 3(iii)El.

W hen a tentative value of R^ has been determined for maximum signal conditions,

It IS necessary to check both plate and screen dissipations at zero signal. If the plate

and screen voltages arc equal, the simplest method is the use of the “ triode ’* mutual

characteristics, if available (Chapter 2 Sect. 4<v)].

If there is a “ bleed ” current through R*, the procedure is shown in Fig. 13.25

where the trit>de mutual characteristic is shown in the upper part, with OA repre-

senting the bleed current in the lower part. The cathode loadline is drawn from A
(instead of frim 0) with a slope of I Ri, where Rk is the value determined for

maximum signal conditions.

The no-signal grid bias is and the cathode current (/ b t let) is /»,. The
dissipation on plate and screen is given by

P„ (m - 1) ; /%* lixRrt (w ^ I) (32)

where m ratio of plate to screen currents / b / n.
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The rectification effects with cathode bias may, like triodes (Fig. 1 3.8) be determined
from the plate characteristics but an approximation is involved since must
have a slope of — m/R„{m f 1) where m /^/Zn. The value of I

c

2 may be taken

as that for maximum signal, and a slight error v,i\\ then be introduced when deriving

the zero signal condition. The cathode bias loadline should, ideally, be drawn as two
loadlines- one for zero signal, and the other for maximum signal. For most pur-

poses, however, the maximum signal cathode loadline may be used for both conditions.

The zero bias lines are, in each case, abx)ve the lines for maximum signal, and the

difference in slope is of the order of 5®o to lO^'o-

In general, any Class Ai pentode may be operated either with fixed or cathode bias,

as desired, except for the limitations on the maximum grid circuit resistance [see

Sect. 10(i)]. It occasionally happens that a condition is permissible only with fixed

bias, owing to the rise in plate dissipation at zero signal.

For back bias* further details regarding fixed bias, and grid circuit resistance see

Sect. 10.

For cathode by-passing see Sect. 2(ii).

FIG. 13.36

Fig. 13.25. Cathode loadline of pentode utth additional bleed current passing through
the cathode resistor, plotted on mutual characteristics.

Fig. 13.26. Povjer output and harmonic distortion of typical pentode plotted against

lo^ resistance. Valve type 6AKt, E f, E,, 180 K, E,, peak signal 9 volts.

(vii) Resistance and inductance of transformer primary
The resistance of the transformer primary may be allowed for m the same way as

with triodes [Sect. 2(iiyAl. If R is the resistance of the primary, and R^ is the

cathode bias resistance, then the slope of the line QE
f, in Fig.* 1 3.6 should be 1, (K' f

/?*).

The transformer primary inductance may be based on Chapter 5 Sect. 3(iii)c.

For the same load impedance and the same high frequency attenuation, pentodes
may have higher transformer leakage inductance than triodes if frequency response
is the only criterion. However, owing to the distortion with reactive loads at high
output levels, it is very desirable to maintain the leakage inductance as low as prac-

ticable, particularly in push-pull amplifiers.

(viii) Loudspeaker load
A pentode is, unfortunately, critical in its load resistance for both maximum power

output and distortion. At low operating levels the output power rises steadily as the

load resistance is increased up to the value Rj r, provided that the grid input

voltage is maintained constant (the low operating level is to avoid overloading under
any conditions). A loudspeaker has pronounced impedance peaks at the bass re-

sonant frequency and at high audio frequencies. When a loudspeaker is operated
at a low level, the acoustical output is accentuated at the bass resonant frequency and
at high audio frequencies. The latter may be reduced to any desired degree by a
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shunt filter—a resistance R in series with a capacitance C. If R is variable, the com-
bination is the simplest form of tone control. If R is fixed, typical values arc :

R ^ \.3Rf y C 0.025/iF for 5000 ohms.
This does not affect the rise of impedance at the bass resonant frequency, which

is a function of the loudspeaker design and the type of baffle see Chapter 20 Sect.

2(iv) and Sect. 3.

At maximum signal voltage the conditions are somewhat different (Fig. 13.26).

The power output in this case reaches a maximum at - 9000 ohms. The second
harmonic reaches a minimum (practically zero) at about R

f 14 000 ohms, and then
rises steadily ; actually it undergoes a change of phase near Rj = 14 000 ohms.
The third harmonic rises all the way from zero to the limit of the graph. Minimum
“ total distortion *’ occurs at R^ 10 000 ohms, which is the published typical load,

being a close approach to maximum power output. In this particular case the load

resistance for zero second harmonic is not that for maximum power output.

In the case of a loudspeaker load, the load resistance may rise from the nominal
value to (say) 6 or 8 times this value ; all the variation is in the upwards direction. If

full signal voltage is maintained for all frequencies, the distortion will be very severe

and the maximum power output will be reduced at low and high frequencies. The
only methods of minimizing the trouble arc the use of a loudspeaker and baffle with
less prominent impedance peaks, and the use of negative voltage feedback
(see C'hapter 7) or reduced signal voltage on the grid. A pentode, operating well

below its nominal power output, is capable of giving reasonable fidelity even on
an ordinary loudspeaker load. In a normal radio receiver, a power pentode with a

nominal maximum power output of 4 or 5 watts can give reasonable fidelity up to

somewhat over 1 watt, but it has the advantage of being capable of delivering its full

power output when the distortion can be tolerated.

The effect of these high impedance loads, which are here assumed to be purely
resistive for the purpose of illustration, is shown by the beam power amplifier plate

characteristics in Fig. 13.27. 'I'he effect may be minimized by reducing R
j
slightly

below the optimum value.

Fi>. 13.27. Plate characteristics of 6L6 (Jt 807 beam tetrode tvith loadliftes of optimton
resistance also twiccy four times and eiftht times optimian. The loadlines have been corrected

for the rectification effect.

The impedance of a loudspeaker is, however, far from being resistive (sec Chapters

20 and 21), having a reactive component varying with frequency, which must be com-
bined with the shunt reactance of the transformer primary at low frequencies and that

of the shunt capacitance from plate to earth at high frequencies. The combined

reactive components increase the distortion and reduce the power output (sec also

Chapter 5 Sect. 3(iii)c and Chapter 2 Sect. 4<vi) ; Ref. C41.

The published values of power output apply to highly efficient output transformers.

The available power output from the secondary of a normal power transformer is

equal to -rj times the published value, where is the efficiency (sec Chapter 5 Sect.

2(ii) and Sect. 3(vi)). Typical efficiencies arc from 70% to 95% (depending on the

price class) for well-designed transformers.
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(iz) Effects of plate and screen regulation
The internal resistances of plate and screen supply sources cause a reduction in

power output. If the regulation of the power supply is such that the rise of plate and
screen currents causes a decrease of 1% in all the electrode voltages, the decrease in

power output (by the use of conversion factors) will be approximately 2.5%. This
will be mc^ified by the shape of the characteristics and rectification effects, and the

only accurate method is the graphical one outlined below. See also remarks on
push-pull—Sea. 6(iii).

In addition, the regulation and by-passing of the power supply also affca the mini-

mum frequency which can be handled satisfactorily at full power output -see Sea.
l(iv).

Graphical method (Ref. El).

Let Ri ^ internal resistance of plate supply source,

R, ~ internal resistance of saeen supply source,

~ inaease in plate current from zero to maximum signal, with constant

electrode voltages,

J/f, ™ inaease in saeen current, with constant electrode voltages,

JF 5 — change in plate voltage,

J£ei — change in screen voltage,
£^' ~ plate voltage at maximum signal,

and £ft' — screen voltage at maximum signal.

Then £,' £, - J£, (33) £,/ £\, J£., (34)

where J£, - JI, (35) J£,, Rz^I rz (36)

C^(voni)

Fig. 13.28. Plate characteristics of 6L6 or 807 illustrating method of correcting the

loadline far rectification. The corrected loadline is A" IV,

On the plate characteristics (Fig. 13.28) AB is the uncorreaed loadline with C as

its average current point, A B' is a parallel loadlinc with C' as its average current

point, A "B" is the corrected loadline. The average current may be determined from
the point on A"B " which has a plate voltage 300 volts ; from this the rise of current

J/fc may be calculated. The value of J/,, may be determined from eqn. (9), d£ r\

may be calculated by eqn, (36) and by eqn. (34). In the example of Fig. 13.28

let it be assumed that the plate, saeen and grid voltages are all reduced proponion-
ally> F / being 0.9 :

= £,2 300 volts £ (,' £^2 270 volts

£rx -- 15 volts £ry 13.5 volts

l*he procedure is :

1 . Plot a new curve for 0, £ rt 270 volts, by the u.sc of conversion factors*.

This is drawn on Fig. 13,29. For F

,

0.9, Ft 0.86.

2. Plot a curve for Fn' * 13.5, 270 volts similarly. This will be the

15 volt curve (for £,, 300 volts) with the current ordinates multiplied

by the faaor 0 .86 .

•For conversion /ciors see Chapter 2 Sect. 6 snd Fig. 2.S2A.
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3. Plot a curve for E r\' 27, E.^' 270 volts. This will be the - 30 volt

curve (for Eri 300 volts) with the current ordinates multiplied by 0.86.

4. Mark the point Q at £ 6 270, ^^2 270, f,, 13.5 volts.

5. Through Q draw the uncorrccted loadline RQS.
6 . Draw the corrected loadline R"D"S" bv the same method as previously (Fig.

13.28).

7. Determine the rise of plate current from Q to D ' (intersection of R"S " with
E

, 270 volts). This should be approximately the same as derived in the first

case (J/j,). If there is an appreciable error, some adjustment should be made.

(x) Beam power valves

Beam power amplifier valves, otherwise knowm as output tetrodes, are in two prin-

cipal classes. The first class includes most of the smaller valves, which have charac-

teristics so similar to p>cntodcs that they may be treated as pentodes in all resi>ects.

The second class includes types such as 6L6 , 807 and KT66 , which differ from pen-
todes principally in having sharper “ knees ’* to their plate characteristics, more
second harmonic but less third harmonic distortion. The optimum load resistance

is more critical than with ordinary power j>entodcs.

The screen currents of many types of beam power valves, due to variations in grid

alignment, may have considerably greater tolerances than in pentodes—up to t lOO^o
in some instances and screen dropping resistances should not be used unless re-

commended by the valve manufaaurer. The screen supply should normally be
obtained from a voltage divider.

The distortion and power output of type 6L6 beam power valve are plotted against

load resistance in Fig. 13.30. The second harmonic is 9.6^0 at the rated load re-

sistance, the third harmonic only 2. 4*^0 and all higher harmonics negligible. At lower

load resistances the second harmonic rises, although not seriously, the third harmonic
decreases steadily, and all higher harmonics are negligible the overall effect being

quite satisfactory. At higher load resistances the performance is not good, and the

overall effect is roughly the same as with a pcntcxic. See Chapter 7 for the effect of

negative feedback.

Reference C3.

(xi) Space charge tetrodes

A space charge tetrode is actually a triode operating on a virtual cathode provided

by the thermionic cathode and the inner (space charge) grid. It is capable of low

distortion, even lower than a triode, but the power output for a given d.c. power input

is less than that of a triode, owing to the power taken by the space-charge grid.

Sec Refs Cl, C2.

a.D.H.—19
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(xii) Partial triode operation of pentodes ultra-linear operation)

When the screen and plate of a pentode are being operated at the same voltage,

pentode operation is obtained when the screen is connected to the B-h end of the

output transformer primary, while triode operation is obtained when the screen is

connected to the plate end of the primary. Any desired intermediate condition

can be obtained by connecting the screen to a suitable tap on the primary. In such

intermediate condition the valve operates as a pentode having negative feedback

applied to the screen, with a section of the load impedance common to both electrodes,

ard minimum high level distortion with push-pull operation is usually obtained when
the tapping point is about 43*^0 the total primary turns (Refs. C7, H5, H6).

ipoo apoo Spoo 4poo
LOAD atftlSTAMCI—OMMS

Fig. 13.30. Power output and distortion of type 6L6 beam power amplifier plotted

against load resistance/for £* 250 volts^ -14 volts, peak signal 14 volts,

SECTION 4 : PARALLEL CLASS A AMPLIFIERS
Any two Class A amplifier valves may be connected in parallel, with suiublc pro-

vision for their correct operation, to provide double the power output. It is assumed

that these have identical charaaeristics (the normal manufacturing tolerances have

only a very slight efTea). The load resisunce will be half that for one valve. The
distortion will be the same as for one valve. The input voltage will be the same as

for one valve. The toul plate current will be twice that for one valve. The efTective

plate resistance will be half that for one valve.

Parasitics are likely to occur, particularly with high-slope valves. Precautions

to be taken include the following :
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1 . Tile two valves should be placed closely together, with very short leads between

grids and plates (and screens in the case of pentodes).

2. A grid stopper should be connected directly to one or both grids. It is usually

cheaper- and just as effective—to have one grid stopper of, say, 200 ohms than

two stoppers each of 100 ohms.

3. Screen stoppers (50 or 100 ohms for each screen) are very helpful, particularly

with types 6L6 or 807 [see Sea. 3(iii)Hl.

N.B. Plate stoppers are less helpful, are wasteful of power, and are generally

unnecessary.

The advantages of parallel operation lie principally in the elimination of the phase-

splitter or input transformer required with push-pull operation. The disadvantages
are :

1. The necessity for handling the heavy direct plate current. This necessitates

either a special output transformer or a choke (say 20 henrys) with parallel feed

to the output transformer.

2. The higher distortion this is not serious if negative feedback is used, and in

any case is no worse than that of a single valve.

3. The attenuation of lower frequencies at maximum power output due to the

limited size of the by-pass capacitor. This effect is also a function of the plate

supply regulation see Sect. l(iv).

Parallel operation may be used with a cathode-follower stage, permitting the use

of two smaller valves with lower plate voltage in place of one valve with higher plate

voltage, and thereby reducing the difliculties of grid excitation.

SECTION 5 : PUSH-PULL TRIODES CLASS A, AB^

(0 Introduction (ii) Theory of push-pull amplification (lit) Potver output and
distortion (it ) ^Itcrat^c plate current (v) Alatching and the effects of mismatching
(vi) Cathode bias (tii) Parasitics.

(i) Introduction

(A) Fundamental principles of push-pull operation

rhe fundamental circuit of a push-pull power amplifier is Fig. 13.31. A balanced
tpush-pull) input voltage must be applied to the three input terminals, and a balanced

(push-pull primary) output transformer must

be connected to the two plates with its centre-

tap connected to ^ . For the best results

the input voltage must be exactly balanced,

the valves must have identical characteristics

and the output transformer must be exactly

balanced between the two sections of the

primary, with perfect coupling between them.

Under these conditions, any even harmonics

introduced by the valves will be cancelled,

but the odd harmonics will not be affected ;

the flux in the core due to the d.c plate

currents would be zero.

The load resistance is connected across the secondary, and the reflected resist-

ance* across the whole primary is

Fig. 13.31. Fundamental cir-

cuit of push-pull pinver amplifier.

•See Chapter 5 Sect. l(ii).
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and the reflected resistance across half the primary is

where Ni — turns in half primary winding
and N, = nims in secondary winding.

If valve K, in Fig. 13.31 were removed from its socket, the load resistance effective*

on Vi would then be

Rl -
which is half the load resistance on Vi imder push-pull conditions. This is the con-

dition which occurs when one of the valves reaches plate current cut-off.

If the output transformer were replaced by two separate transformers, one from
each plate to , the even harmonics would be cancelled but some advan-
tages of push-pull operation would be lost. The whole principle of push-pull opera-

tion is based on the assumption that the two plates are always exactly 180^ out of

phase with one another. This is achieved by an “ ideal ** output transformer (see

Chapter 5 Sect. 1) even if one of the valves is not operating.

If two valves are to be operated in push-pull, the plate and grid voltages may be
the same as for single valve operation, the plate-to-plate load resistance may be twice

and the plate currents twice the respective values for a single valve ; under these

conditions the power output will be exactly twice that for a single valve. On the other

hand, higher power output is obtainable, with some increase in third harmonic dis-

tortion, merely by decreasing the plate-to-plate load resistance without any change
in grid bias (Ref. E7). Still higher power output is obtainable by increasing the grid

bias and the signal input voltage, also by increasing the plate voltage to its maximum
value.

(B) Classes of operation
A Class A amplifier is an amplifier in which the grid bias and alternating grid

voluges are such that the plate current of the output valve or valves flows at all times.

The suffix 1 indicates that grid current does not flow during any pan of the input

cycle.

A Class ABt amplifier is an amplifier in which the grid bias and alternating

grid voltages are such that the plate current in any specific valve flows for appreciably

more than half, but less than the entire, input cycle. The suffix 1 has the same
meaning as with Class A.

A very useful operating condition is the borderline case between Class A and Class

AB,, that is when the plate current just reaches the point of cut-off this is called

Limidng Class A| operation.
Class A, triodes may be operated from poor regulation power supplies without

serious loss of piower output owing to the comparatively small rise of current at maxi-
mum signal. Class ABi triodes require good regulation of the power supply. Class

ABj also requires very tight coupling between the two halves of the transformer

primary.

Automatic bias control has been developed (Refs. A24, A25) whereby the opera-

tion is pure Class At with small input voltages, with the bias automatically increasing

with the input voluge to provide firstly Class AB, and finally Class AB^ operation

See also Sect, ll(ii).

(C) Important features
Class A, triodes may be operated in push-pull from power supplies having poor

regulation without any serious loss of power output, owing to the comparatively small

rise of current at maximum signal. In addition, with normal by-passing, the regula-

tion of the power supply does not affect the minimum frequency that can be handled

satisfactorily at full power output.

Good regulation of the power supply is necessary with Class AB operation, on both
these counts.

With Class AB operation, the current in one half of the output transformer is zero

for pan of the cycle this causes a very rapid rate of change of current at the cut-off

point, tending to cause parasitics due to the leakage inductance of the transformer.

This effea may be minimized by the use of a transformer with low leakage induct-
*

CtuilpccrT HU;.
" "
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ancc

—

8CC Chapter 5 Sect. 3(iii)c—or by reducing the rate of change of current. The
latter is accomplished in limiting Class A operation owing to the avoidance of the

sharp bend or “ discontinuity ** in the characteristic at the qut-off point. Valves
of the 6L6 or 807 class, when conneaed as triodes, have a slower rate of cut-oflf than

normal triodes, and are therefore particularly adapted to Class AB^ operation, which
merges closely into limiting Class A.
The use of a resistive network to pass a steady current through the primary of the

transformer does nothing to reduce the rate of change of current, although it may help
in damping out any parasitics which may occur.

(ii) Theory of push-pull amplification
It is assumed that the input voluge is sinusoidal, that the operation is Class Ai,

that the output transformer is ideal having no resistance or leakage reactance, and that

the input and output voltages are balanced. The valves are assumed to be perfectly

matched. For circuit and conditions see Fig. 13.31.

(A) The plate-current grid-voltage characteristic of any valve may be expanded
into an infinite series

—

i'm - flo f -I 4- (1)

where i*i instantaneous plate current,

e, instantaneous grid signal input voltage,

plate current at zero signal,

and dj, dj, d|, etc. are coefficients.

The instantaneous fundamental power output is given by
/>0 - {a.e.YRj (2)

where R; - load resistance on one valve.

In a push-pull amplifier the second valve K, has a grid voltage opposite in polarity

to :

i\i Oo - a,e, ^ -r ^ ^3)

where instantaneous plate current of

dQ plate current of at zero signal,

and di, d,, ds etc. have the same meanings as in eqn. (1).

Eqn. (3) has been derived from eqn. (1) merely by making negative, so that e,*

becomes positive and becomes negative.

As the plate currents are in phase opposition to the output load, the net flux-pro-

ducing current is

2d,e^ t 2di( -t- 2d|e^^ (4)

where id net flux-producing current in turns, i.e. one half the primary wind-
ing,

and all currents are instantaneous values.

The d.c. components and all the even harmonic terms arc seen to have been can-

celled, only the fundamental and odd harmonic terms remaining.

The toul plate current from is given by

ii «bi ^

~ 2do t 2d,^^* ^ 4 (5)

from which it will be seen that the d.c. components plus the even harmonic terms arc

present. Thus the total supply current will only remain constant when there is no

even harmonic distortion.

(B) The effect of hum in the plate and grid supply voltages

If the plate supply voltage in a distortionless Class A amplifier is changed

slightly, both plate currents will change together, and the net flux-producing current

(id) will be unchanged. Hum from the supply voltage would not therefore appear

in the output. The effect of hum from the grid bias supply will be similar.

Ins practical amplifier, owing to the curvature of the valve characteristics, the effect

may be analysed as follows, commencing with hum in the grid bias supply voltage.

Assume that there is a hum voltage cos pt in series with and that the input

signal is £« cos qt.
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The input voltage to is cos pt i Eg cos qt.

The input voltage to Fj is cos pt Eg cos qt.

Substituting these values in equation (1) we have

1 61
^ Oq ^ cii{E„ cos pt - Eg cos qt) - a^iE^ cos pt Eg cos qt)’

^ flo ciiE^ cos pt ' UiEg cos qt * a..E^*cos‘pt a»Eg‘ cos- qt -

Za^E^Eg cos qt cos pt •

Similarly

ibi = ^0 <3i(Es cos pt Eg cos qt) aXE^ cos pt E , cos qt)’ :

Uq a^E ^ cos pt a^Eg cos qt ' a.E cos' pt - a^Eg’ cos’ qt

lUiE^Ej cos qt cos pr ' ...

Therefore i vj cos <7/ -t cos cos pr

2cj,£; cos »//t 1 ' 2{a.. cos pf
j (6)

Eqn. (6) has the form of a carrier (2<j,/:'y cos qt) modulated to the depth 2{c>.^

by a hum frequency cos pt.

The effect of hum in the plate supply voltage is similar to its effect on the grid bias

supply, that is to say the hum frequency modulates the signal frequency. It should

be noted that these modulation components appear in single-ended amplihers to the

same extent, but in combination with the fundamental and harmonics of the ripple,

which latter are absent with push-pull operation.

Summary Push-pull operation tends always to reduce the effects of hum in

either the grid bias or plate supply voltage.

(C) Effects of common impedance
The fact that no fundamental component is found in the total plate current t,

(eqn. 5) prevents any fundamental signal voltage from being fed back to earlier stages

as the result of a common impedance in the plate voltage si'urcc. As the even har-

monics are fed back, each will again result in higher order harmonics, so that there

can be no instability caused by feedback around a push-pull stage.

General deductions
1. Because the d.c. components of the plate currents cancel each other, no steady

flux is maintained in the core of the output transtormcr.

2. Because the even harmonics are zero, the limn placed on single-ended ampli-

fiers no longer applies. It is usual to design push-pull amplifiers for maximum
power output without primarily ctm-

sidering the odd harmonics ; when dis-

tortion is objectionable, this may be re-

duced at the expense of power output

by increasing the load resistance.

The effects of the regulation and by-passing

of the power supply arc covered in Sect. 5(i}.

<D) Application to characteristic curves -

Composite characteristics

From eqn. (4; the net flux-producing cur-

rent in one half of the primary winding is

Thus a “ composite ” characteristic may be

drawn for the fixed grid voltage Er by
subtracting the currents in the two valves.

At the quiescent plate voltage Et,t>, both

valves draw the same plate current and
therefore 1./ 0. l*hc composite charac-

teristic must therefore pass through the

point Ep, E^Hf 0, At other plate

voltages the value of is given by i*,

when the pla^e voltage of one is increased

Eijf. 13.32. The derivation of the

composite characteristic for matched
push-pull valves.
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by the same voltage that the other is decreased. This may be applied graphically

as shown in Fig. 13 32 ; the upper half includes the characteristic for K, (ACDE)
while the lower half includes the F, characteristic for Kg but inverted and placed left

to right CFGHJ). Point C on the K, characteristic is the quiescent operating point,

and point B corresponds to the plate voltage E^b- The Kg characteristic is placed

so that H, the quiescent operating point, comes below C ; then since BC ^ BH / {,(>

the point B is on the composite characteristic. At any other plate yoltage N, the point

L on the composite characteristic is found by subtracting PN from KN, giving LN
as an ordinate. Valve Kg cuts off at point J, so that the amount to be subtracted from

the Kj ordinate is zero, giving D (and its opposite number G) as points on the com-

posite characteristic. The composite characteristic is therefore FGRBLDE which

may be compared with the straight line FBE. Sudden bends occur at D and G, but

the portion between D and G is fairly straight ; the latter includes the whole Class A
operating region. It is obvious that the non linearity of the composite cliaracteristic

becomes worse as the quiescent operating point is moved towards the foot of the char-

acteristic that is as / 6© becomes less. Thus we have the Class A condition (including

limiting Class A) with nearly straight composite characteristics, the Class ABi con-

dition which includes the kinks at the points of plate-current cut-off, and finally the

Class B condition with quite considerable non-linearity.

The composite characteristic of Fig. 13.32 is that for zero signal input voluge

{e^ 0). Other composite characteristics may be drawn by a somewhat similar

method, except that the (/:. cj characteristic of K, must be combined with the

{E r e^) characteristic of Kg to give the composite characteristic. For example,

if E

,

60 volts, we may take Cg in increments of 10 volts, giving :

10 • 20 • 30 * 40 -50 — 60 volts

50 40 30 20 10 0 volts

70 80 90 100 no — 120 volts

A family of composite characteristics is showm in Fig. 13.33 in which ^ 3(X)

volts and E 60 volts, with values of Cg in accordance with the table above. The

(volts)

Fig. 13.33. Family of composite characteristics for two type 2A3 modes.
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com];>osite operating point is = 0 and = 300 volts. The composite

loadline is a straight line through this point, with a slope corresponding toRj '

where R
j
^ load resistance plate to plate. We may therefore imagine a composite

valve, taldng the place of both K, and K.>, working into half the primary winding with

the other half open-circuited. This composite valve will have a plate resistance (rj

as indicated by the slope of the composite characteristic^ which value is approximately

half that of one valve at the quiescent operating point For this reason the slope

of the composite characteristic changes slightly with the grid bias.

Maximum power output is obtained from the composite valve when its load

resistance is equal to its plate resistance

i.e. when R^' ----- Rj or Rj ------ 2r^o (8)

On the composite characteristics therefore, maximum power output is obtained

when the slope of the loadline is the negative of the slope of the composite characteris-

tics.

Owing to the good linearity of the composite characteristics for Class Ai operation,

and the freedom from limitations in the vertical direction, elliptical loadlines may
be accommodated with less distortion than with any other method. Negative voltage
feedback makes such an amplifier practically distortionless for any type of load,

resistive or reaaive, of any value of impedance ; the only limitation is regarding grid

Fig. 13.34. Method of deriving the loadline on an individual valve (AQV) from the

composite characteristic AOB,

The losdline on one valve (e.g. F’,) is determined as Fig. 13.34 in which the com-
posite charaaeristics, the composite loadline AB, and the individual F| characteristics

are the same as in Fig. 13.33. At every interseaion of a composite charaaeristic

with the composite loadline (e.g. pwint C) draw a vertical line (e.g. CS) to cut the

corresponding Vi characteristic. Then join these points APQSTV etc. with a smooth
curve, which is the loadline on a single valve, Q being the quiescent operating point.

It is obvious that this loadline is curved, although it is less ctu*ved with Class A than
with Class ABi operation.

Equivalent circuit for puah-pull amplifier
There are various forms which an equivalent circuit might uke, but the one adopted

here (due to Krauss) has some special advanuges for the purpose (Fig. 13.35). The
two valves are assumed to have equal constant amplification factor (/a), and plate

resistances (r,| and r,t) which are functions of the plate current.
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From equation (4) we have

>4 — *61 “ *62*

We may write

* 61 = /fco 61 * 62
~ 7^60 — ^*62 (^)

where /6o — quiescent plate current of either valve

Ji6i = change of plate current in valve Vi
and At (,2

-* change of plate current in valve F,.

Combining (4) and (9),

ta — ^*61 -f- 62 (I^)

in which the varyii.g components of i(,i and ib2 add so far as is concerned. Let
the varying components be ipi and ipz, thus leading to the equivalent circuit of Fig.

13.35 in which two generators each developing a voltage ixCg through their internal

resistances rp, and rp 2 > are effectively in parallel to supply the load current through
the load resistance \ All quantities except R^' and fx are instanuneous values.

o FIG. 13.35

I

V,

b

Fig. 13.35. Equivalent circuit which may
be used for deriving certain impedance

and current relationships.

The impedance seen by is the impedance of the circuit to the right of the line

aby which is called r„,,.

It may be shown (Ref. H7) that

r., f, RfW r,., r,,) (11)

The dynamic plate resistance of the composite valve may be expressed

r,i Jt’M i.< (12)

From (10) i., Ji?., dit.:.

Now Jl ,,, Jt’,., r
,, (13)

and Ji,., Jc,, r„, (14)

From (12), (13), (14), r., r (^’ii (15)

'I'his indicates that the plate resistance of the composite valve at any instant is equal
to the parallel combination of the individual plate resistances of \\ and F,. For
Class A operation r,, is very nearly constant, so that

Ti ^ r^o'2 (16)

where plate resistance of Fj or F^ at the quiescent operating point.

Now ii R j' r ,, (the condition for maximum pow’er output)

K/ r, ^ r 2 _ (17)

The load impedance seen by a single valve (F, or F^) in Class A operation is given by
(From (11), (15), (17)], ^ r,, (18)

so that each valve at any instant is working into a load resistance approximately equal

to its own plate resistance.

(ill) Power output and distortion
It has been showm in the preceding subsection that maximum ptwver output is

obtained from twt' matched valves in push-pull when the load resistance trom plate to

plate (Rf^ is equal to 4 times the plate icsiNtarce of the imaginary compissiie valve

(r.O or apprt>\imutcly twice the plate rcssstance of ime of the valves at the quiescent

t'pcrating point (r,.„). I his value of R, may be regarded as the minimum value,

since any decrease would cause loss ol power output, increased distortion, and high

peak currents. In some circumstances it is found desirable to increase Rj -ex’cn

though this reduces the power output thereby reducing the odd harmonic distortion,

the peak currents and plate dissipation.
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The value of load resistance to provide maximum power output may be determined

approximately from the plate characteristics of one valve (Fig. 13.36). Since the

Ef ~ 0 characteristic approximately follows the 3/2 power law, it may be shown
(Ref. E5) that maximum power output occurs when the loadline intersects the Hr 0

curve at 0.6E6 6. The plate current at this point is and the other values are :

Rf - l.bEfcft plate to plate (19)

Po - 0.2E6fc hm for 2 valves (20)

If it is desired to determine the optimum value of /?, in a particular case, several

half-loadlines may be drawn as in Fig. 13.36 but radiating from B. The pow-er

output for each may be calculated from the expression

Po (21 )

or Po U.rSE,. - Pn,..). (22)

Eqns. (21) and (22) may be used with reasonable accuracy for Class AB,, since the

third harmonic distortion is usually less than 3®,,* A useful rule is to multiply the

power output, as indicated by these equations, by the factor 10 000 (100 //./’o)*

to obtain a close approximation to the actual power output. Values of this factor

for various third harmonic percentages are given below :

//, 1% 2®o 3®o 5®o 7‘>o 10®o
Faaor 1.02 1.04 1.06 1.11 1.15 1.23

It is here assumed that fifth and higher order odd harmonics arc negligible.

The loadline slope is unaffected by the grid bias, but the two extremities arc slightly

affected - as the grid bias is decreased, the point A (which is really the intersection

of the loadline with the composite characteristic) moves slightly towards B. Thus
with Class A, the output will be slightly less than indicated by eqns. (20), (21) and (22).

Cf-rrun )

Fig, 13.36. Method of deriving the approximate power output and load resistance of a
Class ABi amplifier from the characteristics of a single valve. The method may also be

used with poorer accuracy for Class Ai.
Fig. 13.37. Calculating third harmonic distortion with balanced push-pull. Curve A

is the dynamic characteristic.

The dissipation at maximum signal may be calculated from the product of the plate

supply voltage Et,t, and the average plate current (sec (iv) below}, minus the power
output. The normal procedure is firstly to select a grid voltage such that the plate

dissipation is slightly below the maximum rating at zero signal, then to adjust the

loadline so that it approaches as closely as possible the value for maximum power
output, without exceeding the plate dissipation limit at maximum signal.

Simple method for calculating third harmonic distortion
This method is only accurate in the absence of all distortion other than third har-

monic ; it is a close approximation under normal conditions provided that all even
harmonics are zero.

The procedure is to draw the loadline on the plate characteristics, then to transfer

this to the muoial characteristics in the form of a dynamic characteristic (Fig. 13.37).
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Curve A is the dynamic characteristic while B is a straight line joining the two ends

of A and passing through O. d/b is the difference in plate current between curve A
and line B at one half of the peak grid voltage. The percentage of third harmonic

is given by

X 10o)/(/.^ - 1^/.)

or ^ lOOy//^™ approximately.

Calculating up to fifth harmonic dis-

tortion

The usual method is to transfer from the

loadline to a dynamic characteristic, then

to proceed using the “ eleven selected or-

dinate method ’* (Sect. 3(iv)D). This

gives the power output and harmonics up

to the fifth. If the balance is good, only

the third and fifth harmonics are likely to

be required ; the fifth is very much less

than the third harmonic for Class A opera-

tion.

(iv) Average plate current
7'he average plate current with maximum

signal input is always greater than under

quiescent conditions slightly greater for

“ single valve ” conditions, more so for

limiting (dass A,, and considerably greater

for Class ABp
d'he average plate current may be cal-

culated approximately by the expression

(25)

provided that the plate current docs not

actually cut otT (Ref. El).

More generally, and more accurately, the

average plate current may be determined

by adding the plate currents of the two

valves instead of subtracting them as for the

composite characteristic'*. The total plate

current may then be plotted as in Fig.

I >.i8 as a function of the signal grid volt-

age. In itrder lo find the average current

it is generally most convenient to take equal

angle increments over the cycle, for ex-

ample, every 10 as shown in F'lg. n.3Q.

1 he plate current should then be noted at

each point corresponding to 10 increase

in angle i>vcr the whole H>0 , The aver-

age plate current is then the average of

these individual values.

In order to reduce the amount work in-

volved in this calculation, use may be made

of the fact that each quadrant (90 ) is simi-

lar. It is very easy to make an error in this

calculation and the following method of ob-

taining the average from the plate current

cur\’c over one quadrant is therefore given.

(23)

(24

60 40 20 O 20 40 60
-•5 Signal cato volts ^*9

Fi^ 13.38. Plate current {both

valves) plotted as a function of the

signal grid voltage.

Fig. 13.39. Plate current {both valves)

^cith 10 ani*uLir increments.
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This method is illustrated in Fig. 13.40 which shows the total plate current for both
valves over one-quarter of a cycle. Grid voltages are shown as fractions of the peak
grid voltage. The plate currents corresponding to grid voltages of 0, 0.17, 0.34, 0.5,

0.64, 0.77, 0.87, 0.94, 0.98 and 1.0 times the peak voltage are shown as /©, /o-i? etc.

The average plate current (/«*) is then given by
/«*— iCi/o+ f#.!? + i“fo*g7 + fo*»l + lA*o)* (26)

Fig. 13.40. Plate current (both

valves) plotted over one quadrant

for the calculation of average plate

current.

(v) Matching and the effects of mismatching
Matching is the process of selecting valves for satisfactory push-pull operation.

Most valve manufacturers are prepared to supply, at some additional cost, valves

which have been stabilized and matched for the application required.

It is important to specify the conditions of operation when ordering matched valves,

as unless the valves are stabilized and matched under conditions similar to those in

which the valves are to be used, they w ill drift apart during life or may even be mis-
matched initially if the matching conditions are unsuitable.

All valves intended for matching should be operated for at least 50 hours under
similar conditions to those under which the valves are intended to be operated in the

amplifier.

The matching technique varies with the class of operation for which the valves

arc intended.

Matching valves for class Ai service is not as critical as for valves intended for

class AB,, class AB., or class B. For class A, service it is usually sufficient to match
for zero signal plate current only.

Triodes for class ABj, ABj or class B service should be checked at a number of
points on the plate current grid bias curve. The points usually taken arc (a) zero
signal condition (b) a bias corresponding to the maximum permissible plate dis-

sipation. The plate currents so measured should agree at all points within 2%.
Triodes intended for class ABj or class B service should also be matched for ampli-
fication factor.

When matching tetrodes and pentodes it is usually sufficient to match for zero
signal plate current and power output.

Even W'ith perfea initial matching, valves arc likely to drift apart during life and in

critical applications it is desirable to provide some means of balancing the plate cur-

rents of the valves in the equipment. This may take the form of separate bias re-

sistors in the case of self-bias or adjustable bias supplies in the case of fixed-bias

applications. Pentodes and tetrodes may also be balanced by adjusting the screen

voltages.

It is important that matched valves should never be run, even momentarily, at

dissipations or ratings in excess of those recommended by the valve manufacturers
as such treatment will render the valves unstable and destroy the matching.

Effects of mlimatching with Class A| triodes
In Class A| push-pull triodes, a considerable degree of mismatching between the

valves is permissible without serious effects, provided that the valves are being oper-
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ated under single valve conditions as regards grid bias. There will be only a slight

effect on the maximum power output or the odd harmonic distortion, but there will

be some second harmonic distortion and some out-of-balance flux-producing current

in the transformer. The second harmonic distortion will normally be small, par-

ticularly if the plate-to-plate load resistance is not much less than 4rpo, and for most
purposes it may be neglected with valves of ordinary tolerances. The maximum
out-of-balance plate current should be provided for in the design of the output trans-

former and this additional cost should be compared with the' alternative additional

cost of using valves which have been stabilized and matched for quiescent plate cxirrent

only. There is normally no real need for matching for any other characteristic.

In order to demonstrate the effects of abnormal mismatching, composite charac-

teristics have been drawn in Fig. 13.41 for two valves of entirely different types. It

has been shown by Sturlcy (Ref. E27) that the method of deriving composite charac-

teristics also holds with mismatching.

Type 2A3 45
Amplification factor 4.2 3.5

Mutual conductance 5250 2175 /xmhos
Plate resistance 800 1610 ohms

There is a difference of 12% in amplification factor, while there is a ratio exceeding
2 : 1 for the other characteristics. The selected operating conditions are : Et, ^ 250
volts, Ec ^ — 50 volts, 5800 ohms (plate-to-plate). It will be seen that the
composite characteristics (dashed lines) arc not quite parallel, although they are very
nearly straight. On account of the unmatched condition, rectification occurs, leading
to a shift of the loadline, and the corrected loadline may be derived by the method
of Sect. 2(ii)D and Fig. 13.7. The second harmonic distortion on the corrected load-

line is only 5^o-

FIG. 13.4 I Ej>,(Voiti)

Pig, 13 41. CoffWosite characteristics for two different valves (2A3 and 45) in Class

A I
push-pull, 250 voltSy ~ -50 voltSy Rj ~ 5800 ohms plate-to-plate.
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The fact that two valves so different in characteristics can be used in Class Ai push-
pull to give what is generally classed as good quality (5% second harmonic) indicates

the wide latitude permissible, provided that the bias is retained at the value for a single

valve and also that the load resistance is not much less than the sum of the single

valve loads (or 4 times the average plate resistance).

For Class Ai triodes it has been suggested (Ref. E8) that the following are reasonably

satisfactory limits in conjunction with ordinary commercial tolerances for valves :

Max. unbalance
Signal input voltages on the grids of K, and K* : 5%
Phase unbalance at high and low* frequencies :

Quadrature component 3®o
These are easily achieved by attention to the phase splitter or other source (see Chapter
12 Sect. 6). When testing for balance with a C.R.O. on the grids of Kj and Fj, it is

important to reverse the connections of the B.F.O. when changing from one grid to

the other.

(vi) Cathode bias
In an accurately balanced push-pull Class A, amplifier there is no point in by-

passing the common cathode bias resistor, since there is no fundamental signal current

flowing through it. In Class Ai amplifiers which arc not accurately balanced, there

will be some degeneration, and it is usual to by-pass the cathode bias resistor, al-

though this is not essential.

In Class ABj amplifiers it is essential to by-pass the cathode bias resistor.

Provision may be made, with cathode bias, for balancing the plate currents provided

that they do not differ too seriously. One excellent arrangement is incorporated in

Fig. 7.44 which may be used, with the necessary adjustments in the values of the re-

sistances, for triodes, pentodes or beam power amplifiers.

The value of cathode bias resistance may be determined, in the same way as for a

single valve, on the basis of the maximum signal total plate current and desired bias

voltage. This will give the same performance as fixed bias, but it is necessary to check
for plate dissipation at zero signal (for method see Sect. 2(ii;H!. If the dissipation

at zero signal is too great, it will be necessary to increase the bias resistance. This
will introduce a tendency to change from C'lass A, to AB,, which may be undesirable ;

it may be minimized by the use of a bleed resistor to pass current from Ht,>, to the

cathode, and thence through the bias resistor, thus giving an approach towards fixed

bias. Alternatively, the load resistance may be increased, thereby reducing the maxi-
mum signal plate current and grid bias ; this will also reduce the power output.

Cathode bias causes a smaller change in average plate current from no signal to

maximum signal than fixed bias. This permits a poorer regulation power supply

than may be used with fixed bias. However, the regulation and by-passing of the

power supply also affect the minimum frequency which can be handled satisfactorily

at full power output see Sect. Uiv^.

Changes in effective gain occur in ('lass AB, amplifiers employing cathode bias,

during heavy low frequency transients, which add to the distortion measured under
steady conditions.

(vii) Parasitica
Parasitic oscillations in the plate circuit niay occur with ('lass AH, operation when

the plate current is cut off for an appreciable part of the cycle, as a result of the trans-

former leakage inductance and the rapid rate of change of current at the cut-ofl point

see Sect. 5(i)C. They may usually be cured by the use of a RC network shunted

across each half of the primary of the output transformer see Sect. 7(i) and, if

necessary, by the use of a transformer with lower leakage inductance see Chapter 5

Sect. 3(iii)c.

Parasitics in the grid circuit arc not usually troublesome except when the valves

arc driven to the point of grid current flow'. Grid stoppers up to 50 000 ohms arc

often used with both Class A and AB, operation to give a smoother overload without
parasitics.
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SECTION 6 : PUSH-PULL PENTODES AND BEAM POWER
AMPLIFIERS, CLASS A, ABj

(f) Introduction (it) Power output and distortion {Hi) The effect of power supply

regulation {iv^ Mismatching (v) Average plate and screen currents (vi) Cathode
bias {vii) Parasitics {viii) Phase inversion in the power stage (ix) Extended Class A
(x) Partial triode (“ ultra-linear operation.

(i) Introduction
Push-pull pentodes follow the same general principles as triodes (sec Sect. 5) al-

though there are some special features which will here be examined. Provision must
be made for the supply of voltage to the screens, and for it to be maintained constant

with respect to the cathode. For economy, the screens are often operated at the same
voltage as the plates. If the screens are to be operated at a lower voltage, the alter-

natives are the use of a separate power supply, or a low resistance voltage divider.

The McIntosh Amplifier may also be used for Class A or AB^ operation —see Sect. 8.

Quiescent push-pull pentodes are covered in Sect. 7(vii).

(ii) Power output and distortion
Composite characteristics may be drawn as for triodes, on the assumption that the

screen voltage is maintained constant, but they will not be straight (Fig. 13 42). The
loadline will pass through the point (F F j, / 6 0) and the two knees of the char-
acteristics (Cg Ff,).

In practice it is not necessary to draw the composite characteristics, if w'e are only
interested in power output In limiting Class A, or in AB^ one valve reaches cut-off,

so that the F^, 0 characteristic is the same as the Cg characteristic. Even with
ordinary Class A, the error due to the approximation is small. The loadline may
therefore be drawn {AB in Fig. 13.43) and the plate-to-plate load resistance will be
4 times that indicated by the slope of AB. With valves of the 6L6 class, the third

too 400 900 200 too O

Fig. 13.42. Composite characteristics for push-pull Class Ai beam power amplifiers

type 6L6, F,* 250 volts^ == 250 volts, E^ — -15 volts.



584 (ii) POWER OUTPUT AND DISTORTION 13.6

harmonic is so small that its effect on the power output may be neglected, so that

( 1 )

which is the same as for triodes. With pentodes the power output will be somewhat
higher than indicated by cqn. (1) owing to the third harmonic distortion. In general,

the third harmonic distortion is slightly less

than half that with a single valve, owing
to the effect of the lower load resistance,

If it is desired to calculate the harmonic
distortion, it will be necessary to plot at

least ponion of the composite characteris-

tics.

The effect of a higher load resistance is
^

to increase rapidly the odd harmonic dis-

tortion, while the effect of a lower load re-

sistance is to decrease the power output. It

is therefore advisable, with a loudspeaker

load, to adopt a nominal impedance rather

less than the value for maximum power
output. °

The power output of Class A push-pull p,g 1 3 43 Calculation of poveer
pentodes is only slightly greater than output using 0 characteristic of
twice that for a single valve. one valve only.

(ill) The effect of power supply regulation
As with the case of a single valve the screen is more sensitive to voltage changes than

the plate. If neither screen nor plate is being operated at its maximum rating, the

simplest procedure is to adjust the voltages as desired for maximum signal and allow

them to rise with no signal. Alternatively, if it is desired to obtain maximum power
output, both screen and plate may be adjusted to their maximum ratings with no signal,

and allowed to fall with increasing signal. If it is desired to calculate the maximum
power output, the procedure for a single valve [Sect. 3(ix)] may be followed, except

that in this case there is no loadline shift caused by rectification.

The regulation of a common plate and screen power supply will not have a serious

effect on the minimum frequency which can be handled satisfactorily at full power
output with Class A push-pull operation, provided that a reasonably large by-pass

capacitor is used. If separate plate and screen supplies arc used the screen supply

regulation is very much more imponani than the plate supply regulation, with ('.lass A
operation.

With Class AB, operation, the regulation of both plate and screen supplies should

be good.

(iv) Matching and the effects of mismatching
Matching is covered generally in Sect. 5(v). It is important to match the valves

under the operating conditions in the amplifier.

7'he effects of mismatching with pentodes are more serious than w ith triodes. If

no care is taken in matching, or in the design of the output transformer, it i« possible

for the distortion to be higher than with two valves in parallel. The advantages of

push-pull operation will only be obtained in proportion to the care taken to achieve

correct balance, particularly with regard to the quiescent plate currents and the signal

input voltages As with triodes, Class AB, is more sensitive to mismatching than

Class A,.

(v) Average plate and screen currents
The average plate current for Class A, may be calculated approximately a.s for

triodes [Sect. 5(iv), Eqn. 25). In all other cases, the composite characteristics are

required, following the same method as for triodes.

Tlie average screen current may be calculated by the same method as for single

pentodes [Sect. 3(iii)El.
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(vi) Cathode bias
See Sect. 5(vi) as for push-pull triodes, except that the screen dissipation must also

be checked.

(vii) Parasitics
See Sect. 5(vii) as for push-pull triodes, also Sect. 3(iii)H.

(viii) Phase inversion in the power stage
In the interests of economy, push-pull is sometimes used in the output stage without

a prior phase inverter. All such methods—except the Cathamplifier—have inherently

high distortion, and some have serious unbalance between the two input voltages.

(A) Phase Inverter principle (Fig. 13.44)

The grid of K2 is excited from the voltage divider across the output of Vi,

Rs i Rt must be very much greater than the load resistance (say 50 000 ohms).
Ri and are grid stoppers. All other components are normal. Rje may be by-
passed if desired.

Fig. 1 3.44. Push-pull circuit using phase inversion in the potver stage.

Fig. 13.45. Push-pull circuit using screen resistance coupling from K, to the grid of F*.

The signal voltage on the grid of \\ must first pass through T, where it is dis-

torted, then through T, where it will be distorted again. Thus the second harmonic
will be the same as for a single valve, and the third harmonic will be approximately
twice the value with balanced push-pull. The balance, if adjusted for maximum
signal, will not be correct for knv volume, owing to the third harmonic “ flattening.”

(B) Screen resistance coupling (Fig. 13.45)

This is a modification of (A) being an attempt to obtain from the screen a more
linear relationship than from the plate. No comparative measurements have been
published. may be about 15(X) ohms for r>'pc 6V6-GT or 2500 for type 6F6-G,
with Ft, F rt 250 volts the exact value should be found experimentally ; C,
may be 0.002 /iF. For better balance an equal screen resistor might be added for Kj.

Ref. ElO.

(C) Common cathode impedance (Fig.

13.46)

Ri and R^ in series provide a common cath-

ode ci>upling impiedance (see Chapter 12

Sect. 6(vi)l. R^ may have a value of, say,

1000 ohms to give an approach towards bal-

ance, but necessarily must carry the plate cur-

rents of both valves -say, 70 or 80 mA and

will have a voltage of, say, 70 to 80 with a dis-

sipation around 6 watts. Care should be

taken to avoid exceeding the maximum heater-

cathode voltage rating.

See Reference E23,
Fig. 13.46. Push-pull circuit with
common cathode impedance coupling.
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(D) The Pai^ “ Cathamplifier ”

The basic circuit is Fig. 13.46A, the two cathodes being coupled by a centre-tapped
a-f transformer, whose secondary winding excites the grid of 1^2 - A theoretical
anal3rsis is given in Ref. E29, while some practical designs are in Ref. E30.

For balance,

where ^ mutual conductance of V^.

Distortion is reduced by the factor T(2T — 1)

where T - Na.'CN, -t- N.).

Note that T should normally be slightly greater than 1.

Gain is reduced by the factor T{T — 0.5).

The common cathode resistor Rq helps to reduce unbalance.

In practice, R is made variable (say 100 ohms total) so as to permit the amplifier
to be balanced experimentally. One method is to connect a valve voltmeter across

Rof and to adjust R for minimum reading.

Instability may occur if R is too small.

A modified circuit is Fig. 13.46B in which the centre-tapped primary of is not
necessary.

Fig. 13.46C permits both a.c. and d.c. balancing.

Fig. 13.46D keeps the circulating screen current out of the cathode circuit and so
maintains the ratio between plate and screen currents at the negative voltage peak
swing. Resistors /?i are to prevent coupling from cathode to cathode through the
screen by-pass condensers ; their values should be low say 100 to 250 ohms each.

Ftg. 13.46A. Baste circuit of Parry Cathamplifiery (B) Modified circuity (C) With
both a.c. and d.c. balancing, (D) Keeps circulating screen current out of cathode circuit

(Ref. £30).
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(ix) Extended Class A
Extended Class A is the name given to a push-pull amplifier using a triode and a

pentode in parallel on each side. The amplifier operates entirely on the push-pull
triodes at low levels, with the pentodes (or beam power amplifiers) cut off ; at high
levels the output is mainly from the pentodes. Consequently there is some curvature

in the linearity (“ transfer ”) characteristic at the transition point. The total dis-

sipation is, however, only about one third of that of a Class A amplifier with the same
maximum power output (Ref. E31).
This principle might also possibly be applied to any Class AB or Class B amplifier

merely to avoid current cut-off in the transformer and its resultant parasitics (Ref.

El 3) unless one with verj' low leakage inductance is used.

(x) Partial triode C' ultra-linear operation
Sec page 570.

SECTION 7 : CLASS B AMPLIFIERS AND DRIVERS

(f) Introduction (ii) Pouer output and distortion—ideal conditions— Class

(iii) Pouer output and distortion- -practical conditions— Class B, (iv) Grid driving

conditions (t;) Design procedure for Class B* amplifiers (vi) Earthed-grid cathode
coupled amplifiers (vii) Class B| amplifiers—-quiescent push-pull,

(i) Introduction
A Class B amplifier is an amplifier in which the grid bias is approximately equal

to the cut-off value, so that the plate current is approximately zero when no signal

voltage is applied, and so that the plate current in a specific valve flows for approxi-

mately one half of each cycle when an alternating signal voltage is applied.

Class B amplifiers arc in two main groups—firstly Class Bi (otherwise known as

quiescent push-pull, see below) in which no grid current is permitted to flow, secondly

Class B, (generally abbreviated to Class B) in which grid current flows for at least

part of the cycle.

Class B, amplifiers have inherently high odd harmonic distortion, even when the

utmost care is taken in design and adjustment. I'his distortion frequently has a maxi-
mum value at quite a low power output, making this type of amplifier unsuitable for

many applications. They arc also comparatively expensive in that a driver valve and
transfermer together with two output valves form an integral part of the stage, and
together give only the same order of sensitivity as a pentode.

The one outstanding advantage of a Class Ba amplifier is in the very high plate-

circuit efficiency, although the current drawn by the driver stage should be included.

The principal applications arc in battery-operated amplifiers, public address systems

and the like

The grid bias must be fixed (cither battery or separate piower supply) and special

high-mu triodes have been produced to permit operation at zero bias to avoid the

necessity for a bias supply. In the smaller sizes, twin triodes are commonly used.

For the best results, accurate matching of the two valves is essential. If they are being

operated at a negative bias it is possible to match their quiescent plate currents by

adjusting the bias voltages separately. If the dynamic characteristics arc not matched,

a difference of 10% in the two plate currents, measured by d.c. milliammetcrs under

operating conditions, will produce roughly 5®o second harmonic distortion (Ref. El 8).

The matching of valves is covered in Sect. 5(v).

Well regulated plate, screen (if any) and bias supplies (if any) arc essential.

The rate of change of current in each half of the output transformer at the plate

current cut-off point is considerable, often resulting in parasitics

Parasitica in the grid circuit may be eliminated by the use of a driver transformer

having low leakage induaance [Chapter 5 Sect. 3(iii)al and,.if necessary, by connect-

ing a small fixed condenser from each grid to cathode -a typical value is 0.0005 —
see (iv) below.
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Parasitics in the plate circuit may be eliminated by the use of an output trans>

former with low Icalwge inductance—see Chapter 5 Sect. 3(iii)c—together with a

series resistance-capacitance network connected across each half of the primary or

alternatively from plate ^o plate.

Typical values for connection across each half of primary :

Load resistance (p-p) 6000 10 000 12000 ohms
R 3300 5600 6800 ohms
C 0.05 0.05 0.05 mF
Typical values for connection from plate to plate :

Load resistance (p-p) 6000 10 000 12000 ohms
R 6800 12000 15000 ohms
C 0.03 0.02 0.02 mF
Note—l‘he McIntosh Amplifier may also be used for Class B operation- sec

Sect 8(iii).

(ii) Power output and distortion—ideal conditions—Class B2
(Circuit Fig. 13.31 ; characteristics Fig. 13.36.)

If the input voltage is sinusoidal, the output transformer ideal, the plate charac-

teristics equidistant straight lines, and the valves biased exactly to cut-off, the opera-

ting conditions will be-

Power output (total): Pq ^ — E„.,n) (1)

or Po - - 2(P,, - h\,^)^/R, (2)

where -= maximum (peak) plate current of cither valve

Er^,„ ~ minimum plate voltage of cither valve

and P; — load resistance platc-to-platc.

Load resistance (platc-io-platc) : Rj — 4(Etb — Pm<„)//6m (3)

Load resistance valve : ^// = = (p6> - (4)

Maximum power output is obtain^ when = 4r,

i.c. when -- 0.5E\6
where = plate resistance of one valve.

Average plate current (each valve) : ^ ^ 0.318/^„ (5)

Power input from plate-supply : P^ — lE^tlb ^ 0.637E btl bm (6)

Plate circuit efficiency: 77 = (1 — E^i^/Euh) x 0.785 (7)

Plate dissipation : Pp - d.c. power input - power output
- /,..(0.137£,» 4- 0.5P,..„) (8)

Power output in terms of plate dissipation and plate circuit efficiency :

Ro -- »?) (9)

The current in the secondary of the transformer will be sinusoidal, there being no
distortion. The plate current in each valve will have the form of a reaified sine wave.

The slope of the composite characteristic is half that for Class A operation, so that

the slope of the composite plate resistance will be twice that for Class A.

(iii) Power output and distortion—practical conditions—Class B,
Tile practical treatment is based on the use of the composite characteristics [Sect.

5(ii)D1. If the valves are biased completely to cut-off, each half of the composite
characteristic is identical with the individual valve characteristic, and a considerable

degree of non-linearity occurs in the middle region (P’ig. 13.47A). As a result, the

greatest distortion of the loadline occurs with fairly small signals. For any particular

characteristic there is one value of grid bias beyond which the distortion increases

rapidly with increase of bias—there is a small quiescent plate current at this point

(Fig. 13.47B). Even in this case the whole of the composite charaaeristic, except

the small middle ponion, is idetitical with the single valve characteristic.

It is therefore praaicable to calculate the power output from the charaaeristics

of a single valve (e.g. Fig. 1 3.48). The power output as calculated by eqns. ( 1 ) and (2)

is modified by the presence of harmonics and should be multiplied by the factor

F - (1 -h //, - //* -h //t ~ //• -f //„)* (10)
where i/, == third hamonic distonion (i.c. /«//|),

and H% fifth harmonic distortion (i.e. /t/Zi), etc.
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The various harmonics are unpredictable, but at maximum power output usually
predominates, and a purely arbitrary approximation is to take

F - (1 -}- O.ef/a)*.

Usual values of //j at maximum power output vary from 0.05 to 0.10, so that F
varies from 1.06 to 1.12, a reasonable design value being 1.08. Thus, from eqn. (2),

Po ^ 0.1357, (11)
Alternatively, the total power output may be calculated from a knowledge of the

average and quiescent currents of one valve, with an error not exceeding 9% (see

cqns. 12 and 13 below) -

Po ^ 2.47(7, - 0.257„n)-/?; (12)
The more accurate method is to use the composite characteristics (which are the

same as the single valve characteristics of Fig. 13.48 over the range concerned) and
to apply the “ eleven selected ordinate method ** [Sect. 3(iv)D] for the determination
of power output and distortion. Although harmonics higher than the fifth are ap-
preciable, it is difficult to calculate them graphically with any degree of accuracy.

Fig, 13.47. Composite characteristics of Class B amplifiers {A) biased to cut-off

(B) biased to the point of minimum distortion.

Fig. 1 3.48. Plate and grid characteristics of a typical small battery-operated Class B
triode (1J6-G).

The load reaistance may be calculated by eqn. (3) or (4).

Maximum power output is usually achieved when the slope of the loadline is

numerically equal to the slope of the individual valve characteristic corresponding to

the peak grid voltage, at its point of intersection with the loadline. A different load-

line is usually necessary for each value of peak grid voltage. Each loadline should be
checked for peak current, average current, plate dissipation and grid driving power.

When any loadlinc has been established as permissible, a higher load resistance may
be used with perfect safety without any further checking. This will require less grid

driving power, and will draw less plate current, but will give a lower power output

;

the distonion will be roughly unchanged, and the plate circuit efficiency will be higher.

The avamge plate current may be calculated by the accurate method of Sect.

5(iv) and eqn. (26). Alternatively, with an accuracy within 3% for third harmonic

not exceeding 10% (Ref. Ell)—
(for each valve) 0.3187, ,, + 0.257 ,o (13)

Eqn. (13) may also be put into the form —
7,« 3.147, - 0.7857,0 (14)

The average power input from the plate supply is given by
l\ - 2B,,7, ^ B, ,(0.6377,^ f 0.57,,). (15)

Plate circuit efficiency : r) 7*o<2B,,7, (16)

[Usual values of plate circuit efficiency are from 50% to 60%.]
Plate dissipation : B’,,(0.6377, f 0.57,,) — P, (17)

With a plate circuit efficiency of 60%, the power output is 1.5 times the total plate

dissipation, whereas with Class A operation and a plate circuit efficiency of 25%, the

power output is 0.25 times the plate dissipation. Thus, if in both cases the plate
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dissipation is the only limiting factor, six times more output may be obtained from the

same valves in Class B than in Class A.

(iv) Grid driving conditions
Grid current characteristics are provided for use with valves suitable lor Class B

amplification (e.g. Fig. 13.48). It is usual practice to select a likely peak positive

grid characteristic and loadline, then to calculate the grid driving power and power

output. This may be repeated for several

other loadlines, and the final choice w'ill

be made after considering all the relevant

features.

In the case of a particular loadline such as

AB in Fig. 13.48, the peak grid current may
be determined by noting the intersection of

the vertical through A and the grid current

curve (shov\Ti with a broken line) corres-

ponding to the E, characteristic which

passes through A. This is shown in J«ig.

13.49 where Er indicates the fixed grid

bias and rhe positive grid current com-
mences to flow at approximately E, 0. Ei^. 13.49. Typical mutual char-

The p>eak grid current is and the peak actcnstic tllu^tratim: Class B operating

signal grid voltage is E corresponding to
conditions,

A positive grid bias voltage E,.„. The peak grid input power is then given by

E,J,„. (18)

and the minimum grid input resistance is given by
E,„. /,... (19)

[Note : The minimum variational grid resistance is derived from the slope of the

Ij curve it is always less than r.

The driver valve has to supply this peak power, plus tran^. former losses, into a half-

sccondar>' load var>ing from infinity at low input levels to at the maximum
input. The basic driver circuit is shoun in Fig. 13,50.A, where \ \ is the driver valve

and r, the step-down transformer with a primary to half-secondary turns ratio A’, A’..

In praaice, the transformer has losses, and it may be represented by the equivalent

circuit Fig. 5.9 (omitting Cn ).

The cfliciency is usually calculated (or measured) at 400 c s where r,, / . and Ro
are the principal causes of loss. An efficiency of from 70 to 80'\, at peak power is

typical of good practice. The voltage applied lo rhe grid of F,, provided that the

iron losses arc small, is approximately [('haptcr 5 Sect. 2 ii)l

E , E,.'n(\, X,) (20)
where v percentage efficiency 100,

and Ep voltage applied across primary.

The load presented to is roughly as calculated for an ideal transformer
;
('haptcr 5

Sect. 2(ii /’ driving the same grid.

At high audio frequencies, the effects of L, and I . (Fig. 5.9) become appreciable,

causing an additional loss of voltage during the time of grid current flow, and a tend-
ency towards instability. 1 he instability is brought about by a negative input re-

sistance which some valves possess over a portion of the grid characteristic [('haptcr 2

Sect. 2^iii>!. It is therefore important to reduce the leakage inductance of the trans-

former to the lowest possible value. Fortunately the bad effects of any remaining
leakage inductance may be minimized by connecting a small condenser across each
half of the secondary so as to resonate at a frequency about 1.5 times the highest fre-

quency to be amplified (Ref. El 8). The condenser and leakage inductance form a

half-section of a simple two-element constant k type low-pass filter
|
Chapter 4 Sect.

8<'vii;|.
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At low audio frequencies the primary inductance Lo causes loss of gain as with any
a-f transformer. It should be designed for an unloaded secondary (Chapter 5 Sect. 3)

because it is unloaded for part of the cycle. Secondary loading resistances should be
avoided with Class A triode drivers (Refs. El 7, El 8).

In order to avoid excessive distortion due to the non-linear grid current characteris-

tic, the effective impedance looking backwards from the grid-cathode terminals'

towards the driver, must be small compared with the effective input impedance of
the valve. The “ looking backwards *’ impedance has as its components (Fig. 5.9) :

“ Driver resistance ” R’ Tj 4 rj (21)
“ Driver inductance ” L' L, (22)

It is usual to restrict the driver resistance to a value less than 0.2 for the

most favourable conditions with high-mu valves and with limited grid drive, where
does not differ seriously from the minimum variational grid resistance ; in other

cases it should be less than one fifth of the minimum variational grid resistance (Refs.

E2, El 2). For minimum distortion, R' should be made as low as practicable. Hence
the transformer usually has a step-down ratio from primary to half-secondary.

The “ driver inductance,’* if large and uncompensated, produces an effect like a

faint high pitched hiss or scratch that rises and falls with the signal (Ref. E18).

The effect of the varving load resistance on the driver valve is shown by the curved
loadlinc in Fig. 13.50B. The horizontal portion corresponds to the conditions
without grid current flow, while the slope at any other point corresponds to the

variational grid resistance at that point. T he broken line joining the two extremities

has a slope corresponding to a resistance of J this should not be less

than 'I he driver valve should prcierably be operated near its maximum rated

plate voltage and dissipation

Fit'. 13.50A. Fundamcfiidl driver

and Class B {or AB) amplifier

ctremt.

As the output valves arc driven harder, the driver valve is called upon to provide
increased power into a decreased minimum grid resistance ; this necessitates a greater

step-down ratio in the transformer. The extreme limit is when the “ diode line
”

is reached. As a guide which may be used for a first trial, the minimum plate volt-

age may be taken as twice the “ diode line ” voltage at the peak current level. The
diode line is shown in many characteristic curves, and is the envelope of the character-

istics it is the line where the grid loses control, in other words the minimum plate

voltage for any specified plate current no matter how positive the grid may be.

The cathode follower makes an e.xcellcnt driver for; all forms of amplifiers drawing
grid current, having very low effective plate resistance and low distortion see Chapter
7 Sect. 2(i).

A cathode follower has been applied as a transformerless driver, one 6SN7-GT twin

triode being used as f push-pull driver to the grids of two 6L6 v'alves giving an output
of 47 watts (Ref. F22). However, this is not usually the most etiicient arrangement

—

see Chapter 7 Sect. l(ii).
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(v) Desi^ procedure for Class amplifiers
Hie major difficulty is in keeping the electrode voltages stabilized.

The following procedure applies to the case where the voltages arc stabilized and the

plate voltage and desired power output are known.
1. Assume a value of plate-to-platc load resistance Draw a loadlinc with a

slope corresponding to Ri/^ on the characteristics for one valve, through the point

R b — R ^b3 ^ b
~ 9.

2. Select a value of grid bias to give the minimum distortion of the composite
characteristic (Fig. 13.47).

3. Determine the quiescent plate current /^o of one valve.

4. dalculate the peak plate current from the approximation :

Ibn.^ \'lAPo/Rt (23)

5. Calculate the average power input from the plate supply, using eqn. (15).

6. Calculate the plate dissipation from equation (17).

7. Check the plate dissipation and the peak plate current to see that they do not

exceed the maximum ratings.

8. Determine the maximum positive grid voltage Etm from the loadline and /ft„.

9. Determine the peak grid current Ig^ corresponding to extreme point of the

loadline.

10. Calculate the peak signal grid voltage : Eg^ ^ E^m •- Rr-

11. Calculate the peak grid input power : Pg^ ~
12. Calctilate the minimum input resistance :

13. Repeat steps 1 to 12 for several other values of R
^
and select what appears to

be the best compromise, with a view to the lowest driving pow’er

14. Assume a reasonable peak pow'er transformer efficiency say 70®o* This value

is used in the following step.

15. Select a driver valve with a maximum power output at least 0.9Pg^ under
typical operating conditions (this makes allowance for the higher load resistance;.

16. Select a driver load resistance twice the typical value or at least four limes the

plate resistance.

17. Draw the assumed (straight) driver loadline on the driver plate characteristics

and determine the maximum available peak signal voltage R^m^
18. Determine the transformer ratio from primary to half-secondary :

A
j
/A I

— TjE
p fi, / Eg .

19. Calculate the “driver resistance” from eqn. (21) using values for and r,

indicated* from similar transformers. These resistances are usually less than 1900
and 350 ohms respectively for 10 wan amplifiers, or 2700 and 500 ohms respectively

for low power battery amplifiers.

20. Check the “ driver resistance ” to see that it is less than 0.2rp„(„ for high-mu
valves or O.lr^^in for other cases (this assumes that is approximately twice the

minimum variational grid resistance).

Alternatively the driver transformer may be tentatively assumed to have 10%
primary and 10% secondary copper losses, and 10?o iron losses. On this basis,

r, ==- rgn,in/7 and ri ^ r,,„<^(AjVA\*)/9.

(vi) Earthed-grid cathode-coupled amplifiers
A cathode-coupled output stage, with earthed grids, has the advanuges of a much

more nearly constant input resistance than a Class B suge, but it requires more driver

power for die same output. It is more suited to high-power amplifiers or modulators
than to conventional a-f amplifiers (Ref. El 5). The increase in plate resistance due
to feedback is disadvantageous.

(vii) Class B| amplifiers—Quiescent push-pull
Class B| amplifiers do not draw any grid current whatever, but in other respects

resemble Class B, amplifiers. Either triodes or pentodes may be used, the latter being

more popular—they are used as “ quiescent push-pull pentodes ” in battery receivers.

The two valves (or units) must be very accurately matched, and an adjustable screen
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voltage is desirable. A high*ratio step>up input transformer is used to supply the

high peak signal voltage, nearly equal to the cut-off bias. Both the input and output

transformers should have low capacitance and leakage inductance. The output trans-

former should have its half-primary inductance, and its leakage inductance, accurately

balanced. Condensers (0.002 to 0.005 /<F) are usually connected across each haLf

primary (Ref. E4).

SECTION 8 : CLASS ABg AMPLIFIERS

(i) Introduction (it) Bias and screen stabilized Class AB^ amplifier (Hi) McIntosh
amplifier,

(i) Introduction
Class ABa amplifiers closely resemble Class amplifiers, but the valves are biased

as for Class ABi operation. Consequently they are less critical with regard to match-
ing, and the distortion which occurs in the plate circuit is much the same as for Class

ABj. The plate circuit efficiency is intermediate between Class ABi and B. operation

—typical values for triodes are from 40 to 48%. The variation in plate current from
zero to maximum signal is less than with Class B operation, being of the order of 1 : 2.

The matching of valves is covered in Sect. 5(v).

Pentodes and beam power amplifiers may be used quite successfully in Class AB,
operation.

Fixed bias is essential.

Type 6L6 or 807 beam power amplifiers may be used in Class ABj with plate circuit

efficiencies of about 65”(, (or 61 including screen losses). The peak grid input

power does not exceed 0.27 watt for power outputs from 30 to 80 watts. The total

harmonic distortion under ideal laboratory conditions is 2% at maximum signal and
less than 2^'q at all lower output levels (this assumes a low-distortion driver stage).

Well regulated plate, screen and bias power supplies are essential.

Parasitics in plate and grid circuits—^see Sect. 7(i).

References E20, E21.

(ii) Bias and screen stabilized Class AB2 amplifier (Ref. £26)
Fig. 13.50C gives a circuit with 807 valves operated in Class ABj with stabilization

of the bias and screen supply provided by the driver valve. Two high tension sources

are used, obuined from separate windings on the power transformer, and neither

needs good regulation, so that condenser
input filters can be used.

The circuit offers three types of com-
pensation, the combined effect being to

allow the output valves to draw a

minimum of plate current in the no
signal condition, although still being

capable of delivering an output of 60
watts for small distonion. The three

types of compensation arc

(a) As the 807 plate voltage falls, due
to increasing plate current with signal

input,, the screen voltage is increased

and the bias reduced.

(b) When the 807*s are driven into

grid current their bias is increased due
to the current in the 500 ohm resistor
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Ri, This is minimized by a d.c negative feedback circuit giving several times reduaion

of the effect, and is offset by a corresponding increase in 807 screen voltage.

(c) Any tendency for the 807 screen voltage to fall and for the bias voltage to increase

with rising 807 screen current due to signal input is minimized by the same negative

feedback circuit.

Referring to Fig. 1 3.50C, the voltage divider from the positive side of the 60C( volt

supply to the negative side of the 300 volt supply has values to provide a suitable bias

for the triode-operated 6V6 so that it draws a^ut 45 mA with a standing plate voltage

of 250 V. A decrease in the 807 plate voltage causes the 6V6 grid to become more
negative, decreasing its plate current which also flows through and so decreases

Uie 807 bias. The low voltage power supply is deliberately given poor regulation

with resistive filtering so that the decrease in 6V6 plate current appreciably increases

its plate voltage and -thus the 807 screen voltage.

The 807 grid current at large output levels increases the negative potential at C
and also at A and B and thus increases the 6V6 bias. This reduces the 6V6 plate

current which makes point C less negative and minimizes the increase in 807 bias,

and at the same time increases the 807 screen voltage thus olf-setting the bias increase.

The 807 screen current rises with increasing signal input and this tends to decrease

the screen voltage and increase the 807 bias. However the increased bias is also

applied to the 6V6, reducing its plate cyrrent and thus tending to restore the 807 bias

and screen voltages to their original values.

Between no output and full output the 6V6 plate current falls from 45 mA to 25 mA
but the valve is still well able to provide the small power required to drive the 807’s.

An additional feature of the circuit is that a very large input reduces the ability of

the driver to overload the output valves, and after full output is reached very effective

limiting is provided.

(iii) McIntosh Amplifier (Ref. E28)
With any push-pull amplifier in which each valve is cut-off during portion of the

cycle, some form of quasi-transient distortion tends to occur at a point in each cycle

at the higher audio frequencies (Ref. El 3). This distortion is caused by the lealage

reactance of the primary of the output transformer, which cannot be reduced suffici-

ently by conventional transformer design technique. A completely new approach to

the problem is made by the McIntosh amplifier which incorporates special types of

driver transformer and output transformer, together with many other novel features.

The basic principles are indicated in Bfig. 13.50D in which both driver transformer

Ti and output transformer have two windings wound together in a bi filar manner
so that the coupling between them is almost unity. It is claimed that it is practicable

to wind coils with a ratio of primary inductance to leakage inductance better than

200 000 to 1, whereas conventional transformers do not nearly reach the minimum
requirement (for low distortion) of 80 000 to 1. This type of transformer is cheaper

to wind than a sectionalized winding as

used in conventional high quality trans-

formers.

Each output valve works into two
primary sections, one in its plate circuit

and the other in its cathode circuit, but

these have practically unity coupling.

The effective number of primary turns

for each valve is equal to the total turns

for each of the bi filar windings. The
output transformer should therefore be
designed to have a total impedance on
each of its primaries equal to one quar-

ter of the plate-to-platc load impedance.

In the case of the amplifier of Fig.

13.50E the plate-to-plate load tmped-
Fig. 13.50D. Baste principles of

McIntosh Amplifier {Ref. ETS).



(iin McIntosh amplifiers

PRE-AMPLIFIER VOLUME CONTROL

Ft^. l^.50E. Circuir diagram of complete 50 watt McIntosh Amplifier {Ref. E2S).

ance is 4000 ohms and the total impedance of each primary winding is 1000 ohms ; the
impedance from each cathode to earth is only 250 ohms. These low impedances
reduce the effects of capacitive shunting and thereby improve the high frequency
performance.

I'he voltage from each screen to cathode is maintained constant by the unity coupling
between the two halves of the bi filar windings, no screen by-pass capacitor being re-

quired. This arrangement, however, has the limitation that it can only be used for

equal plate and screen voltages.

The driver transformer 7', makes use of the same bi filar winding method adopted
in the output transformer. The primary impedance in this design is above 100 000
ohms from 20 to 30 000 c s, while the response of the whole transformer is within
0.1 db from 18 to 30 000 c s. These high performances are made necessary by the

inclusion of this transformer in the second feedback path of the whole amplifier.

The method of loading the output stage, with half the load in the plate and half in

the cathode circuit, provides negative feedback as a half-way step tow'ards a cathode

follower. Additional feedback is achieved by connecting suitable resistors between
the cathodes of the output valves and the cathodes 6f the phase inverter stage. The
complete amplifier (Fig. 13.50E) has a typical harmonic distortion of 0.2”o from 50
to 10 000 c s, rising to 0.5^,, at 20 c s and O.35''o at 20 000 c, s, at an output level of

50 watts. The frequency response under the same conditions, measured on the sec-

ondary of the transformer, is level from 20 to 30 000 c s, - 0.4 db at 10 c ^s and
0.3 db at 50 000 c s. The phase shift is zero from 50 to 20 000 c/s, — 10° at

20 c/s and • 4 at 50 000 c. s.
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The output resistance is one tenth of the load resistance^ thus giving good damping
and regulation

These same principles may be applied to any type of push-pull output whether triode

or pentode, with any class of operation. A, AB|, ABs or B.

The high power output of the McIntosh amplifier as described above is due to the

operation of the screens at voltages greater than 400 volts, which is very considerably

in excess of the maximum rating of 270 volts (design centre) for t>'pe 6L6 or 300 volts

(absolute) for type 807. It is unfortunate that the McIntosh amplifier is limited to

operation with equal plate and screen voltages, but these should always be within the

maximum ratings for the particular valve type

See also Refs. E31, Gl.

The principle of combined plate and cathode loading is applied in some high-

fidelity Class A amplifiers, e.g. Acoustical QUAD, Refs. H4, H6.

SECTION 9: CATHODE-FOLLOWER POWER AMPLIFIERS

The principles of cathode followers have been covered in Chapter 7 Sect. 2(i).

A cathode follower may be used either as driver for a Class B or ABt stage, or as the

output stage itself.

A cathode follower forms almost an ideal driver stage, having very low plate re-

sistance and distortion, although it requires a high input voltage. It is commonly
used, either singly or in push-pull, in high power a-f amplifiers where the distonion

must be reduced as much as possible. If parallel-feed is used, the hum is reduced
by the factor l/(fi -r 1) ; see Chapter 7 Sect. 2(ix) Case 4. A cathode follower driver

stabilizes the a-f signal voltage, but does not subilize the grid bias.

Cathode follower output stages introduce serious problems, and are not suitable

for general use, even though their low plate resistance and low distortion appear at-

tractive. The difficulty is in the high input voluge which is beyond the capabilities

of a resistance-coupled stage operating on the same plate supply voltage. Two
methods are praaicable, either a step-up transformer in the plate circuit of a general

purpose triode, or a resistance-coupled amplifier with a plate supply voltage about

3 times the plate-cathode voltage of the cathode follower. In order to take advantage

of ihe low distortion of the cathode follower, the preceding stage should also have

low distortion. A general purpose triode is to be preferred lo a pentode or high-mu
triode with resistance coupling, and it may have an unbypassed cathode resistor.

One practical amplifier which has been described in the literature (Ref. F3) uses

700 volts supply voltage to the 6SN7 penultimate stage and eight 6V6-GT valves in

push-pull parallel operation in the cathode follower output stage. Negative feedback
is used from the secondary of the output transformer, and the damping on the loud-

speaker is as high as praaicable. However, the total harmonic distortion at 50 c/s

is over 1% at 8 watts output, and 1 .7*’,^ at 20 watts. The high output voltage which
must be delivered by the resistance-coupled penultimate stage thus shows its effect

on the disiortion, even though the plate supply voltage has been increased to a dan-
gerously high value.

SECTION 10 : SPECIAL FEATURES
(i) Grid circuit resistance (ii) Grid bias sources (iii) Miller Effect (iv) 26 volt

Operation (v) Hum,

(i) Grid circuit retistance
A maximum value of grid circuit resistance is usually specified by the valve manu-

faaurer, a higher value being usually permitted with cathode (self) bias than with

fixed bias. The reason for the latter is that cathode bias provides increased bias as

the plate current rises, and so gives a degree of protection against ** creeping *' plate

current. This effect is due to the combined gas and grid emissicn currents which
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flow through the grid>cathode circuit—see Chapter 2 Sect. 2(iii), also Chapter 3
Sea. l(v)d, and Chapter 12 Sect. 2(iii)E, (iv)B, (iv)C, (iv)D ; Sect. 3(iv)C, (v).

Typical values (e.g. type 6V6-GT) are :

With cathode bias 0.5 megohm (maximum)
With fixed bias 0.1 megohm (maximum).

If the heater is operated, even for limited periods, more than 10% above its average

rated voltage, the grid circuit resistance must be reduced considerably ; this holds in

automobile receivers.

If partial self-bias operation (“ back bias **) is used, the maximum value of grid

circuit resistance may ^ found from the relation :

R,m ^ R,f -f PiR.. - R,f) (1)

where Rg/ ~ max. grid circuit resistance (fixed bias)

Rg, max. grid circuit resistance (self bias)

and P — ratio of cathode current in output valve to the total current flowing

through the bias resistor.

In cases where the maximum value of grid resistance for a particular application

is not specified, the procedure of Chapter 3 Sect. l(v)d should be followed, using

eqn. (6) for pentodes or tetrodes, or eqn. (7) for triodes. The value of maximum
reverse grid current (d/^,) should be obtained from the specifications or from the valve

manufacturer ; failing this, a value of 2/iA may be tentatively assumed for valves of
the 6F6, 6V6 class, and 4fjiA for valves having higher cathode currents.

If either the value of Rg^ for cathode bias, or that for fixed bias is specified, the value

for the other may be calculated from Chapter 3 Sect. 1 eqns. (8) to (13).

(ii) Grid bias sources
Fixed bias is normally obtained from a separate power source with rectifier, filter

and load resistance. A typical circuit is Fig. 13.51 in which Kj is the usual rectifier,

Vt is the bias rectifier and R^ the bias load resistance. may be any half-wave
indirectly-heated rectifier ; if the Kj heater is operated from a common heater winding,

Vi should be a type capable of withstanding a high voltage bemeen heater and cathode.

Alternatively a shunt diode may be used (see Chapter 30 Sect. 6). If the output stage

draws positive grid current, as in Class AB^ or overloaded Class A operation, the grid

current flowing through the bias load resistance increases the bias voltage. It is

therefore advisable to design this to be as low as practicable. The eflfea of negative

grid current on the bias is usually negligible.

Fig. 13.51. Method of obtaining fixed bias

using half of the transfomt€r secondary
{plate) winding. Typical values of resistors

are : /?, = 2500, /?, = 25 000, R^ =
15 000, /?4 — 3000 ohms ; Ci — 8/aF,

Cl == 16/i.F, Cl = C4— 50fiF. Alternatively
Fj may be replaced by a choke.

Voltage stabilized grid bias supplies are sometimes used (see Chapter 33).

It is sometimes convenient to have two plate voltage supplies, one to provide for

the plates of the output stage only, the other for the earlier stages together with the

screens of the output suge and grid bias. The second supply is loaded by a heavy

current voltage divider (say 150 mA total drain) tapped near the negative end and the

upping connected to the cathodes of the output stage ; one section provides grid bias,

and the other section provides the positive potentials.

Back bias is intermediate between cathode bias and fixed bias, so far as its con-

stancy is concerned. With this arra^cment, the whole return current of a receiver

or amplifier is passed through a resistor between the cathodes (which are generally

earthed) and E** (Fig. 13.52). The value of R^ is given by E^JI where is
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Fig. 13.52. Circuit of portion of a receiver using back bias. is the power amplifier^
V 2,

is the rectifier

.

the bias required by and / is the total current passed through Bias for earlier

stages is obtainable from a tapping or tappings on i?,. A hum filter is necessary for

each separate bias system. (Note that the curved plate of an electrolytic condenser
represents the negative terminal ; while on a paper condenser the curved plate re-

presents the outside electrode.] Back bias works best in large receivers where the

total current is much greater than the cathode current of the power amplifier.

Aii alternative form having fewer components is shown in Fig. 13.53. Here the

field coil is in the place of in Fig. 13.52. The bias on K, is equal to the voltage

drop across the field coil multiplied by R. (R^ 0.5 megohm). The filtering in

this circuit is not so complete as in Fig. 13.52.

FIG 13 53

Fig. 13.53. Alternative form of back bia^, with the speaker field coil

in the negative lead.

(iii) MiUer Effect

T^c Miller Effect has been introduced in Chapter 12 Sect. 2(xi). If the output
valve is type 6V6-GT under typical operating conditions, A 17 and 0.7

then the additional input capacitance, due to C^,. alone, with a resistive load is 18 x
0.7 — 12.6 fxfxF. If the valve is a triodc the effect is more pronounced. For example,
with type 2A3 under typical operating conditions A 2.9 and 16.5 fi/iF ;

the additional input capacitance is 3.9 . 16.5 64

(iv) 26 volt operation
Standard power valves give very limited power output with plate and screen both

at 26 or 28 volts. Special types (e.g. 28D7) have been developed to give higher power
output under these conditions.
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(v) Hum from plate and screen supplies
The hum of amplifiers with and without feedback is covered in Chapter 7 Sect.

2(ix)C.

Power amplifiers not using feedback are here summarized briefly, using the con-

ditions for types 2A3 and 6V6 as in Chapter 7.

Triode with (a) conventional output transformer -

Relative hum voltage ^ 0.85

(b) parallel feed (scries inductor)

Relative hum voltage 0.024

Pentode with conventional output transformer
and (a) common plate and screen supplies -

Relative hum voltage 2.05

(b) screen perfectly filtered

Relative hum voltage 0.09

Pentode with parallel feed (series inductor)
(a) common plate and screen supplies

Relative hum voltage 1.78

(b) screen perfectly filtered

Relative hum voltage 0.179

Sec also Chapter 31 Sect. 4(ii) Effect of the output valve on hum originating in

the plate supply voltage.

SECTION 1 1 : COMPLETE AMPLIFIERS

(i) Introduction (ii) Design procedure and examples {Hi) Loudspeaker load,

(i) Introduction
While every amplifier must be built up of individual stages, the purpose of the design

is to produce a complete amplifier having specified characteristics in regard to over-
all gain, maximum power output, frequency range, output resistance, distortion, hum,
noise level and special features such as overload characteristics and tone control.

A designer’s job is to produce the required results at the minimum cost within any
limiutions imposed by space or by the availability of valve types.

(ii) Design procedure and examples
The correct procedure is to commence with the loudspeaker, and then to work back-

wards thniugh the amplifier. For example, after investigation of the loudspeaker and
speaker transformer efficiency (see Chapter 20 Sect. 6) it should be possible to esti-

mate the maximum power output required from the output valvc(s). Then the output
valvc(s) should be selected allowing for the possible use of feedback. Then the

preceding stage should be designed to work into the known following grid resistor

and effective input capacitance with a satisfactory frequency response and distortion

level. Finally, the input stage should be designed to give the required hum and noise

performance. If, after a first calculation, the overall gain is too high, it may be reduced
by one of many expedients such as increasing (or adding) negative feedback on the

output stage, removing a cathode by-pass, changing a voltage amplifier stage from
pentode to triode operation, or changing one or more valves to a lower gain type.

In large amplifiers a pre-set second volume control may be used, to be adjusted in the

laboratory.

The following information is a general guide in the design of typical amplifiers

A public address (speech)

B typical radio receiver (a-f amplifier only)

C - good quality radio receiver or amplifier

D high fidelity receiver or amplifier
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Performance applies to amplifier only (resistance

Category A B
load).

C D
Frequency range 200-5 000 100-5 000 50-10 000 40-15 000 c/s

Anenuation at limits 3 3 2 1 db

Total harmonic distortion 10 10 2 <1 %
Output resistance — — <Ri!2 <Rjm
Noise level t -2^ -25 -30 dbm
Hum level (120 c 's)

** — - 15 to -30 -35 to -40 — 40 to - 45 dbm
Intcrmodulation distortion-
r.m.s. sum (voltage ratio 4:1) 40 40 8 <4 %

*at maximum power output.

**For 3% loudspeaker efficiency. In all cases the hum should not be audible

under listening conditions. Sec Chapter 31 Sect. 4(iii) for hum.

tFor room volume 3000 cubic feet, 3®o loudspeaker efficiency see Chapter 14

Sect. 7(v). For measurement of noise see Chapter 19 Sect. 6.

JOr as required to give the desired degree of damping at the bass resonant

frequency.

Sec also Chapter 14 Sect. 12(i) for high fidelity.

With careful design and the use of negative feedback it is possible to make the total

harmonic distortion of the amplifier less than 0.1 % and the intermodulation distortion

less than 0.5%. This has been achieved in the circuit of Fig. 7.44 and in the William-
son amplifier on which it is based (the new version of the Williamson amplifier is

given in Figs. 17.35 B, C, D, E, F, G^, also in the Leak amplifier. Sec Refs. FI,

F4, F5, H4, H15, H16,
An example of category C is given in Figs. 7.42 and 7.43.

Undoubtedly one of the best and most versatile single-ended amplifiers incorporat-

ing negative feedback (and, if desired, also tone control) is the circuit Fig. 7.33. The
feedback should be as high as permissible, being usually limited by the sensitivity

required by a pickup. The only serious limitation is that Fj cannot be a combined
second detector and amplifier.

The Lincoln Walsh amplifier with automatic bias control (E24, E25) is quoted

as having intcrmodulation distortion of 0.2% at 5 watts, 0.6^^, at 10 watts and 1.7%
at 25 watts, the power in each case being the low frequency power only (50 c s). Tlic

valves used in this amplifier are type 6B4-G (similar to 2A3).

The McIntosh 50 watt Class AB, amplifier (Fig. 13.50E) has harmonic dis-

tortion less than 0.5% from 20 to 30 000 c/s, with exceptionally flat frequency res-

ponse and low phase shift -see Sect. 8(iii).

References to complete amplifiers : Refs. (F) and (H).

(ill) Loudspeaker load
Most amplifiers are designed to work into a constant resistive load, whereas a loud-

speaker presents a far from constant impedance which is largely inductive or capacitive

at almost all frequencies within its range. This feature is covered from the loud-

speaker angle in Chapter 20 Seas. 1, 2 and 7. Sec also S^a. 2(iv) for modes and
^a. 3(viii) for pentodes.

A simple 2 stage amplifier with a triode output stage is shown in Fig. 13.54, to-

gether with the fundamental, second, third and fourth harmonics (see Chapter 20 for

comments). An obvious conclusion is that all amplifiers should be tested for output
and distortion while delivering full power into a loudspeaker load. While highly

desirable, this requires a large sound-proof room for all except low levels. An alter-

native which is highly recommended is to construa a dummy load which has the same
impedance as the loudspeaker at 400 c/s, at 10 000 c/s, and at the bass resonant

frequency, based on the circuit of Fig. 20.3. The value of (Ro -f Ri) in Fig. 20.3

should bt equal to the measured value of the working impedance of the loudspeaker
at the bass mbtant frequency as described in Chapter 20 Sea. 2(iv^.
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FtC. 13. 54

tig. 13.54 Harmonic distortion of amplifier having type 6J7 pentode coupled to 2^43
grid rcustor 0.5 megohm triode loaded by a loudspeakef on a flat baffle. The distortion
was measured by a wave analyser connected across the voice coil. The bass resonance
frequency is 70 c / s.

SECTION 12 : REFERENCES
(A) REFERENCES TO OPTIMUM LOAD RESISTANCE AND DISTORTION
Al. Brain, B. C. “Output characteristics of thermionic amplifiers" W.E. 6.66 (March 1929) 119.
A2. Notthingham, W. B. “ Optimum conditions for maxlrr.um power in Class A amplifiers ’* Proc.

I.R.E. 29 12 (Dec. 1941) 620.
A3 Editorial “ Optimum conditions in Class A amplifiers " W.E. 20.233 (Feb. 1943) 53.
A4. Hadfield, B. M. (letter) “ Optimum conditions in Class A amplifiers," W.E. 20.235 (April 1943) 181.
A5. Sturley, K. R. “ Optimum load, Ra or 2Ra " ? W.W. 50.5 (May 1944) 150.
A6. Sturley, K. R. (letter) “ Optimum conditions in Class A amplifiers " W.E. 20.235 (April 1943) 181.
A7. Bradshaw, E. (letter) “ Optimum conditions in Class A amplifiers " W.E. 20.237 (June 1943) 303.
A8. Benham, w. E. (letter) “ Optimum conditions in Oast A amplifiers ** W.E. 20.237 (June 1943) 302.
A9. Gladwin, A. S. (letter) “ Optimum conditions in Class A amplifiers " W.E. 20.240 (Sept. 1943) 436
AlO. Date, W, H. (letter) “ Optimum load," W.W. 50.7 (July 1944 ) 222.
All. Good, E. F. (letter) “ Optimum U^d " W.W. 50.8 (Aug. 1944) 252.
A12. Hughes, E. “ Optinium valve load—unified treatment ^r different operating conditions " W.W.

51.8 (Auff. 1945) 246.
An. Foster, H. G. “ Load conditions in Class A triode amplifiers " Electronic Eng. 19.227 (Jan. 1947)

AM. Sturley, K. R. (book) " Radio Receiver Design " Part II pp. 56-64 (Chapman and Hall, London,
1945).

A 15. Warner, J. C., and A. V. Loughren “ The output characteristics of amplifier tubes " Proc. I.R.E.
14.6 (Dec. 1926) 735.

A 16. KUguur, C. E. “ Graphical analysis of output tube performance " Proc. I.R.E. 19.1 (Jan. 1931) 42.
A17. Lucas, G. S. C. “ Distortion in valve characteristics " W.E. 8.98 (Nov. 1931) 595. Letter P. K.

Turner 8.99 (Dec. 1931) 660.
A 18. Nelson, J. R. “ Calculation of output and distortion in synnmetrical output systems," Proc. I.R.E,

20.11 (Nov. 1932) 1763.
A 19. Ferris, W. R. " Ctraphical harmonic analysis for determining modulation distortion in amplifier

tubes” Proc. I.R.E. 23.5 (Mav 1935) 510.

A20. Mouromtseff, 1. E., and H. N. Kozanowski “ A short-cut method for calculation of harmonic
distortion in wave modulation " Proc, I.R.E. 22.9 (Sept. 1934) 1090.

A21. Hutcheson, J. A. " Clraphical harmonic analysis" Elect. 9.1 (Jan. 1936) 16.

A22. Harries, J. H. O ** Amplitude distortion " W.E. 14.161 (Sept. 1937) 63.

A23. Kemp, P. “ Harmonic analysis of waves up to eleventh harmonic ’’ Electronic Eng. 23 284
(Get. 1951) 390.
See alto References to Graphical Harmonic Analysis Chapter 6 Sect. 9(C).

(B) GENERAL REFERENCES TO CLASS A AMPLIFIERS
Bl. Eapiev, D. C., and L. 1. Farren, ” Direct reading harmonic scales," W.E. (April 1934) 183.

B2. R.C.A. " Application Note on design of audio systems employing type 2A3 power amplifier triodcs
"

No. 29 (Dec. 29, 1933).

B3. R.C.A " Application Note on short-cut method for determimng operating condiuons of power
output triodes " No. 42 (Sept. 5, 1934),

B4. R.C.A. ” Application Note on use of the plate family in vacuum tube power output calculauons "

No. 78 (July 28, 1937)—Reprinted Radiotronics 80 (Oct. 11, 1937) 72.

B5. PuUen, K. A. “ The use of G curves in the analysis of clcciron-tubc circuits " Proc. I.R.E. 37.2

(Feb. 1949) 210.
B6. Langfofd-Smith, F., and W. J. Stcuart ” Effect of power supply on power amplifiers —unpub-

lished analyids.

B7. Pullen, K. A. " G curves in tube circuit des^ " Tcle-Tcch 8.7 (July 1949) 34 ; 8.8 (Aug* 1949) 33.

B8. PuUen, K. A. " Use of conductance, or U, curves for pentode circuit design" Tele-Tech 9.U
(Nov. 1950) 38.

R.D.N.—to



602 REFERENCES 1342

(C) REFERENCES TO MULTI-GRID AMPLIFIERS
Cl. Brian, W. S. “ Experimental audio output tetrode** Elect. 20.8 (Aug. 1947) 121.

C2. Pickering, N. “ Space-charge tetrode amplifiers** Elect. 21.3 (Mar. 1948) 96.
C3. Schade. O. H. “ power tubes ’* Proc. I.R.F. 26.2 (Feb. 1938) 137.
C4. Jonker, J. L. H. ** Pentode and tetrode output valves ** Philips Tec. Com. No. 75 (July 1940; i.

C5. “ Advantages of space-charge-grid output tubes ** (Review of paper by N. C. Pickering) Audio
Eng. 31.9 (Oct. 1947) 20.

C6. Hadfield, B. M. Amplifier load impedance reduction,** Tele-Tech 7.5 (May 1948) 33,

See also B5.
C7. Hafier, D., & H. I. Keroes "An ultra-linear amplifier** Audio Eng. 35.11 (Nov. 1951) 15.

(D) REFERENCES TO PARALLEL AMPLIFIERS
Dl. Jones, F C. ** Parallel tube high fidelity amplifiers ** Radio 29.10 (Oct. 1945) 27.

D2. Jones, F. C. " Additional notes on the parallel tube amplifier ** Radio (June 1946) 26.

^) REFERENCES TO PUSH-PULL AMPLIFIERS
El. Thompson, B. J.

** Graphical determination of performance of push-pull audio amplifiers ** Proc.
I.R.E. 21.4 (AprU 1933) 591.

E2. Barton, L. E. High au^o output from relatively small tubes ** Proc. I.R.E. 19.7 (JuW 1931) 1131.
E3. M.I.T. Suff (book) “ Applied Electronics ** Qohn Wiley and Sons, New York ; Chapman and

Hall, London, 1943) pp. 433-448, 548-558.
E4, Sturley, K. R. " Radio Receiver Design** Part 2 (Chapman and Hall, London, 1945) pp. 84-97.
E5. " Push-pull triode amplifiers ** Radiotronics No. 79 (Sept. 1937) 64 ; No. 80 (October 1937) 78.
E6. Adorian, P. ** Power amplifier design,** Radio Eng. 16.6 (June 1936) 12.

E7. Krauss, H. L. “ Class A push-pull amplifier theory ** Proc. I.R.E. 36.1 (Jan. 1948) 50.
E8. Cocking, W. T. “Push-pull balance

**^ W.W. 53.11 (Nov. 1947) 408.
E9. R.C.A. Application Note No. 54 ** Class AB operation of type 6F6 tubes connected as pentodes,**

(Dec. 1935).
ElO. Williams, W. N. “ Novel 10 watt amplifier fo- P.A.** Radio and Hobbies, Australia (April 1942) 37.

Ell. Heacock, D. P. ** Power measurement of Class B audio amplifier tubes ’* R.C.A, Rev. 8.1 (Mar.
1947) 147.

E12. Barton, L. E. “ Application of the B audio amplifier to a-c operated receivers *’ Proc. I.R.E.
20.7 (July 1932) 1085.

El 3. Sah, A. Pen-Tung “ Quasi transients in Class B audio-frequency push-pull amplifiers,**' Proc.
I.R.E. 24.11 (Nov. 193?) 1522.

E14. Nelson, J. R. “ Class B amplifiers considered from the conventional Class A standpoint ** Proc.
I.R.E. 21.6 (June 1933) 858.

E15. Butler, F. “ Class B audio-frequency amplifiers ** W.E. 24.280 (Jan. 1947) 14.

E16. R C.A, Application Notes Nos. 5, 14, 18, 33 and 54 giving operating data on types 79, 53, 19, 800,
54 respectively.

E17. Barton, L. E. “ Recent developments of the Class B audio- and radio-frequency amplifiers
*'

Proc. I.R.E, 24.7 (July 1936) 985.
E18. McLean, T, *‘ An analysis of distortion in Class B audio amplifiers ’* Proc. I.R.E. 24.3 (March

1936) 487,
E19. StrafTord, F. R. W. “Join-up distortion in Class B amplifiers,*’ W.E. 12.145 (Oct. 1935) 539.
E20, R.C.A. Application Note No. 40 “ High power output from ty^ 45 tubes ’’ (June 1934).

E21. Reich, H. J. “Theory and applications of electron tubes** (McGraw-Hill, 2nd edit. 1944).

E22. Greenwood, H. M. “Cathode-follower circuits** Q.S.T. 29.6 (June 1945) 11, especially Fig. 20.

E23. Amos, S. W. “Push-pull circuit analysis—cathode-coupled output stage** W.K. 23,269 (Feb.
1946) 43.

E24. Edinger, A. “ High-quality audio amplifier with automatic bias control *’ Audio Eng. 31.5 (June
1947) 7. Based on patent by Lincoln Walsh.

E25. Minter, J.
“ Audio distortion and its causes ’* Chapter 6. “ Standard FM Handbook *’ (FM

Company, Great Barrix^ton, Mass., U.S.A. 1st edit. 1946)—gives intermodulatitm test results

on Lincoln Walsh amplifier.
E26. Patent application, inventors C. G. Smith, W. Storm, E. Waikinson, assignee Philips Electrical

Industries of Aust. Pty. Ltd,
E27. Sturley, K. R. “ Push-pull A.F. amplifiers—load curves for Classes A, B and C conditions

**

W.E. 26.313 (Oct, 1949) 338.
E28. McIntosh, F. H., and G. J. Gow ** Description and analysis of a new 50-watt amplifier circuit

**

Audio Eng. 33.14 (Dec. 1949; 9.

E29. Parry. C. A. “The cathampUfier ** Proc. I.R.E. Aust. 11.8 (Aug. 1950) 199.
Parry, C. A. "The cathampUfier *’ Proc. I.R.E. 40. 4 (April 1952) 460.

E30. “ The CathampUfier Handbwk ’* (Mingay Publishing Co., Sydney, Australia).

E31. Sterling, H. T. “ Extended Class A audio *’ Elect. 24.5 (May 1951) 101.

See also A13, A18, A20, B5, C3.
E32. Peterson, A., and D. B. Sinclair "A single-ended push-pull audio amplifier** Proc. I.R.E. 40.1

Gan. 1952) 7.

REFERENCES TO COMPLETE AMPLIFIERS
Winiamson, D. T. N. " Design for a high-quality ampUfier *’ (1) Basic requirements : alternative

specifications, W.W. 53.4 (Apiil 1947) 118 ; (2» Details of final circuit and its performance, W.W.
53.5 (May 1947) 161.

F2. Baxandall, P. J.
“ High-quaUly ampUfier design—advantages of tetrodes in the output stage

*’

W.W. 54.1 (Jan. 1948) 2 ; Correction 54.2 (Feb. 1948) 71.

F3. Gibson, W. F., and R. PavUt “ A practical cathode-foUower audio amplifier *’ Audio Eng. 33.5

(AUy 1949) 9.

F4. WUliamson, D. T. N. " High-quality amplifier—new version ’* W.W. 55.8 (Aug. 1949) 282 ; 55.10
(Oct. 1949) 365 ; 55.11 (Nov. 1949) 423.

F5.
“ *1^ Williamson Amplifier,** Reprint of articles published in the Wireless World (IlifTc and Sons
Ltd., London;.

(O) GENERAL REFERENCES
Gl. SuUer, P. G. "A survey of audio-frequency power-amplifier circuits'* Audio Eng. 35.5 (May

1951) 15.

Additional refescnccs H will be found in the Supplement commencing on page 1475.



CHAPTER 14

FTOELITY AND DISTORTION

By F. Langford-Smith, B.Sc., B.E.
Section

1 . Introduction

2. Non-linear distortion and harmonics
3. Intcrmodulation distortion

4. Frequency distortion

5. Phase distortion ... ...

6. Transient distortion

7. Dynamic range and its limitations

8. Scale distortion

9. Other forms of distonion

10. Frequency range preferences

11. Speech reproduction

12. High fidelity reproduction

13. References

Page
603
605
611

617
618

619
620
625
626

627
628
630
632

SECTION 1 : INTRODUCTION

(t) h'tdcUty (it) Tyf^is of distortion {in) Imagery for describing: reproduced sound.

(i) Fidelity

True fidelity is perfect reproduction of the original. In the case of an amplifier,

true fidelity means that the output waveform is in all respcct.s an amplified replica of

the input wavclorm.

In acoustical reproduction, true fidelity is achieved if the listener has the same aural

sensations that he would have if present among the audience in the studio or concert

hall.

In practice, true fidelity can only be regarded as an ideal to be aimed at.

The concept of hole in the wall ” listening put forward by Voigt (e.g. Ref. A49)

is a useful device. The listener, surrounded by his listening rot'tm, is imagined as

being in the concert hall and able to hear directly, through his open window, the

sound coming from the stage, together with echoes. Hchocs from his own room will

come from all directions, but echoes from the concert hall only come through the open

window. This is probably the nearest approach to true fidelity which there is any

hope of approaching with single channel transmission. Sec also Ref. A50.

The purpose of high fidelity reproduction of music is to satisfy a particular listener,

who is primarily interested in the emotions arising from what he hears. I'he complete

process involves sensations and emotkms which cannot be treated objectively and must

bring in personal preferences and differences of opinion.

It is manifestly impossible to reproduce at the two cars of the listener an exact

equivalent of the sounds which he would hear in the concert hall. The greatest

deficiencies are probably the single point sound reproducer (the loudspeaker) and the

003
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volume level. I'he use of stereophonic reproduction is briefly mentioned in Chapter
20 Sect. 6(v)—it is impracticable with the existing radio and disc recording tech-

niques. In the home it is rarely that orchestral reproduction is heard at the same
maximum volume level as in the concert hall. This is the real dilemma from which
there is no satisfactory escape. If we listen at a lower volume level we suffer attenua-

tion of the low and high frequencies. If we apply tone correction in the form of

bass and treble boost, it is difficult to gauge the correct amount, and most correcting

circuits only give a rough approximation to the ideal. If we leave the adjustment

of tone controls to the listener, he will adjust them to please himself and the result is

usually far from a true reproduction of the original.

Refs. AlO, A20.

(ii) Types of distortion
Distortion is lack of fidelity. In the case of an amplifier, distortion occurs when the

output waveform differs in some respect from the input waveform. The purp>ose

of the amplifier, and also of the whole equipment, is to reproduce the input waveform,
not a band of frequencies. The latter may be necessary in order to achieve the former,

but is only a means to an end.

Distortion may be grouped into six main classes.

1. Non-linear distortion (also known as amplitude distortion), and resulting in

la. Harmonic distortion and
lb. Intermodulation distortion.

2. Frequency distortion (unequal amplification of all frequencies).

3. phase distortion.

4. Transient distortion.

5. Scale distortion (or volume distortion).

6. Frequency modulation distonion.

There are other feamres in reproduction which arc not normally classed as dis-

tortion, although they affect the listener as being untrue to the original. These in-

clude background noise and the use of a single point source of sound. Background
noise includes fieedle scratch, hum and adjacent channel whistles. There arc also

some types of distortion peculiar to loudspeakers -see Chapter 20 Sect. 7.

(iii) Imagery for describing reproduced sound
The following is based largely on Ref. A48, and is merely a

been generally accepted. It is included for general interest,

(a) Frequency Range Notation
Extreme Lows Below 100 c/s

Lows 100 - 300 c/s

Lower Middles 300 - 800 c/s

Upper Middles 800 -1500 c/s

Lower Highs 1500—4000 c/s

Highs 4000 -8000 c/s

Extreme Highs Above 8000 c/s

proposal which has not

(b) Distortion
General : Dirty, non-linear distortion.

Overload : Hash-upi mush-up.
Thump (sudden rectification when signal hits bottom).

Sound often becomes strident if harmonic energy peaks in the lower

highs.

Records : Fuzz or lace. Inability of stylus to track at high groove curvatures.

Crackle : Same as fuzz, but occurring principally on high-amplitude peaks.

Rattles or btizz, rub or wheeze.

Swish—scratch periodic with rotation of record.

Carbon Microphones : Frying, popping, sizzle.

Sub-harmonics : Breakup, birdies, tweets.

Intermodulation : Harsh, rough.
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Cross-over distortion : Marbles, garble.

Transient distortion : Hang-over.

Attack—good or slurred.

Intermodulation with peak in the high-frequency region :

Violins sound wiry.

Male voices have kazoo.

Brass instruments show jamming in upper octaves.

(c) General Terms
Position presence : Localization, mass of sound ; advance, come forward,

stand out ; distant, dead, recede, lost.

Intimacy presence : Intimate, rapport.

Detail presence : Transparent, translucent, clear, opaque, acoustic fog, veiled,

muddy.
Source size : Live ; broad, volume, floods out, big tones, well-focused

tones ; dead and flat, compressed, from a hole in the wall,

out of a barrel.

Realism : Presence, natural, life-like, pleasing ; canned music.

Reproduction : Realistic, perfect, adequate.

Lower Upper Lowxr . Extreme
Lows Middles Midd Ics Highs Highs Highs

Excess Grunt Sock

- - - -

Tinkly* Harsh

_ -

Muddy Shrill

Solid

Dead, dull

Brassy Hard

or thick Metallic

B(X)m Flat-

sounding
Masculine Bright

Body Baritone Brilliant

Mellow Crisp Brittle Brittle

Defici- Lean
,
Warm Soft Soft

ency
I'hin

I'inny

Soprano

•If confined to upper part of region.

SECTION 2 : NON-LINEAR DISTORTION AND HARMONICS

(i) Kort-litiearity (it) Harmonics (iii) Perfuissiblc harmonic distortion (iv) Total

harmonic distortion (v) Weighted distortion factor (vi) The search for a true criterion

of non-linearity.

(i) Non-linearity

A distortionless amplifier has an input voltage versus output voltage characteristic

that is a straight line passing through the origin (OA in Fig. 14.1), the slope of the

line indicating the constam voltage gain. When non-linearity occurs, as may happen
with curvature of the valve characteristics, the input-output characteristic becomes
curved as in OB, thereby indicating that the gain of the amplifier is a variable quantity.
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(ii) Harmonics
One effect of this non-linearity is the production of harmonic frequencies in the

output when a pure sine-wave input voltage is applied, hence the name harmonic
distortion. For example, if the input voltage is a pure sine wave of frequency 100 c/s,

the output may consist of a fundamental frequency 100 c/s, a second harmonic of

200 c s, a third harmonic of 300 c/s, and so on. Only the fundamental frequency

is present in the input, and the harmonics arc products of the non-linearity (for mathe-
matical treatment see Chapter 6 Sect. 8).

Fig. 1 4. 1 . Linearity characteristic (or transfer characteristic)

— OA for distortionless amplifier ; OB for non-linear

amplifier.

Harmonics themselves are not necessarily displeasing, since all musical instruments

and voices produce complex sounds having many harmonics (or overtones). But all

sounds have certain relationships between the fundamental and harmonic frequencies,

and it is such relationships that give the sound its particular quality*. If certain

harmonics arc unduly stressed or suppressed in the reproduction, the character of the

sound (i.e. the tone) will be changed. For example, it is possible for a displeasing

voice to be reproduced, after passing through a suitable filter, so as to be more pleasing.

The critical ability of the human ear to distinguish harmonic distortion depends
upon the frequency range being reproduced and also upon the volume. Thus, with

wide frequency range, the limit of harmonic distortion which can be tolerated is

noticeably lower than in the case of limited frequency range, for the same volume level.

If the amplifier docs not amplify the harmonics to the same extent as the funda-

mental, the effective harmonic distonion will be changed. Bass boosting reduces

the harmonic distortion of bass frequencies, while treble Ixwsting increases the har-

monic distortion of fundamental frequencies whose harmonics are in the frequency

range affected by the boosting.

The shape of the audibility curves for the car, which has maximum sensitivity at

about 3000 c s (Fig. 19.7;, indicates that there is some effective boosting of harmonics
compared with the fundamental for harmonics up to about 30<X) c s, and an opposite

effect for fundamental frequencies above 3000 c s. This effect, however, is quite

small at frequencies up to 15(X) c s, at the usual maximum listening levels (say 65 to

80 db on a sound level meter;. At lower listening levels the effect will be appreciable,

but the distortion is normally fairly low at these levels in any case. With fundamental
frequencies above 3000 c s there is an appreciable reduction of harmonic distortion

at all levels (this effect has been referred to by l^dner. Ref. 1-14). For example,
with a fundamental frequency of 3000 c s, at a loudness level of 80 phons, the second
harmonic will be attenuated by 9 db and the third harmonic by 15 db.

Harmonic voltages or currents may be expressed in the form of a percentage

of the fundamental voltage or current. For example, if the fundamental voltage is

100 volts, and there is a second harmonic voltage of 5 volts, the second harmonic
percentage is 5*',,.

Some harmonics arc dissonant with the fundamental and (unless at a very low level)

are distinctly unplcasing to the listener as regards their direct effect, quite apart from

•Thc»c remarks apply lo s«>unds which have i»h»w attack and recovery times. In the case of mom
orchestral instruments this effect is largely overshadowed by the more prominent efTecis of transients.
Many sounds (e.g. vowels) have an inharmonic content in addition tf> the harmonic content CRef. tl4).
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the secondary effect on intermo'*ulation. The following table gives the relevant

details when the fundamental frequency (C) is taken for convenience as 250 c/s.

Harmonic Harmonic Musical Effect

frequency scale*

2nd 590 C*
3rd 750 G
4th 1000
5th 1250 E
6th 1500 G
7th 1750 dissonant

8th 2000
9th 2250 D dissonant

10th 2500 E
11th 2750 dissonant

12th 3000 G
13ih 3250 - - dissonant

14th 3500 dissonant

15ih 3750 B dissonant

16ih 4000
17th 4250 dissonant

18th 4500 D dissonant

19th 4750 dissonant

20ih 5000 E
21st 5250 dissonant

22nd 5500 dissonant

23rd 5750 dissonant

24th 6000 G
25th 6250 G# dissonant

•Natural (juM; scale. .See C'bapter 20 Sect. 8(iv'>.

(iii) Permissible harmonic distortion
The effect of non-linear distortion usually first becomes apparent to the listener

through the production of inharmonic frequencies by intermodulation when two or

more frequencies are present in the input (sec Sect. 3). In practice, therefore, the

percentages of the various harmonics w hich can be tolerated are fixed by their indirect

effects rather than by their direct effect.

Under ideal theoretical condiiions+, the magnitudes of the individual harmonics
to produce equal inrcrmodulation distortion are inversely proportional ^to the order

of the harmonic. For example, second harmonic produces the same intermodula-

tion distortion as 3.3^’,, third harmonic or O.77'’o thirteenth harmonic see below (v)

Weighted distortion factor.

In order to make true comparisons between different sound systems, it is desirable

to specify the frequency ranges, and the amplitudes of all the harmonics up to, say,

the thirteenth. In the special case of single Class A triodcs (below the overload point)

the effect of the harmonics higher than the third may be neglected.

For a typical single Class A triode (type 2A3, Ref. E3) the harmonics, as derived

from Olson, arc :

Harmonic 2nd 3rd 4th 5th

level 30 50 70 - - db
percentage 3.16 0.3 0.03 4-

•f

0
0

With push-pull operation, the third harmonic becomes the dominant harmonic

and, if the grid excitation is increased to give the same value of total harmonic dis-

tortion as with the single valve, the higher harmonics become more significant. With
Class AB, operation, the higher harmonics are still further increased and, when
weighted in proportion to the order of the harmonics, odd harmonics up to the thir-

teenth arc prominent, and harmonics up to the twenty fifth may be appreciable.

t’l'hcse conditionji require ihc distortion to be similar to that produced by a Class A triode with not
more than about second harmonic distortion and without running into p^.>sitivc grid current.

tLcsi than 0.01*’,..
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With a single pentode the weighted values of the higher order harmonics are quite

appreciable. The values of distonion—columns 1 and 2—arc derived from Olson

t

for type 6F6 (Ref. E3).

Harmonic level percentage weighting weighted
(db) factor t distortion {

2nd 20 10 1 10%
3rd - 25 5.6 1.5 8.4%
4th -35 1.8 2 3.6%
5th 45 0.56 2.5 1.4%
6th 62 0.08 3 0.24%
7th -62 0.08 3.5 0.28%
8th 63 0.07 4 0.28%
9th 65 0.06 4.5 0.27%
10th 73 0.022 5 0.11%
11th -74 0.02 5.5 0.11%
12th 73 0.022 6 0.13%
13th 67.5 0.04 6.5 0.26^^,

14th -74 0.02 7 0.14%
tThese are based on the ideal theoretical condition for equal intcrmodulation distortion ; they may

differ considerably from the true effect on the listener.

With any system of amplification other than Class B, the percentage of total har-

monic distonion, as defined in (iv) below, decreases as the power output level is re-

duced. Moreover, the percentages of the highest order harmonics decrease more
rapidly than those of the lower order harmonics, as the power level is reduced.

The use of negative feedback* merely reduces all harmonics in the same propor-

tion and docs not affect their relative importance, except when the overload point is

approached.

Comparative tests have been carried out by Olson (Ref. E3) which indicate

1. That slightly greater distortion is permissible with speech than with music.

2. That a higher value of total harmonic distonion is permissible with a single

triode than with a single pentode, for the same effect on the listener.

3. That the permissible distonion decreases as the cut-off frequency is increased.

However the rate of change varies considerably with the three categories of distortion,

as given below.

4. Perceptible distortion (for definition see below).

Distortion becomes perceptible when the measured total harmonic distortion

reaches the level of 0.7^\) for music, and 0.9‘’o for speech, with a frequency range of

15 000 c s and a pentode valve. Even with the very limited frequency range of

3750 c/s a total harmonic distortion of l.r\, on music, and 1.5'^o on speech, is per-

ceptible with a pentode valve. The difference between pentode and triode is negli-

gibly small.

5. Tolerable distortion (for definition see below).

The measured total harmonic distortion to give tolerable distortion on music, with

either triode or pentode, increases about four times when the frequency range is re-

duced from 15 000 to 3750 c/s. TTie value of tolerable distortion with a pentode is

1.35% total harmonic distonion with a frequency range of 15 000 c s, and 5.6“t, with

a frequency range of 3750 c/s or music, and 1.9”o and 8.8% respectively on speech.

The amount of permissible total harmonic distortion with a trif>dc is greater than that

with a pentode for the same level of tolerable distonion, in the approximate ratio of

4 to 3.

The effect of frequency range on tolerable distortion is much greater than on per-

ceptible distonion.

6. Objectionable dUtortlon (for definition see below).

Objectionable distonion, on music, with cither triode or pentode, increases about

5.5 times when the frequency range is reduced from 15 000 c/s to 3750 c/s ; the

tBy kind permisfion of the author and of the publiahers and copyright holders, Measra. D. Van
Noftnind Company Inc.

*lt is aatumra that the feedback network i* not frequency-telecttve.
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effect of frequency range on objectionable distortion with music is thus greater than
its effect on tolerable distortion and much greater than on perceptible distortion. The
values of total harmonic distortion to provide objectionable distortion arc 2% with a

frequency range of 15 000 c/s and 10.8% with a frequency range of 3750 c/s for

music, and 3/‘o and 12.8®^ respectively for speech, with a pentode. The value of
total harmonic distortion with a triodc to give the same level of objectionable distortion

as a pentode is approximately in* the ratio 5/4.

Definitions—Perceptible distortion is defined as the amount of distortion in the

distorting amplifier which is just discernible when compared with a reference system
of very low distortion. Tolerable distortion is the amount of distortion which could

be allowed in low-grade commercial sound reproduction. Objectionable distortion

is the amount of distortion which would be definitely unsatisfactory for the reproduc-
tion of sound in phonograph and radio reproduction. The two latter are dependent
upon personal opinion.

Test conditions Information derived from these tests has been tabulated below,
the conditions being

Triode : single 2A3, power output 3 watts.

Pentode : single 6F6, power output 3 watts.

The sound was reproduced in a room with acoustics similar to a typical living room
with a noise level of about 25 db. The tests were performed with a limited number
of critical observers.

Test Results (Ref. E3)
Cut-oflf frequency 3750 5000 7500 10000 15 000 c/s

Objectionable distortion

Music Triodc 14.0 8.8 4.8 3.4 2.5%
Pentode 10.8 6.0 4.0 2.8 2.0%

Speech Triodc 14.4 10.8 6.8 5.6 4.4%
Pentode 12.8 8.8 6.4 4.4 3.0°o

Tolerable distortion

Music Triode 6.8 5.6 4.4 3.4 T8%
Pentode 5.6 4.0 3.2 2.3 1.35%

Speech Triode 8.8 7.2 4.8 3.6 2.8%
Pentode 8.8 5.2 4.0 3.0 1.9%

Perceptible distortion

Music Triodc 1.2 0.95 0.75%
Pentode 1.1 0.95 0.7%

Speech Triode 1.4 1.15 - - 0.9%
Pentode 1.5 - 1.2 -- 0.9%

(iv) Total harmonic distortion
The distortion factor of a voltage wave is the ratio of the total r.m s. voltage of

all harmonics to the total r.m.s. roliagc.

The percentage of total harmonic distortion is the distortion factor multiplied

by 100 :

D

where D

and Ei

100

v h’,* 1 t h,* i E,^ I . . .

percentage of total harmonic distortion

amplitude of fundamental voltage

amplitude of second harmonic voltage, etc.

( 1 )

If the distortion is small, the percentage of total harmonic distortion is given ap-

proximately by

D ^ \ ^
t . V . (2 )

where (//i‘?o) second harmonic percentage, etc,

with an error not exceeding if D does not exceed lO^o*

The measurement of total harmonic distortion is covered in Chapter 37 Sect. 3<''it').
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(v) Weighted distortion factor
Some engineers use a weighted distortion factor in which the harmonics arc weighted

in proportion to their harmonic relationship :

For example, if 100, E, 5, £*., 8 volts,

i.e. second harmonic 5‘\,

and third harmonic 8'’,,

then ir^D.F. 0.129 (or 12.9‘^,)

and Total distortion factor 0.094 (or 9.4‘\,).

When all the distortion is second harmonic, this weighted distortion factor is the

same as the total distortion factor.

With this weighted distortion factor it is desirable to measure harmonics up to a

high order (say the thirteenth) at frequencies where the high order harmonics come
within the frequency band of the ampliher.

(vi) The search for a true criterion of non-linearity
Tests carried out by Olson—see (iii) above indicate that, under the test con-

ditions, the value of total harmonic distortion is a tairly accurate indication of “ per-

ceptible distortion Total harmonic distortiim may thus be regarded as a true

criterion of the subjective effects of distortion in an amplilier, provided that the value

is of the order of 1*\. or less, and provided that ovcrUxiding i>r “ kinks ” m the linearity

characteristic do not occur. It has yet to be prosed whether or not total harmonic
distortion of the order of 1 is a true measure of the subjective effects of distortion

under all conditions.

It is generally admitted that the value of total harmonic disti>rtion does not provide

a true criterion of non-linearity between different i>pes (»f amplifiers under all possible

conditions, even though the measurements may be made over the whole audible Ire-

qucncy range, and even though the frequency ranges may be identical.

It is the writer’s opinion that the conventional weighted distortion factor see (v)

above also fails to provide a true criterion of n<'n-linearity.

It has been found that when measuring iniermodulation distortion, the r.m.s. sum
method is less effective than the arithmetical peak sum method in comparing different

types of amplifiers see Seel. 3. Since the principle i>l interiTiv>dulation resting in-

herently gives harmonic weighting, an obvious step would be to adopt the arithmetical

sum of the weighted harmonics, using the conventionjl weighting factor.

One interesting investigarn n by Shorter ; Ref. A45 has iiuhcated that a very much
more drastic weighting, using the square of the conventu nal weighting facti'r and
including all harmonics with at least 0.0 V‘.. amplitude, showed distortion values in

the correct subjective sequence. 1 he results obtained by Shorter are sumrnari/cd

in the table tn page oil.

One inference which may reas«>nably be drawn is that any sharp kinks in the line-

arity curve, as usually occur in any Class AH, or AH amplifier, have a far more seric'us

subjective effect than is indicated by any of the standard methods of measuring dis-

tortion whether total harmonic distortion, conventional weighted distortion factor

or the standard ft>rm of intermodulation testing.

I'he excellent work by Olson as described in fiii; above has provided the cor-

relation between frequency range and harmonic distortion for cither music or speech,

triodc or pentode, for three levels of subjective distortion. What still remains to be

done is for a comprehensive investigation to be made into the equivalent subjective

effects (preferably following the definitions laid down by Olson) of all types of ampli-

fiers both good and bad design measuring the individual harmonics up to, say,

the twenty-fifth. The tests need only be taken with a single frequency range, since

the effect of frequency has been adequately covered by Olson.

The test on each amplifier should be made at maximum rated power output into

a resistive load, and also, if desired, at a specified level below maximum rated power
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Results obtained by Shorter

I

System

1
Subjective

;

i

Classification

of

;

Distortion

R.M.S.
Sum of

Harmonics
Weighted* '

Distortion
!

More !

drastict
1

Weighted i

Distortion
|

Linearity

Curve!

A Bad 2 . 3% 5.1% 19.4%
!

i

Pronounced
kink

D Bad 3 .7 ^, 6.7% 16.5% Pronounced
kink

B Perceptible 3 . 3 ^, 5.1% 8.6%
E Just percept-

ible

0 .62 «o 1 . 3% 4.5% Slight kink

C Just percept-

ible

2.6”o 00 3 .3%

V Not percept-

ible

0 .41% 2.2-0

*As (v; above.

square ot weighting factor of (v) above.

^Indicated on a (IR.O. input versus output voltage}.

output, 'bests should also be made on the same amplifiers h'r intermodulation dis-

tortion, using both r.m.s. and peak sum methods, with suitable test frequencies.

In all cases, any distortion measurements should be supplemented by
(1, An oscillographic inspection of the waveform, and

(2; An oscillographic inspection of the linearity (input versus output) characteristics

for sharp “ kinks.”

b'rom these results it should be possible to derive a system of harmonic weighting

such that the weighted harmonic distortion is a true criterion of the subjective effects

of the distortion.

SECTION 3 INTERMODULATION DISTORTION

w I nn i^Jncfhyfi n ttuihoJ of }fit\i<i(rcnictir r.tti.s, >ntn (ni Differ-

iiUk }i\qu,.ni y niitf fiioJiiLuh'ii )>ni hoJ InJii iJiuil >iiie bjiiii nidhoJ AioJii-

LjUoh of huomii y ou nt peak Mitn (it'" Lc Bel's osiilloet yiphic meihoei {'i'li)

('i>h!piiHMOi ir!fett,f!l ff\thoJs [ini) Syniluiie

(i) Introduction
lnicrmi)dul.itnm di.-'toiiion is one oi the elfects of inMi-lincarity when more than one

input Irequcncy is applied. It is evident to the listener in two forms, amplitude-

modulatu'ii ol one liequeiwy by another, and the production of sum and ditference

frequenv^ies. See also ( hapier 2 Sect. ^,i\\

An example of amplitude-modulation is the efTect of a nv>n-lincar amplilier on the

reproduction oi a chon with a heavy t>rgan bass accompaniment. I'hc choir is am-
pliiudc-nnidulaied by the I'rgan a displeasing etfect to the listener. I'his effect is

negligibly small in amplitiers it the ii'ial harmonic distortion is less than say 2'\>j hut

it Is apparent with some loudspeakers (see Chapter 20 Sect. 7'.

rhe lormaiiiMi of sum and difference frequencies is the second and more serious

lorm ol interrni>dulain>n disti'riion. ‘rheso frequencies arc normally in-harmonic

and are the principal cause ol the disiv>ried reprviduciion noticed by any listener -

si>meiimcs described as harsh, bu//, rough or unpleasant.

In actual operation there are verv many input frequencies applied simultaneously,

but It IS possible to make comparative tests using only two frequencies. Tests for
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intennodulation distortion may be made in accordance with any of the methods
described below. For measurement see also Chapter 37 Sect. 3(ii)A.

The indicated value of intermodulation differs significantly with the method used,

and the conditions of testing. It is important, in all cases, to specify both the method
and the conditions of testing.

In all cases the two input voltages must be mixed, without intermodulation, before

reaching the input terminals of the amplifier bridge networks or hybrid coils arc

commonly used.

(ii) Modulation method of measuremeni—r.m.s. sum
In accordance with this method, one of the two input frequencies is preferably

w’eaker than the other (a ratio of 4 : 1 in voltage or 12 db is used generally throughout
this handbook unless otherwise indicated), and the stronger is usually lower in fre-

quency than the other*. The sum and difference frequencies are usually expressed

in the form of the percentage modulation of the weaker (high frequency) fundamental
voltage. For one pair of sidebands the modulation percentage is given by

2 / sideband amplitude 1(X) fundamental amplitude.

When testing, in order to make a fair comparison with single-frequency conditions,

the input should be adjusted so as to give the same peak output voltage as under
single frequency conditions. With the 4 : 1 ratio of the two input voltages, the
equivalent single-frequency power output is 25 17 or 1.47 times the indicated
power output under I.M. conditions (Ref. B14). The indicated power output

is that calculated from the r.m.s. voltage across the load resistance.

Since there are many of these sum and difference frequencies, plus harmonics of

both applied frequencies, it is necessary to take account of their magnitudes. This
may be accomplished, in accordance with this method, in special equipment for the

measurement of total intennodulation distortion by reading the r.m.s. sum of all

extraneous frequencies (Refs. B5, BIO). For measurement see Chapter 37 Sect. 3(ii).

There is no simple relationship between harmonic and intermodulation
distortion. For example, it has been shown that in record manufacture the excessive

polishing of masters greatly increases intermodulation distortion but docs not much
affect harmonic distortion (Ref. B6). See also Refs. A45 (correspondence), B7, Bll,

B19, B20.

If all harmonics arc within the frequency range of the amplifier it may be shown
that -

1. If only second harmonic is present (a condition w hich never occurs in practice),

the ratio of total intennodulation distortion to second harmonic distortion is

3.2 (Refs. B7, Bll).

2. If only third harmonic is present (another condition which never i^ccurs in prac-

tice), the ratio of total intermodulaiion distonion to third harmonic distortion

is approximately 3.84 at low values of disttiriion (Refs. B7, Bl 1 V

3. If the distortion is small, the intermodulation sidebands arc approximately given

by (Ref. B8) :

Modulation percentage of first

intennodulation sideband

Modulation percentage of second

intermodulation sideband

Thus intermodulation distortion is automatically weighted by the order of the dis-

tortion.

As a very rough approximation, the ratio I.M. H.D. may be taken as :

3.2 for single-ended triodes

and 3.8 for push-pull (iriixles or pentodes)

where I.M. total intermodulation distortion (r.m.s. sum)
and H.D. total harmonic distortion,

*WHh a-f «y«(cfn» with peaked re«pomc in the mtddle-to-high frequency ranRe, luch as high efhei-
ency speech systems and hearing aids, better results are obtained by having the higher input frequency
stronger than the lovyer frequency <Ref. Bl)>. The two methods of measurement will, of course, give
dtfTerent results.

^^2 second harmonic distortion perccni-

/ age.

1 ^ 3 third harmonic distortion pcrccni-

/ age.
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provided that the operation is restricted to the normal low-distortion region (Refs

B7, Bll). The ratio tends to increase as the distortion increases. These ratios may
increase suddenly as the amplifier reaches the overload point. They are also affected

if a lower I.M. frequency is selected which gives appreciable attenuation. The
ratio is increased if there is any second harmonic cancellation in successive stages in

the amplifier or any attenuation of harmonics. In practice therefore, with many
disturbing factors, the ratio may vary from less than 1 to more than 6—see summary
Ref. B19.
The usual test frequencies are 40, 60, 100, 150 or 400 c/s and 1000, 2000, 4000,

7000 or 12 000 c/s. It is helpful to make tests at two low frequencies—one of these

(40 or 60 c/s) should approximate to the low frequency limit of the amplifier ; the

other may be 100 or 150 c/s. The distortion at the lower of these two frequencies

is largely influenced by any iron-cored transformers, while that at the higher of these

two frequencies gives a more normal overall value. The upper frequency may ap-
proximate to half the upper frequency limit of the amplifier -this does not, however,
give a stringent test of the distortion at high frequencies.

Intermodulation distortion may be visually observed with a C.R.O. (Refs. B9, B19)
see also Sect. 3(vi) below.

Reliable intermodulation measurements may be made in the presence of consider-
able noise since the latter is excluded by filters to a greater degree than with harmonic
distortion. It may also be successfully applied in the case of restricted frequency
range where the harmonics would be outside the range of the amplifier. In such a

case it is important to remember that the distortion is not zero merely because the
harmonics are not reproduced.

Permissible intermodulation distortion

The following is an arbitrary grouping which may be useful (Modulation method

—

r.m.s. sum) ;

Extremely high fidelity a-f amplifier (40 c s) I.M. less than 2^i
High fidelity a-f amplifier (40 c s) I.M. less than 4%
Good fidelity a-f amplifier (60 c s) I.M. less than 8%
Fairly gcx>d fidelity a-f amplifier (60 c s) I.M. less than 20%
Typical radio receiver a-f amplifier only (150 c s) I.M. less than 40°o

The values quoted are only a rough guide, since so many factors are involved. They
apply to the equivalent single frequency maximum power output, and the low’er test

frequency is given in brackets.

See also comments in (vii) below.

Tests with 1 ; 1 voltage ratio

More stringent tests at the higher frequencies may be made by the use of a 1 : 1

voltage ratio.

(iii) Difference-frequency intermodulation method
In accordance with this method, two frequencies /, and /,, of equal amplitude, arc

applied to the input and the relative amplitude of the intermodulation component
at the diflcrcncc frequency (/a /,) is then considered a measure of the inter-modula-

tion distortion, which may be expressed as a percentage of either output voltage.

A wave analyser may be used to measure the diflfercncc frequency. Typical low^er

frequencies arc 1000, 5000 and 9000 c s, while difference frequencies range from 50

to 500 c s (Ref. A51) or even higher (Ref. B22). For the precise interpretation of

results, a fairly low difference frequency is desirable.

Equipment has been designed so that the frequencies of the two input voltages can

be varied over the a-f range with a constant difference frequency maintained betw^ecn

them (Refs. B3, B22).

Sec also comments in (vii) below.

References A51, B3, B12, B13, B22.

(Iv) Individual sideband method
In accordance with this method the individual sidebands are measiu^d separately,

and some attempt made to select the most important ones (Ref. Bl).
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If all significant sidebands are measured, the distortion may be recorded in accord-

ance with the peak sum modulation method see (v) below.

(v) Modulation method of measurement—peak sum
This newer method of defining and measuring intermodulation distortion (Ref.

B16) has outstanding advantages over the older method based on the r.m.s. sum. This
peak sum method will measure the arithmetical sum of the amplitudes of the modula-
tion products involved, with no discrimination against the weaker modulation pro-
ducts.

In accordance with this method, the percentage intermodulation is defined as the

arithmetical sum of the amplitudes of the “ in phase *’ modulation products divided
by the amplitude of the high frequency carrier,

A A A > A •>

i.e. percentage intermodulation
‘ ‘ ‘

‘ 100
A

Where Ai and A . ,
are the peak amplitudes of the modulation products of frequencies

CO,

A, and A . are the peak amplitudes of the modulation products of frequencies
CO, 2<u,, etc.,

A is the peak amplitude of the high frequency carrier,

oj, is the angular velocity of the low frequency input,

to^ is the angular velocity of the high frequency input.

The input amplitude of to. is 12 db below that of

In order to measure the sum of these voltages accurately, it is necessary to use a

peak-reading voltmeter. Ref. B16 describes such an analyser primarily for use with

frequencies of 400 and 4000 c s for testing pickups, but also capable of use with input

frequencies less than 400 or greater than 4000 c s.

See also comments in (vii) below.

(vi) Le Bel’s oscillographic method
The use of an oscilloscope to give a qualitative indication of inicrmodulation dis-

tortion is well known a goi>d description is given in Ref. RQ. A quantitative method
has subsequently been developed by Le Bel "Ref. B19). 7'he two voltages of different

frequencies are applied to the input of the amplifier in the usual way, the output is

passed through a high-pass filter to an oscilloscope with the sweep adjusted to cover

one cycle of the low frequency. If there is no inicrmodulation, the high frequency
wave has constant peak amplitude and the envelope is rectangular as in Fig. 14.1 A.

FIG M 1C

l*ig. 14. 1 A (sr B. Fimelopi; of oscilloscope images uithour intcrmodiilanon f/l anJ xvtth

inrcrmodnlutiofi (li). Ref, H\^.
Fig. 1 4. 1 C. I)eJimfion of notch depth ' Ref. lU^h.

Intcrmodulation results in an envelope such as Fig. 14. IB Normally, the inter-

rrodulation causes a “ notch ” or notches in the envelope and the notch depth is de-
fined by Fig. 14. 1C. 7 he experimental relationship which has been determined
tetween notch depth and interm(»dulation f'using the normal modulation method of
measurement r.m.s. sum as in Ref, B2; is shown in Fig. 14.1 D. 7'his curve is

practically linear bekiw notch depth (i.e. 10*’,, intermodulation j, so that a scale

may be used directly on the screen for measuring the value corresponding tf) each
notch. If there is more than one notch, Lc Bel defines total notch depth as the arithmetical
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PERCENT NOTCH DEPTH FIG. MID
Fig. 14. ID. Relation between notch depth and per cent, intermodulation {Ref. B19).

FIG M I E

Fig,

with

14. IE. Envelope of notch pattern

insufjicient biasy for sitn^k-ended

(Ref. B\9).

Fig. 14. IF. Xonnal notch pattern for

Fig. 14.1Cr. Push-pull output stage

xeith single-ended driver stage showing

effect of driver in'crload {Ref P\^).

FIG. 14. IH

Fig 14. IH. Inter modulation {IM) and
harmonic distortion characteristics of a

pmh-pull amplifier diowing that the ratio

of the r:vo parameters change'^ (Ref Bl^).

sum of the individual notch depths. Each notch in the low frequency cycle on top

and or bottom of the envelope is counted. Some typical envelope patterns are shown

in Figs. 14. IE, F and (). If a peak instead of a notch occurs at any point, this in-

dicates regeneration.

'The harmonic and intermodulation* distortion characteristics of a push-pull

amplifier arc shown in Fig. 14.1 H. At low output levels the intermodulaiion is less

than the harmonic distortion, while at high output levels the reverse is true. This

•In accordance with l-c Bel's oscillofir«phic mcihixl.
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indicates that the method is a much more sensitive indication of the approach towards
the overload point than is total harmonic distortion.

See also comments in (vii) below.

(vii) Comparison between different methods
In recent years the modulation method of measurement based on the r.m.s. sum

has been widely used. However this method has a serious shortcoming in that the

lower amplitude modulation products have a negligibly small effect on the reading,

which is almost entirely controlled by a few modulation products of high amplitude.

It has been clearly demonstrated that this method docs not give an indication pro-

portional to the subjective effect on the listener, particularly when discontinuities

(“ kinks **) occur in the valve characteristics as with Class AB or Class B operation,

or when running into grid current with ^high impedance source.

This defect is at least panially overcome by the use of the peak reading analyser

described in (v) above, which is distinctly preferable as giving an indication more
in line with the results from listening tests.

It seems that Le Befs method described in (vi) above is an oscillographic equivalent

of the peak sum method, and close correlation would be expected between them.

It remains to be proved whether or not the peak sum method gives readings pro-

portional to the subjective effect on the listener under all conditions. It may be that

some “ weighting ** method is required to give even greater prominence to the higher-

order produas that arise from sharp kinks in the linearity characteristic.

All modulation methods with the lower frequency at the higher level are primarily

tests on low frequency distortion and, as such, fulfil a useful purpose. It is essential,

for design purposes, to have separate measurements of distortion both at low and high

frequencies. Insufficient investigation has been made into the general use of modula-
tion methods with the higher frequency at the higher level, for testing high frequency

distortion (however see Refs. B13, B19).

The difference-frequency method is very suitable for testing distortion at middle

frequencies, and also at high frequencies where conventional* modulation methods
are deficient. Unfortunately there are no published data to enable a comparison
to be made with the peak sum modulation method.
The distortion indicated by the several methods may differ appreciably. For

example, consider high-frequency pre-emphasis as used in recording and F-M.
If distortion ukes place after pre-emphasis and before de-emphasis, and if the dis-

tortion is measured after de-emphasis, the percentage harmonic distortion is lowered
by the de-emphasis ; the modulation method of measuring intermodulation is not

significantly altered by de-emphasis ; while the difference-frequency method gives

a higher value as the result of de-emphasis (Ref. B13).

See also Ref. A43 and Chapter 37 Sect. 3(ii)A.

(viii) Synthetic bass
(A) When two or more input frequencies are applied to a non-linear amplifier

the output will include sum and difference frequencies located about each of the higher

input frequencies. For example with input frequencies of 50 and 150 c/s, the output

will include frequencies of 50, 100, 150 and 200 c/s. Even if the lowest frequency

is very much attenuated by the amplifier, the sum and difference frequencies tend to

create the acoustical impression of bass. With more than two input frequencies

the effect is even greater, so that fairly high distortion has the effect of apparently

accentuating the bass.

(B) Owing to the peculiar properties of the ear, a single tone with harmonics may
be amplified, the fundamental frequency may be completely suppressed, and yet the

listener hears the missing fundamental (Ref. A 18).

These two effects assist in producing “ synthetic bass ** Chapter 15 Sect. I2(ii)

when the natural bass is weak or entirely lacking. It should be emphasized that this

is not the same as true bass, and does not constitute fidelity.

*With the lower frequency having the greater amplitude.
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SECTION 4 : FREQUENCY DISTORTION

(f ) Frequency range (ii) Tonal balance (iiV) Minimum audible change in frequency
range (iv) Sharp peaks.

(i) Frequency range
Frequency distortion in an amplifier is the variation of amplification with the

frequency of the input signal. A high fidelity a-f amplifier should have nearly con-
stant amplification over the whole range audible to the most critical listener—from
say 30 to 20 000 c/s (see Sect. 7). There is no serious difficulty in designing such
an amplifier, but it can only be usefully applied when it is fed from a wide-range
source and excites a wide-range loudspeaker system.

In practice there are limitations imposed by both the source and the loudspeaker,
but it is good practice to design the amplifier for full-power-handling capacity with
negligible non-linear distortion over a wider frequency range than it will normally
be required to handle. The limitation in frequency range (if not inherent in the

source) should preferably be applied cither by a filter between the source and the input
terminals, or in an early stage in the amplifier—see Chapter 15 Sect, l(iii).

The full frequency range is only audible at very high levels as is demonstrated in

Sect. 7. If a particular equipment is to be operated always at comparatively low
levels (c.g. dinner music) or in noisy locations, reduction of the frequency range is

quite correct and may even be beneficial.

Amplifiers for other than wide-range high-fidelity are usually designed to meet the

requirements of the average listener, with a frequency range (at maximum orchestral

level) of about 45 to 15 000 c s, which may be still further reduced to about 70-13 000
c/s at typical levels for home listening see Sect. 7(ii).

In commercial quantity-produced equipment the frequency range is often restricted

to the extreme. By this means non-linear distortion and hum are reduced to a bear-

able level without expense. Unfortunately, frequency range can only be extended,
while remaining free from obvious distortion, at a cost which rises at a rapidly in-

creasing rate largely due to the loudspeaker. It is important to reduce the distortion

before widening the frequency range - see Sect. 12(ii).

(ii) Tonal balance
It has been found that good tonal balance between high and low frequencies is

obtained when the product of the limiting frequencies is about 500 000* (Refs. A8,
A17, A38, Cl, CIO).

For example :

1. 25-20 000 c s. Very wide frequency range,

2. 33-15 000 c/s. Wide frequency range,

3. 50-10 000 c/s. Fairly wide frequency range,

4. 60- 8 OCX) C/S. Medium frequency range,

5. 100- 5 000 c/s. Restricted frequency range,

6. 150- 3 300 c/s. Very restricted frequency range,

but these should not be taken as more than a general ^ide. (5) is typical of a medium
quality console, and (6) a mantel model receiver with “ mellow ’’ tone. These fre-

quency ranges should include both amplifier and loudspeaker. Wide frequency

range is only comfortable to the listener so long as other forms of distortion arc im-

perceptible.

(iii) Minimum audible change in frequency range
Just as with soimd level there is a minimum audible change in level, so there is

also a minimum audible change in frequency range. The limen has been proposed

(Ref. A25) as being the minimum diflfcrcncc in band width that is detectable by half

the observers. Tests were made on a limited number of observers resulting in the

following list of frequencies in steps of 1 limen : 15 000, 11 060, 8000, 6400, 5300,

•Virioui •uthoritiM place ihii figure from 400 000 to 640 000,
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4400 c s. It would therefore be possible to reduce the frequency range of an ampli-

fier from 15 000 c s (say the limit of hearing in a particular case) to 1 1 000 c s without

a non-critical listener noticing the restriction. The same principle also holds in r#*-

verse, when widening the frequency range. (See also Ref. A9).

(iv) Sharp peaks

One panicularly objectionable form of frequency distortion is that due to sharp

peaks in the output, as may be caused by loudspeaker cone resonances, especially

in the 2000-3500 c s range. Sharp troughs arc relatively unimportant through their

direct cfFeas, although they may be accompanied by poor transient response.

The effca of restriaed frequency range on articulation is covered in Sect. 11.

SECTION 5 : PHASE DISTORTION

Phase distortion is the alteration by the amplifier of the phase angle between the

fundamental and any one of its harmonics or between any two component frequencies

of a complex wave. Phase distortion causes the output waveform to differ from the

waveform of the input voltage.

A fixed phase shift of 180 ((^r any multiple of 180 ) at all frequencies docs not

constitute phase distortion. A phase shift which is proportional to the frequency also

does not cause phase distonion.

It has been demonstrated in monaural listening (Ref. A23) that the tonal quality

of a complex steady-state waveform depends not only upon the component frequencies

and their relative amplitudes, but also over cenain ranges of frequency and level

upon the envelope shape, which is controlled by the phase angles. Large changes in

aural perception can occur, through changes in phase only, among frequencies which

are related harmonically or otherwise. These effects vary from a raucous to a sraix)th-

sounding quality, depending on the relative phases. The frequency range, over which

these effeas were observed, increases as the acoustical level increases, at least up to 60

phons.

The authors state that “ in the case of very complex, but continually varying sounds,

such as voice or a musical instrument with many harmonics, phase effects of this type

are probably not noticeable under usual listening conditions because the patterns are

coming in and out non-simultaneously in various parts of the frequency range.’’

Phase shift has a serious effea on transients (sec Sect. 6).

In the light of the known effects, and with insufficient data to determine what

degree of phase shift is permissible for high fidelity reproduction, it is wise to reduce

the phase shift in amplifiers to the lowest practicable value.

With normal circuits, the phase shift is determined by the overall attenuation at

the extreme low and high frequencies of the sound system. If the frequency charac-

teristic is praaically flat over the whole useful frequency range, the phase shift may
normally be negleaed. However, when a high-pass or low-pass filter is used to limit

the frequency range, or when some form of tone control is used, the phase angle may
be quite large over a limited frequency range.

Refs. A15, A23, A28, A40, A42, A57, Ell.
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SECTION 6 : TRANSIENT DISTORTION

(i) General survey (ti) Testing for transient response.

(i) General survey
It has been demonstrated by Prof. Richardson that it is the attack and decay times

of sounds that largely determine their tonal quality, rather than their harmonic con-
tent rRef. A41).

An amplifier which gives fairly good reproduction of steady tones may give serious

distortion with transients. The distortionless reproduction of a short pulse requires

1. Very wide frequency response possibly higher than the limit of audibility.

2. No phase distortion.

3. No “ hang-over.” The duration should not be greater than the original pulse.

” Hang-over ” effects arc caused by insufficiently damped LC circuits such as may
occur with a-f transformers, tone corrccticm circuits and filters sec Chapter 15

Sect. Kix). I.loudspeakers arc particularly prone to this effect, and it is desirable

f('>r them to have heavy acoustical and clcciro-magneiic damping, waih reduction of

mass of moving parts.

Some measurements of the phase shift introduced by microphones and loudspeakers
arc given in Ref. A40.

References : A40, A41, fi 1.

(li) Testing for transient response

Amplifiers and loudspeakers may be tested by applying to the input terminals a

waveform with a sharp discontinuity e.g. square wave or saw-tooth.

One of the most serious problems with certain kinds of music is the occurrence of

extremely high transient peaks which may possibly reach a level 20 db above the

reading of the volume indicator. 'This effect has bee . observed with choral music,

orchestral string passaj?cs and similar highly complex sounds ;,Rcf. El 5 -see also A3).

These peaks cause overloading and distortion in the amplifier and loudspeaker, but
particularly in recording. Some form of peak limiting is usually adopted in recording

and broadcasting in order to avoid blasting or “ buzz.” Hovscvcr, for true fidelity,

these transient peaks should be reproduced in their original form.

One interesting approach is the use of white-noise as a test signal. Whitc-noi^e

IS landom fluctuation noise, but the construction of a whiic-noisc signal generator

whose t>utput power is uniformly distributed over the a-f region of the spectrum is

ditlicult. One whiie-noisc generator, which heterodynes a selected portion of the

r-f noise spectrum to produce nearly uniform voltage over the a-f range, is described

in Ref. D18. A simpler method is described in Ref. D17 which employs a disc re-

cording of white-noise (40 to 20 IX)0 c s') together with bands having high frequency

cut-off at 70(X), ^(>00 and 12 IXK) c s and low* frequency cut-off at 80 and 150 c s.

This is recorded on a constant velocity basis. A fiat noise voltage characteristic may
be obtained by playing back with a velocity pickup of the dynamic or magnetic type,

without any equalizing network. I'hc recording is corrected for translation loss -

4 db at 20 000 c, s. The following comments arc based on Ref. D17.

Loudspeakers may be tested for undamped resonances by applying whitc-noi'^c

signal, picking up the sound by u suitable microphone and applying the output to tlie

vertical plates of an oscilloscope. 'Fhe sweep frequency is then varied to pick up the

resonances. Cross modulation may be recognised by a periodic thinning out of the

fine-grain high frequency noise. It is stated that a miniature condenser micre>phonc

is particularly suitable for this test.

When an amplifier is overloaded, the peaks on the oscilloscope appear beaded.

The elliptical pattern, obtained by applying the white-noise to both pairs of plates

with approximately 90 phase difference, may be used as a sensitive indication of

overloading. The circuit is arranged to give larger ellipses w5ih higher frequencies.
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SECTION 7 : DYNA2VUC RANGE AND ITS LIMITATIONS

(i) Volume range and hearing (li) Effect of volume level on frequency range {iii)

Acoustical power and preferred listening levels (fv) Volume range in musical repro-

duction (r) The effect of noise.

(i) Volume range and hearing
Every source of sound, for example speech or music, has a variation in soimd level

from its minimum to its maximum. The loudness level is measured in phons (sec

Chapter 19 Sect. 5) while the maximum variation in level may be expressed in decibels

—this is known as the volume range, and is measured by a standard sound- level
meter or volume indicator. As this instrument does not indicate short sharp peaks,

the peak dynamic range is usually 10 or occasionally up to 20 db greater than that

indicated by the instrument.*

Fig. 14.2. Threshold of audi-

bility curves for average and
very critical (5^o most acute)

listeners in the absence of

noise. Reference level 0 db
0.0002 dyne per sq. cm.

Curves by courtesy of Jensen
Radio Manufacturing Com-
pany) based on Fletcher (Ref.

AT).

A symphony orchestra, with a peak dynamic range of up to 70 db provides the most

difficult problem for the reproducing equipment. This range is equivalent to a power

ratio of 10,000,000 : 1.

Before proceeding further, it is necessary to consider some of the characteristics

of hearing Fig. 14.2 shows the hearing characteristics of average and very critical

listeners in the absence of noise at any one frequency, a listener is only able to hear

sound intensity levels above the curs'e.

Fig. 14.3. Masking levels

for noise in average and very

quiet residences. Curves by
courtesy of Jensen Radio
Manufacturing Company ^

based on Refs. /43, D6,
D7, £9.

f\Q. I4.f

100 200 SOO >000 2000 SOOO lOOOO 20000

FRCOUENCY. CYCLES PER SECOND

The maskingt effect of room noise is shown by Fig. 14.3 for average and for very
quiet residences. These curves may be applied directly to the hearing characteristics

of Fig. 14.2. The result is shown in Fig. 14.4 for average conditions and in Fig. 14.5

•The 10 do nuio is given in Ref. A5I, quoting Reft. E7, E16. The 20 db ratio i» mentioned in Sect.
6(ii), bated on Reft. EIS and A3.
tThe matking level it the level of pure tonet which can jutt be perceived in the pretence of noiae.

The matking level it higher than the noiae (tpectrtim) level at the tame frequency by a margin of I5db
up to 1000 c/t, incrcMing to 28 db at 10 000 c/t (Ref. A53).
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for a very critical listener and low room noise level (these latter are the extreme con-
ditions for high fidelity). In each case the room noise reduces the effective hearing
over a frequency range from about 150 to 6000 or 9000 c/s.

The effect of noises other than room noise is covered in (v) below

Fig. 14.4. Effective hearing

characteristic for average lis-

tener with average noise level.

Curves by courtesy of Jensen

Manufacturing Company.

Fig. 14 . 5 . Effective hearing

characteristic for very critical

listener tvith low room noise

level. Curies by courtesy of

Jensen Manufacturing •Com-

pany.

(ii) Frequency range
When listening to the rapidly varying intensity levels which occur with speech or

music, the car appears to integrate these varying sounds over about 1 4 second in-

tervals. When considering frequency range, the measurements of the sound levels

created by the various types of musical instruments should therefore be reduced to

their equivalent sound levels in 1/4 second intervals.

If we compare the loudness of a narrow band of thermal noise with that of a pure

lone having the same intensity, the two will be judged to have equal loudness if the

width of the transmitted frequency band of noise is limited to a critical value called

the critical bandwidth (Ref. A3). For this reason, measurements on the sound

levels of musical instruments should be reduced to intensity levels which would have

been obtained if the frequency bandwidths used in the filters had been equal to the

critical bandwidths (Ref. A3).

The integrated sound energy in a critical band over a I 4 second interval will sound

as loud as a pure lone in the same frequency band which produces the same sound

energy in each 1 4 second interval (Ref. A3),
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Fig. 14.6 gives the maximum r.m.s. intensity levels in 1 4 second intervals in critical

frequency bands for certain musical instruments and an orchestra at a distance of 20

feet from the sound source, together with the threshold of audibility curve for average

listeners, indicating that a frequency range from 40 to 1 5 000 c s meets all normal

requirements for an average listener to an orchestra.*

F\^. 14.6. Maxifnum r.m.s.

uitcusux IcL'cls in 1 4 second

intervals in critical fre~

quency hands for zchole

orchestra and certain instru-

ments. After Fletcher

(Ref. AV.

Fig. 14.7 ( highest curve' shows the same “ orchestra ” curve as Fig. 14.6, but ci'm-

bined with the threshold of audibility curve for a very cntKal listener, indicating that

the maximum possible frequency range is from 32 iv> 21 (3<>0 c s. These are the

most extreme conditions to be taken into account lor high tidehty repriuluction.

If this orchestra is reproduced at lower levels as invlicated by the louer “ orchestra
”

curves in Fig. 14.7, the frequency range is more restricted, particularly at the lower

end. The values for both average and critical listeners are tabulated below :

Peak value 1(X) 00 80 7() db

Average listener

Lovser frequency 45 50 70 100 t s

Upper frequency 15 000 14 000 1 5 000 1 2 000 e !,

Critical listener

Lower frequency 32 40 50 70 c s

Upper frequency 21 000 20 (X)0 19 000 18 (XH) c s

* rhc drum, pla>cd and very ioudiy, and the loud organ have frequencies in the vicinity of
30 c audible, to an average listener.
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The curves of Fig. 14.6 and the orchestra curves used in Fig. 14.7 are only suitable

for determining the audible frequency ranges of the various sound sources -they

cannot be used for calculating the peak power.

(iii) Acoustical power and preferred listening levels
The r.m.s. peak sound level at a desirable seat in a concert hall for “ full orchestra

’*

is not likely to exceed a value of 100 db (Refs. A51, El 3).

If we accept the value of 100 db as being “ maximum orchestral level,” then a

maximum r.m.s. peak acoustical power of about 0.4 watt will be required for repro-

duction at the same level in a fairly large living room -see Chapter 20 Sect. 6(ii). If

the loudspeaker is efticient over the frequency band, then the maximum power
from the amplifier will need to be 13 watts with a more efficient loudspeaker, the

power from the amplifier would be less.

Peaks above 100 db may occur occasionally with a large orchestra or choir, but they

are usually “ peak limited ” before being broadcast or recorded. However in the

design of the amplifier it is desirable to allow a margin to provide for possible peaks
above this level.

Since sound levels arc normally measured with a sound-level meter, it is necessary -

when considering acoustical reproduction to make allowance for the margin of 10 db
or more between this level and the r.m.s. peak level.

Preferred listening levels

Tests cHmducted by the B.B.C. (Ref. C12) on listeners give the following preferred

maximum sound level, as measured with a sound level meter :

Programme
Public Music- Engineers En-

ians - . - ^
- gineers

Men Women Men Women

Symphonic music 78 78 88 90 87 88 db
Light music 75 74 79 89 84

1

84 db
Dance music 75 73 79 89 83 84 db
Speech 71 71 74 84 77 i 80 db

Individual variations varied from ()0 to ^7 db for symphonic music, but in all cases

50",, of the subjects were wnhin 4 db of the mean. Increasing age showed a pre-

tcrcncc for lower listening levels.

The It^lowing table gives an approximate guide for home listening :

Sound-level
|

Normal
l.oudncss meter reading r.m.s. peak

Very loud

Loud (serious listening)

Medium (as a background)

80 db
70 db

55-65 db

90 db
80 db

65-75 db

(iv) Volume range in musical reproduction
(A) Orchestral reproduction

If the full peak orchestral dynamic range of 70 db is to be reproduced, the receiver

(if any) and amplifier must have a peak dynamic range of the same amount. This

may be accomplished with the peak sound intensity in the room cither equal to that

in the concert hall, or at a lower level. However, if the reproduced dynamic range

is to be effective it must all be above the noise masking level.

Fig. 14.8 shows the extreme conditions for high fidelity reproduction, with the

threshold of audibility curve for a very critical listener, combined with the masking
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Fig. 14.8. Effective hearing characteristic for very critical listener with low room tioise

levels showing 70 db dynarmc range for orchestra tn a concert hall. Minimum orchestral

level based on Ref. E\'^.

effect of low room noise. The 70 db dynamic range of an orchestra in a concert hall

is shown, with the minimum orchestral level of 30 db well above the masking level

of the noise. In this case it would be possible to reproduce the full dynamic range

at a level 15 db lower than the level in the concert hall, without loss due to noise.

With an average listener and average noise level, however, the reproduction could not

be more than 5 db below the level in the concert hall without loss due to noise. Any
further reduction in level will result in the masking of the softest passages by the noise.

(B) Volume range broadcast or recorded
The volume range actually broadcast or recorded is frequently less than that of the

original.

Volume range

at least 60 db (F.C.C.)

at least 50 db (F.C.C.)

40-50 db*
50-75 db*

30-45 db*
40-56 db*
45-58 db*
45-50 db*

Source
F-M broadcast (direct)

A-M broadcast (direct)

Transmission over telephone lines

ditto (special lines)

Lateral-cut disc records ;

shellac

microgroove, say

transcription (orthacoustic)

VenicaJ-cut (hill and dale)

To reduce the volume range, it is usual to employ automatic peak limiters together

with volume compressors, although some manual adjustment is also made on occasions.

To restore the volume range, it is sometimes possible to use volume expansion (sec

Chapter 16).

(v) The cflfcct of noise
Noise as heard by the listener is contributed by many sources for example by

background noise in the studio, by the microphone and pre-amplifier, the transmitter,

the receiver, the a-f amplifier and room noise. If the sound source is a record, there

will be additional noise due to the recording. Under conditions for good fidelity,

noise due to the transmitter and receiver (if any) can be made negligibly small. The
remaining noise sources may be grouped as

^Maximum fignal co noitc ratio. The maximum dynamic range may be tomewhat higKer^^m
Sect. 7(v).
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1. Noise from the sound source.

2. Noise from the amplifier.

3. Room noise.

It is assumed here that hum from the amplifier has been made inaudible, and then
the total^ noise arising from amplifier and room noise may be determined by the nomo-
gram Fig. 19.6A when both component values are expressed in decibels. By follow-

ing a similar procedure, this value may then be combined with noise from the sound
source to give the total noise from all sources.

The value of room noise is 43 db for the average level (Fig. 14.4) and 33 db for the

low noise level (Fig. 14.5).

It is usually simpler to combine these noises electrically tlian acoustically, a con-
venient point being the primary of the output transformer. The equivalent electrical

value of the room noise for a typical living room of 3000 cubic feet is given approxi-
mately by^
Room noise Electrical noise power (milliwatts)

33 db 0.009/ T)

43 db 0.09/7^

Where rj loudspeaker efficiency percentage.

If the loudspeaker efficiency is 3%, the equivalent electrical value of the room noise
is approximately 25 dbm for low room noise, or - 15 dbm for average room noise.

The masking value of the total noise can only be determined accurately by
calculating or measuring the total noise spectrum and applying the masking curves
of Fletcher and Munson (Ref. E9 Fig. 15 ; also reproduced in Olson Ref. E3 Fig.

12.30). However for the simple case where room noise predominates, it may be taken
as a reasonable approximation that the curves of Fig. 14.3 may be moved vertically

as required and that the masking ordinate at 1000 c s is 18 db below the total noise

level.

Thus the masking effect at 1000 c s of room noise alone is approximately — 43
dbm for low' room noise, or - 3 3 dbm for average room.noise, for 3®o loudspeaker
efficiency and a rcxim volume of 3000 cubic feet. If the total noise from other sources

is equal to the rex^m noise, these values w'ould be increased by 3 db.

For high fidelity reproduction, the amplifier and pre-amplifier noise should be
kept below the lowest rcK^m noise level. Under the preceding conditions, with room
volume 3000 cubic feet and loudspeaker efficiency 3‘’o, a reasonable value for total

amplifier noise J appears to be about 30 dbm, giving a masking level 5 db below
that of the lower value of room noise. For values of loudsp>eaker efficiency other than

3^’,,, the value of total amplifier noise is given by
amplifier noi.se power 0.003 17 mW (1)

or amphficr noise in dbm 10 log (0.003 t;) (2)

where y] loudspeaker efficiency percentage.

Sec also Chapter 18 Sect. 2(ii) pages 782-783 for noise in pre-amplifiers ; Chapter 19

Sect, b(iii) page 829 for the measurement of noise in amplifiers.

SECTION 8 : SCALE DISTORTION

When music or speech is reproduced in a room with flat frequency response and at

a level such that the listener experiences the same sensation of loudness as he would

in the concert hall or studio, the tonal balance will be the same as in the original

(assuming that his seat occupies the same position as the microphone). If the level

of reproduction is less than the original, the bass will be weak in comparison with the

middle frequency range from 600 to 1000 c s, while the frequencies above 1000 c s

will also be attenuated, although only slightly. This is illustrated in Fig. 14.9 for

one selected condition with 90 phons average original level, reproduced at an average

level of 70 phons ; the loss at 50 c s is over 10 db,

*Jt is »tfumed that the room noise can be treated as random noise. Random noises are additive,

tBated on Chapter 20 Sect. 6(u)B.
^

jFor measurement of amplifier noise sec C..apicr 19 beet. 6.
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FIG 149

I'iq 14.9. Lt)5s- of buss and hi^h audio

frcQucncies caused by reproduction at a

loudness oj 70 phons as compared rcith

the ori^^inal at 90 phons {based on

b'u!. 19.7).

On the other hand, if the reproduction is louder than the original, the bass (and to

some e.xtent the treble) will be accentuated. This commonly occurs with the human

voice when reproduced at a high level, unless some correction is applied in the studio

amplifier.

It is for this reason that orchestral or organ music, when reproduced at normal

room volume, sounds weak and uninteresting. I he application oi the correct ami>unt

of bass boosting assists considerably in maintaining realism and tonal balance. l*his

application of bass boosting may be made automatically with the adjustment ol the

volume control, provided that maximum setting of the control corresponds to maxi-

mum volume from the loudspeaker on musical peaks (Chapter 15 l*ig. 15.59). 1 his

provision makes a second (semi-h.xed) volume control desirable in reproduction from

records it calls for an exceptionally Hat a.v.c. characteristic m a receiver, in addition

to the double volume control. If the automatic arrangement is adopted without

these precautions being taken, it is only partially effective, and many users prefer a

manually operated bass-btxist. The automatic arrangement is only satisfactory when

the tonal balance is correct at the maximum setting of the volume control ; it mcrlcy

boosts the bass when the setting of the control is lowered.

Refs. A7, A29, A30, A33, A34, A56.

SECTION 9 : OTHER FORMS OF DISTORTION

(i) Frinfuency-modulution distortion in) Variation offrequency response tvith output

level {in) Listener fatij^ue.

(i) Frequency-modulation distortion
Frequency-modulation distortion (or “ wow ”) tends to iKcur in recording, and is a

cyclic variation of a higher frequency by a lower frequency. Frequency-modulation

distortion may also occur in loudspeakers sec (diaptcr 20 Sect. 7(ii).

(ii) Variation of frequency response with output level

The frequency response of an amplifier should be substantially the same at all

working levels. Amplifiers should be tested for frcquenc'y response at maximum
output and at 30 and 60 db below maximum output. Output transformers are a

frequent cause of variations in frequency response at different levels.

(iii) Listener fatigue
There is no doubt that listening to reproduced music causes listener fatigue much

more rapidly than listening to the original. This listener fatigue is caused by the

necessity for mental processes arising from the unnatural effects in the hearing system.
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Probably the creation of synthetic bass, intermodulation distortion and transient dis-

tortion play important parts in producing this fatigue.

An excessively high background noise level, whether caused by hum, record scratch

or any form of extraneous noise, is also an important factor contributing to listener

fatigue.

Ref. Cl.

SECTION 10 : FREQUENCY RANGE PREFERENCES

(i) Tests by Chinn and Etsenberg (it) Tests by Olson {iii) Single-channel versus

dual-channel tests (ir) Summing up.

(i) Tests by Chinn and Eisenberg (Fef. Cl)

This was the first large scale series of tests on a number of listeners in order to

determine their preferences in the frequency range ofreproduced music. The ranges

were (3 db attenuation) :

Wide 35 to 10 000 c s.

Medium 70 to 6 500 c s.

Narrow 150 to 4 000 c s.

The equipment included a single channel amplifier and loudspeaker system.

Only 12'\, t>f the listeners preferred the wide range on classical music, and 21

on male speech ; the remainder had no preference or were divided between narrow
and medium. Tests were made at indicated sound intensities of 50, 60 and 70 db,

the preference being berween 60 and 70 db, var>'ing with the type of music ; a some-
what higher sound intensity was preferred for speech than for music.

'Fhese tests gave rise to considerable discussion see also (iv) below’.

Refs. Cl, C2, C3, C4, C.5, Cb, C7, C8, CO, C14, A12, A34.

(ii) Tests by Olson (Ref. CIO)

In this case preferences were made on the frequency range for orchestral music
with the listeners in the same nK>m as the orchestra. No amplifying equipment was
used

;
the restriction of Irequcncy range was accomplished by an acoustical filter.

Listeners were given a choice between a high frequency limit of 5 000 c s and full

frequency range.

From 6b to 60‘\, of the listeners preferred the full frequency range on music,

and there was a majority preference for the full range on speech in “ all acoustical
”

tests.

Refs. C:i0, Cll, Cl.

(iii) Single-channel versus dual-channel tests

W'cbstcr and McPcak (A 19) carried out tests with single channel and dual channel

(audio perspective) transmission of a live programme, compared with transcribed

music. The majority preferred the transmission of a live programme to transcribed

music. 'I'he majority also preferred the dual-channel to the single-channel trans-

mission. The results, however, have been seriously challenged regarding their

interpretation (C7, A 12). The tests gave no indications of the preferred frequency

range.

Hilliard (A27) expressed the opinion that the entertainment value of a two channel

system reproducing frequencies up to 3500 c s is better than a single channel system

with 15 000 c, 8 response.

It seems to be generally agreed that any satisfactory form of stereophonic repro-

duction is very much preferable to single channel sec Chapter 20 Sect. 6(v).
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(iv) Summing up
The tests by Chinn and Eisenberg indicated that, under their conditions of test,

the majority preferred a restricted frequency range. The tests by Olson indicated

that, under his '‘all acoustical” listening conditions the majority preferred an un-

restricted frequency range. Obviously the conditions of the tests arc of vital im-

portance see discussion (i) abtn’e, also summing-up by Olson, ("10.

Subsequent amplifier tests by Olson have indicated that an audience was able to

perceive a value of 0 total harmonic distortion (see Sect. 2 and Ref. E3\ A reason-

able inference is that the reduction in frequency range preferred by listeners in the

Chinn and Eisenberg tests was caused by distortion present in the sound system.

It has been pointed out (Ref. Cl 4) in connection with the Chinn and Eisenberg tests,

that the choice between “ w-ide ” and ** medium ” (at 60 and 70 db) and between
“ medium ” and “ narrow ” (at 50 and 60 db) was complicated by inadequate dis-

criminability.

SECTION 11 SPEECH REPRODUCTION
(i) The characteristics of speech (tt) Articulation (//»') Aia^kiitk! of speech by noise

(if) Distortion in speech reproduction (f * b'requencv ranges for speech.

(i) The characteristics of speech
It has been shown (Ref. A3> that conversational speech audible at 2 \ feet occupies

a frequency band from 62 to 8000 c s. The average conversational speech power is

about 10*^ microwatts, loud shouting power is about 5 milliwatts, while the softest

conversational level is about 0.01 micrtwvatf (Ref. H5). The peak dynamic range is

about 4<) db for any one speaker in ordinary conversation, but may reach 56 db as an

extreme limit in the general case (Ref. A3;.

The peak power in conversational speech may reach 100 or even 200 times the

average speech power. The octave with maximum energy in men’s voices is from

3(X) to 6(X) c s, and for women’s voices from 555 to 1 1 10 c s, the energy in the octave

being 31'’,, of the total for both cases (Ref. H5}.

The characteristics of a man’s conversational speech at a distance of 2 \ tcet have

been given as (Ref. A3) :

Level of speech above threshold ( 5 db; 63 db
Long root-mcan-squarc intensity level 68 db
Peak level in 1 8 second intervals exceeded 5'\, ol the time 85 db
Rtxu -mean-square level in 1 8 secimd intervals exceeded only l‘\, of

the time 78 db
Refs. A3, D5, D9, D20, E4, E5, E6.

(ii) Articulation
The articulatiiin of speech is defined as the percentage of syllables interpreted

correaly (Ref. D8;. The results for an average listener receiving syllables at optimum
intensity are given below

Aniculation

(Ref. A3) :

Minimum frequency or Maximum frequency

98^;, 40 c s 15 0CX) c s

98 100 12000
98 250 7000
96 570 5000
94 720 3900

90 960 3100
80 1500 2300
70 1920 1970

60 2300 1700

50 2600 1500

+A more rcccm tCT| gave 34 mkrowattf for men and 18 micruwaun for women (Ref. l>5).



14.11 (ii) ARTICULATION 629

Columns 2 and 3 are the results of separate tests with a high-pass filter and a low-

pass filter respcaively. They cannot be combined to give a pass-band with the

limiting frequencies as tabulated, except as a rough approximation for high percentages

of articulation (> 90%) ; in this case the two articulation values should be multiplied

together (e.g. 96% x 96% ^ 92% articulation approximately for a pass band from
570 to 5000 c/s).

There is no loss in articulation with a frequency range (pass band) from 250 to

7000 c/s, while the loss is quite small with a range from 570 to 5000 c/s. With con-
tinuous speech the loss in articulation is noticeably less than with syllables.

Owing to the unnaturally high-pitched tone and obvious lack of balance, these

frequency ranges are extended towards the bass for all communication purposes.

An articulation index has been proposed (Ref. D3) which may be calculated for any
known conditions, including noise. A value of 1.0 is the maximum (for perfect

articulation) while a value of 0.5 or over is entirely satisfactory.

Those who are interested in the intelligibility of speech either with or without
noise interference should read Refs. DIO, Dll, and D12.

Experiments have shown that intelligibility is impaired surprisingly little by the

type of amplitude distonion known as peak clipping. Conversation is possible

even ov^r a system that introduces “ infinite ** peak clipping, i.e., that reduces speech
to a succession of rectangular waves in which the discontinuities correspond to the

crossings of the time axis in the original speech signal. The intelligibility of the rect-

angular speech waves depends critically upon the frequency-response characteristics

of the speech transmission circuits used in conjunction with the “ infinite clipper.”

A word articulation value of 97 was obtained using firstly a filter providing a frequency-

response characteristic rising. 6 db/octave, followed by the infinite peak dipper,
followed in turn by a filter with a characteristic falling at the rate of 6 db 'octave

(Ref. D13).

References to articulation : A3, D3, D8, DIO, Dll, D12, D13, D19.

(iii) Masking of speech by noise

Noise has a similar masking effect with both speech and music. If the noise level

is reasonably low there is very little effect on the reproduction of speech, since the

dynamic range is not excessive. It is sometimes required to operate loudspeakers

in very noisy locations, and in such cases it is helpful to provide the amplifier with a

bass cut-off at 500 c/s, since the maximum intensity levels of speech (particularly

declamatory* sf>ecch) occur below this frequency, and the effect of the lower fre-

quencies on the articulation is negligible. This permits the middle frequencies from
say 1000 to 3500 c/s to be boosted to the threshold of pain at 120 db, thus bringing

them above the noise. An alternative arrangement is to give a treble boost of 6 db
per octave over the whole useful frequency band, up to at least 3000 c/s—this will

automatically reduce the bass frequencies as desired (D2, D4). This laner method
requires much less acoustical power ^ 19% of that of a fiat system with 500 c/s cut-off

but the effect sounds unnatural.

Refs. A3, D2, D3, D4, D14, D15, D16, E4.

(iv) Distortion in speech reproduction

A considerable degree of distortion is possible before speech becomes objectionably

distorted— about 15% second harmonic with a high frequency cut-off at 3750 c/s.

This may be put in the form of about 48% intermodulation distortion (r.m.s. sum)
with a similar cut-off frequency.

If the frequencies below 500 c/s are anenuated, the distortion for a given loudness

will be much less than for a wide frequency range.

*Vcnr loud public ipcsking.
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(v) Frequency ranges for speech
Application Articulation Frequency rang
High fidelity reproduction 98% 62-8000 c/s

Good fidelity 98% 150-7000 c/s

Fair fidelity (Public address) 96% 200-5000 c/s

Restricted bass*. Unbalanced 96% 500-5000** c/s

Restriaed bass and treble* 95% 500-4000** c/s

Very restricted* 90% 500-3000** c/'s

Telephone 300-3400** c/s

*For noisy locations. **Response may be peaked.

SECTION 12 : HIGH FIDELITY REPRODUCTION

(i) The target of high fidelity {ii) Practicable high fidelity {in) The car as a judge

of fidelity.

(General references A3, A9.)

(i) The target of high fidelity

High fidelity reproduaion is essentially reproduction such that the most critical

person can listen intently to it without any apparent distortion and without any ap-

preciable fatigue, other than any effects due to the single point source of sound. With
the present limited state of knowledge we have no definite rrieasurablc limits which
can be set for each form of distortion, to ensure high fidelity.

However, it is generally agreed that a high fidelity amplifier should comply with

the following specification. Values in brackets are rather extreme.

Frequency range: 40-15 000 (30-20 000) c s.

Variation in output 1 db ( 0.5 db) at three levels.

Total harmonic distortion not more than i'\, (O.?'*,,).

Intermodularion distortion not more than (2‘*o;, measured at 40 c s and, say,

7000 C/S r.m.s. sum.
Power output sufficient to ensure that overloading does not occur.

Phase angle as small as practicable.

The desired degree of damping on loudspeaker at bass resonant frequency.

Hum inaudible.

Noise* to give specified dynamic range 70 (80) db :

Total noiset 52 (62) db below max. r.m.s. peak signal.

Noise* to be inaudible in low noise room :

For room volume 3000 cubic feet -

Loudspeaker efficiency 10 "o 30 45
'^o

Total noise 30 35 40 42 dbm

Conditions of test Including microphone (or other source) and loudspeaker.

This specification docs not include some very important loudspeaker characteristics,

such as frequency-modulation distortion, time delay for specified increase in sound
pressure, transient decay characteristics, and sub-harmonics (sec Chapter 20 Sect. 7).

These have been omitted owing to difficulties in testing and the lack of standardized

procedure.

(ii) Practicable high fidelity

There is no great difficulty in meeting the specification given in (i) above so far as

a microphone and amplifier are concerned. However, when a loudspeaker is added,

to say nothing of the additional distortion contributed by transmission and reception,

or reproduction from disc records, it is impossible to meet this specification.

•See Sect. 7(v).

tBMed on total noUe 18 db above masking level of noise sc 1000 c/t. For meMurement of noise
see Chapter 19 Sect. 6.
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This raises the question whether such high standards are essential. The principal

characteristics in question are variation in output, distortion, and frequency range.

Variation in output over the frequency range
A tolerance of the order of 5% appears to be generally acceptable for the overall

electro-acoustical performance of a sound system.

Distortion and frequency range
The permissible non-linear distortion in a high fidelity amplifier is dependent on

the frequency range, the type of programme, the critical character of the listener

and the sound level. It has been observed that the sensitivity of the ear to distortion

in music appears to be a ma.ximum for sound levels in the vicinity of 70 to 80 db
(Ref. A51). Hence for sound levels of the order of 90 db (sound level meter indica-

tion), somewhat higher values of distortion than those specified in (i) above would be
permissible possibly of the order of 2^o total harmonic distortion with a cut-off

frequency of 10 000 c s, and 2,5'\, with a cut-off frequency of 7500 c/s.

Most direct radiator loudspeakers exceed 2‘^\, total harmonic distortion over certain

frequency bands when operated to give a sound level (meter reading) of 90 db in a

fairly large living room. However, the problem is complicated by the fact that many
types of music have maximum intensity levels in the 200 lo 500 c s frequency band
where loudspeakers often have distortion values well below their maximum values.

When the distortion in any individual case is distressing to a listener, the high cut-off

frequency should be reduced until he is relieved from the discomfort. It is better

to have freedom from discomfort than to have a wide frequency response, particularly

when listening for a sustained period. This leads to the conclusion that “ the true

measure of the quality of an electro-acoustical system is the maximum bandwidth
which the public finds acceptable ” (Ref. C7). Thus all high fidelity amplifiers

should have a choice of high roll-off* frequencies.

In addition, it is necessary to provide the listener with tone controls on treble and
bass, with the choice of boosting or attenuation on each (see Chapter 1 5). He can then
please himself on the choice of tonal balance and frequency range.

In the writer’s opinion, nearly distortionless reproduction of bass frequencies up
to say 400 c s is far more important than reproduction of frequencies above 10 000 c s.

I'hc importance of improved bass response in reproduced music is gradually

gaining recognition. Various methods are being adopted to produce acceptable

extreme bass response without requiring an excessively large loudspeaker. Fonun-
atcly the extension of the bass range, with or without bass boosting, does not directly

result in any increase in the subjective effects of the distortion such as occurs with

extension of the treble range.

High fidelity reproduction with a level frequency response, when compared with

a distorting amplifier, seems to lack bass. If a fair comparison is to be made between
them, when operating at the same sound levels, the high fidelity amplifier will require

bass btx>sting.

A direct radiator loudspeaker, or a conventional horn type, cannot give high fidelity

reproduction at frequencies lower than the bass resonance, because the distortion

rises very rapidly. Thus the minimum frequency for high fidelity dep>ends upon the

loudspeaker and any extension to lower frequencies will require another, and usually

larger and more expensive, loudspeaker.

The output transformer should, for high fidelity, have low distortion at the lowest

frequency which the loudspeaker can handle. A transformer to handle high power

at very low frequencies and low distortion is both heavy and expensive, but is not other-

wise difficult either in design or manufacture.

If the output transformer and loudspeaker are incapable of handling frequencies

below a critical value without serious distortion, it is wise to filter out these lower

frequencies and so rid the amplifier of their bad effects. It is better to have a clean

bass limited to say 80 or 100 c/s, than to have a distorted condition resulting in inter-

modulation effects over a wide frequency range.

*Sharp cut-off characteristica arc undesirable for fidelity. However a roll-off and sharp cut-off may
be combined to give an acceptable result.
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(iii) The ear as a judge of fidelity

It is common practice to regard the ear as the final judge of fidelity, but this can only

give a true judgment when the listener has acute hearing, a keen ear for distortion, and
is not in the habit of listening to distorted music. A listener with a keen ear for dis-

tortion can only cultivate this faculty by making frequent direct comparisons with the

original music in the concert hall.

Non-linear distortion in any good quality amplifier should be so low as to be
inaudible to the most critical listener. This distonion can therefore only be checked
by measurements.
The ear is the only final judge of fidelity with loudspeakers, although it should be

supplemented by measurements of harmonic distonion, frequency response, fre-

quency-modulation distortion, damping of bass resonance, time delay for 60 db in-

crease in sound pressure, transient decay characteristics (Shorter’s method), and sub-

harmonics -see Chapter 20 Sect. 7.

The ear is the only judge of tonal balance.
In any acoustical test, the sound level should be that of normal loudspeaker opera-

tion.
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SECTION 1 : INTRODUCTION
(i) The purpose of tone compensation (iV) Tone control (iii) General considerations

(iv) Distortion due to tone control (u) Calculations involving decibels per octave (vi)

Attenuation expressed as a time constant (ni) The elements of tone control filters

(vtii) Fundamental circuit incorporating R and C (i.v) Damping of tuned circuits

(.x) Tolerances.

(i) The purpose of tone compensation
An “ ideal ” audio frequency amplifier is one having a response which is linear and

level (i.e. “ flat ”) over the whole a-f range. An amplifier which has a drooping

characteristic at the extremes of its frequency range may be made practically flat by

the incorporation of a suitable degree of bass and treble boosting. This device is

adopted in studio amplifiers where rigid tolerances arc imposed on the frequency

response of each amplifier or unit, and also in video and w ide-band amplifiers where

the frequency range is so great that conventional a-f designs are unsatisfactory.

(Refs. 35, 38, 53 arc typical.)

Studio microphones and pickups are “ equalized ’* by a suitable filter to give a

flat response. Thus any input source may be connected to any amplifier or amplifiers,

and the overall result will be flat, since each unit in the chain is flat.

A different approach is usually adopted in complete units such as home gramo-

phones where the whole is always used as one unit, and where wc arc only concerned

with the overall performance.

635
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In such a case it is possible to vary the frequency response of the amplifier so as to

compensate for certain components such as pickups or loudspeakers which do not

have a fiat response.

All these are examples of tone compensation, the purpose of which is to give a flat

overall frequency characteristic.

(ii) Tone control
A tone control is a variable filter (or one in which at least one element is adjustable)

by means of which the user may vary the frequency response of an amplifier to suit

his own taste.

Tonal balance is covered in Chapter 14 Sect. 4(ii).

(iii) General considerations
It is usual to regard the middle range of audio frequencies from say 500 to 2000 c s

as the “ body ** of musical reproduction, with 1000 c/s as the reference frequency.

Thus a lower or higher frequency is said to be attenuated if it is reproduced at a

lower level than 1000 c s or boosted if it is at a higher level than 1000 c s.

An equalizer for a pickup or microphone is usually placed either between the source

and the first amplifier valve or, if this is at a low level, between the first and second

amplifier valves.

All sources of input voltage should have a frequency range which is more limited

than the range which the amplifier and loudspeaker are capable of handling without

noticeable distortion. In other words, no voltage should be applied to the input

terminals of the amplifier which has a frequency lower than the low frequency limit

of the amplifier and loudspeaker or a frequency higher than the high frequency limit

of the amplifier and loudspeaker. If this docs not hold, it is highly desirable to limit

the frequency range of the input voltage, cither at one or both ends of the range as

required, by means of a suitable filter (see Sects. 3 and 6 below), inserted before the

input terminals of the main amplifier. If there is a pre-amplifier followed by a main
amplifier, the filter may be inserted between the two.

If a tone control is to be fitted to an amplifier, its position is of considerable im-
ponance, the only exception being when the amplifier has low distonion at all fre-

quencies with a loudspeaker load. In an amplifier using a pentode or beam power
amplifier without negative feedback, it is desirable to fit a r.c. filter across the primary
of the output transformer. This may be fixed, with a supplementary tone control

elsewhere, or it may form the tone control itself. In most amplifiers it is desirable

to connect a small capacitance (say 0.001 /xF for a 5(X)0 ohm load) directly from the

plate of the output valve to earth, or from the plate of each output valve in the case of

push-pull operation. This assists in by-passing any radio or ultrasonic audio-fre-

quencies which may be present, without having much effect on the frequency response.

Its capacitance might be increased with advantage if some attenuation of the highest

frequencies is permissible.

In a typical radio receiver without negative feedback, the tone control may be in

the plate circuit of the power valve, in the coupling circuit between the first a-f ampli-
fier valve and the power valve, or in the grid circuit of the first a-f valve.

If an amplifier incorporates negative feedback, the tone control may be incorporated

in the feedback network (see Sect. 9 below) or else should be connected to a part of
the amplifier which is external to the feedback loop.

Tone controls may be continuously variable or stepped. The more complicated
types are stepped but, like a studio attenuator, the steps may be made barely per-

ceptible.

(iv) Distortion due to tone control
Tone control frequently has a pronounced effect on the effeaive distortion due to

stages in the amplifier preceding the tone control filter. Treble etteniuitlon results
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in a reduction in the amplitude of harmonics compared with that of the fundamental
—that is a reduction in the harmonic distonion—provided that the predominant
harmonics are within the attenuation range. In general, intermodulation distortion

is also reduced by treble attenuation, subject to the same limitation.

On the other hand, any form of treble boosting will increase the effective distortion

at any frequency so long as the harmonics arc accentuated by the treble boosting with

respect to the fundamental ; the same also applies to intcrmodulation distortion.

This is one of the reasons why treble boosting is not widely used, or is limited to a

very slight rate of boosting.

If an amplifier naturally has some treble attenuation, and is equalized by the correct

amount of treble boosting, the distortion will be the same as though the amplifier had
a naturally flat characteristic. However, in the case of a radio receiver, effectively

having a treble attenuation through side-band cutting, the distortion at the output
terminals will be greater than that at the second detector if treble boosting is used,

even if the a-f amplifier distortion could be zero.

Bass boosting gives a reduction in harmonic distortion provided that the funda-
mental frequency is amplified more than the harmonics, which condition holds over

a limited frequency range.

Bass attenuation gives increased distortion over a limited frequency range where
the harmonics arc amplified more than the fundamental.

References to distortion : 3, 61.

(v) Calculations involving decibels per octave

The rate of attenuation, or of boosting, is usually given in the form of so many
decibels per octave. For example, a simple shunt condenser across a resistive net-

work produces an ultimate treble attenuation of 6 db octave see Chapter 4 Sect. 8(i 2 )

and Fig. 4.38. Ultimate attenuation is normally in multiples of 6 db octave—e.g.

6 , 12, 18 and 24 db octave. Actual values of attenuation may differ from the ulti-

mate values, particularly in the range from 0 to 7 db.

In some cases the frequencies at which readings arc taken do not conveniently cover

an exact number of octaves. In such a case the following procedure may be adopted.

(A) To convert db specified frequency ratio to db octave

Frrequency Multiply db sp>ecified

ratio frequency ratio by factor

1.2 : 1 6.02 to give db octave

1.25 : 1 3.10 »> »>

1.33 : 1 2.43 >>

1.5 : 1 1.71 ft y» Si

2 : 1 1.00 >> Si

3 : 1 0.63 >> »> >s

4 ; 1 0.50 »> >> ss

5 : 1 0.43 » » Si

6 : 1 0.39 M Si

7 : 1 0.36 »> >» is

8 : 1 0.33 >> >> ss

10 : 1 0.30 »» Si

Ekample A change of 0.7 db occurs with an increase of frequency from 1000 to

1250 c/s. What is the rate of change in db octave ?

Rate of change 0.7 :• 3.10 2.17 db octave.

Note. A table relating frequency ratio, octaves and decades is given on page 368.
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(B) To convert db/octave to db/spedfied frequency ratio

Frequency Multiply db/octave

ratio by factor

1.2 : 1 0.263 to give db/specified frequency ratio

1.25 : 1 0.322 M 33 33

1.33 : 1 0.412 M 3> 33 33

1.5 : 1 0.585 » 31 33 33

2 : 1 1.00 i> 33 33

3 : 1 1.59 it » 33 33

4 : 1 2.00 » 33 33 33

5 : 1 2.33 )> 33 33 33

6 : 1 2.59 >1 33 33 33

7 ; 1 2.81 >1 33 >5 33

8 : 1 3.00 » 33 33 33

10 : 1 3.33 » 33 33 33

Example—What is the change in level for a frequency ratio of 1.5 to 1 when the

rate of change is 6 db per octave ?

Change in level — 0.585 6 3.51 db.

(vi) Attenuation expressed as a time constant
In F-M receiver design it is common practice to express the degree of pre-emphasis

(treble boosting) in the transmitter as a time constant of so many microseconds, and
the degree of de-emphasis (treble attenuation) in the receiver in the same form. The
two methods are fundamentally related because the time constant in seconds is equal

to RC where R is the resistance in ohms and C is the capacitance in farads. In the

general case

attenuation in db - -- 10 log,o (1 t cu*r*)

where w 2nf
T ~ CR time constant in seconds

and R " total eflfeaive resistance of supply network.

In the particular case where T -- 75 microseconds and / is expressed in Kc/s,

this becomes
attenuation in db - 10log,o(l ' 0.222/-).

A de-emphasis curve for a time constant of 75 microseconds is given in Fig. 15.1.

This curve, like all other curves of this class, has an ultimate rate of attenuation of

6 db/octave.

7S MIC90tCC0««> OC-CMMilt CUHVC

Fig. 15.1. De-emphasis curve with time constant of microseconds ^ as used tn

F-M receivers.
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(vii) The elements of tone control filters

Tone control filters are networks including at least two of the basic elements

—

resistance, capacitance and inductance. In adjustable tone controls it is simplest

to use the resistance as the variable element, since continuously variable resistors are

available. To vary capacitance or inductance values, it is necessary to use separate

components or tappings, with a step switch.

In radio receivers and home amplifiers it is usual, wherever possible, to avoid using

inductors for tone control purposes This is firstly because inductors arc generally

more expensive than condensers, a^'d secondly inductors are very prone to pick up
hum unless elaborate and often expensive precautions are taken. An additional

reason is that inductors with the desired values of inductance and tolerances arc not
usually stock lines.

The inductance of an inductor with any form of iron core is not constant, but is

affected by the applied alternating voltage the frequency, and by any direct current.

When a composition “ potentiometer **
is used with the moving arm in the grid

return circuit of a valve, there will be additional noise caused by the movement of the

arm. In such a case, the subsequent amplifier gain should be low.

(viii) Fundamental circuit incorporating R and C
The circuit shown in Fig. 15.2 may be oised for the purpose of obtaining many

forms of tone compensation. The values of the six components may be varied as

desired to provide bass boosting or attenuation as well as treble boosting or attenuation.

It is to be undersux)d that the choice of values extends from zero to infinity, this

being equivalent to the optional short-circuiting or open-circuiting of any one or more
resistors or condensers. This form of filter is intended for use with a constant input

voltage (/f,\ This holds approximately when a triode valve is used.

PtC. IS. 2

Fig. 15.2. Fimdamaital circuit incorporating

R and C for tisc tvith a constant input voltage.

(ix) Damping of tuned circuits

When tuned circuits arc used for purposes of tone control, the damping should be

sufficient to reduce the “ overshot to a small value when a unit step (pulse) input

is applied to the amplifier. This overshexit may be reduced to a small value if Q
docs not exceed 0.7. Under no circumstances should Q exceed 1.0 by more than a

small margin. Insufficient damping results in distortion of transients.

(x) Tolerances
In all cases where a tone control, tone compensating network or filter is required

to have specified frequency response characteristics, the elements of the network

must be specified within narrow tolerances, and should preferably also be tested

after delivery by the compt^nent manufacturer. Even in cases where the response

characteristic is not specified, the effect of normal tolerances with capacitors, resistors

and inductors is to cause a wide ** spread *’ of response characteristics since the toler-

ances arc sometimes cumulative.

When a single item of equipment is being built, it is important to check either the

values of the critical components or the overall response characteristic, or preferably

bt)th.
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SECTION 2 : BASS BOOSTING
(i) General remarks (ii) Circuits not involving resonance or negative feedback

(ni) Methods incorpcnating resonant circuits (iv) Circuits involving feedback (jv) Re-
generation due to negative resistance characteristic.

(i) General remarl^s
Bass boosting, cither for tone compensation or tone control, implies that the gain

of the ampliher at 1000 c s must be reduced sulhciently to permit the full gain to be

available for amplifying bass frequencies. For example, if the maximum amplifier

gain is 56 times (35 dbvg*), and a maximum bass boost of 15 db is required, then the

gain at 1000 c/s cannot be more than 20 dbvg*.

Bass boosting for tone control purposes may be used to provide better tonal balance

at acoustical levels lower than the original sound, and is generally controlled man-
ually—for automatic control see Section 10 Bass boosting increases the power
output from the power valve and loudspeaker at low audio frequencies, and therefore

tends to cause overloading if used at maximum volume ; this effect does not occur

at lower volume levels. When using bass boosting, the apparent loudness at which
overloading occurs is less than that without bass boosting. For this reason, bass

boosting should be used with discretion except in amplifiers having ample rcser\’c of

power.
For general tone control purposes in typical radio receivers and amplifiers, a bass

boost variable from zero to b db is a good compromise. This involves, at maximum
bass boosting, four times the power without bass boosting. Any increase beyond

6 db would involve a careful analysis of the whole design.

The bass boost should reach its maximum value at some suitable frequency, say

75 c s, and should fall fairly rapidly below this frequency. There should be zero

boost or even attenuation at the minimum frequency which the amplifier and loud-

speaker are capable of handling without distortion.

Bass boosting should not extend appreciably above a frequency of 250 c s at maxi-

mum volume, or the male voice will sound unnatural. >X'hcn the hnx^sting is only

used at lower levels this limitation does not hold.

Some of these limitations are removed by the use of automatic frequency-com-
pensated lone control (Sect. 10}.

F»C . 15, J

(ii) Circuits not involving
(A) Conventional bass boosting circuit (Fig. 15.3;

(also known as plate shunt compensation)
The bass boosting is due to the increasing impedance of as the frequency is

lowered. It is assumed here that the reactance of C is negligibly small compared with
/?! ; in practice the value of C may be selected to give attenuation below a specified

frequency. should he at least 20 times /?, and preferably higher. 7’hc top limit

is the maximum grid circuit resistance permitted for l \ ; if 1% is a resistance cx>uplcd

stage, sec Chapter 12 Sect. 2(iii>E and Sect. 2(iv) for triodes, or Sect, Xiv) and Se t.

3(v) for pentodes. If V is a power valve, R, will usually be limited to 0.5 mego'

m

for cathode bias.

•DecibcU of foltage gain—%cc Chapter isi Sect. l(v*)A.

Ftg. 15.3. Conventional bass boosting circuit

{plate shunt compensation).

resonance or negative feedback
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The resistor Ri is intended to reduce distortion through low a.c. load impedances
connected to the plate circuit of Vi ; it may be omitted if the stage is operating at a

low level or if is not less than twice the plate resistance of Kj. A suitable value is

not less than 2r, in the case of a triode or not less than 2Ri^ in the case of a pentode.
The resistor Ri also has the effect of decreasing the gain at high frequencies more
than at low frequencies, thereby increasing the ratio of gains at low and high fre-

quencies.

It may be shown that

Gain at high frequencies

where R' = R^RJiR. \-

Gain at zero frequency

B — ratio of gains 1

"
(1

Rd

"
(1

rX

r „//?,)(! + RJR') i r,/R’

/R]Xl 'r RJR^
(l/r, l/Rj)R

(l/r, r \/Ri){R

rp/Rt

, 4^1 - R,/^^\
- Rz) X 1 /

( 1 )

(2 )

(3)

As a sufficiently close approximation, Ri/Ri may be taken to have a value as indicated

below :

Boost 6 10 15 20 db
Ri/Rt 0.1 0.05 0.02 0.01 approx.

Using this approximation, we may determine the value of to provide any desired

ratio of gains, that is the bass boost expressed as a ratio (J5) :

Rt l/Ri^)R, r 1 - R,/RA
B - l\(l/rp -^ \/Rj){R\ - R^ ^ I J

- ratio of amplification at zero frequency to amplification at high fre-

quencies.

Typical values of resistors arc given below :

R I ^

where B

(4)

Plate resistance

General case Valve type 6]5

7 700*
Valve type 6AV6

62 500*ohms
5 Tp 50 000 220 000 ohms

rI 2 r. 20 000 120 000 ohms
R, 20 r. 500 000 1 000 000 ohms
B4 for 6 db boost 2.4 25 000 140 000 ohms
B4 for 10 db boost LI r. 11 600 67 000 ohms
R^ for 15 db boost 0.53 Tp 5 500 30 000 ohms
Gain at high frequencies

6 db boost 0.36 7.6 30 limes

10 db boost 0.22 Ai 4.7 19 times

15 db boost 0.13 /t 2.6 10 times

A typical example incorporating a pentode is Fig. 15.37A (Sect. 8).

The procedure in design is

(1) to determine the desired total bass boost in db from high frequencies to zero

frequency.

(2) to select a suitable valve type.

(3) to assume suitable values for R/y Ri and Bj.

(4) to calculate the value of to give the desired boost, using eqn (4).

(5) to determine a suitable value for C (this may be done by following Chapter 12

Sect. 2(ii), assuming B, Bj to be the effective value of B^*).

(6) to determine the value of Ca to give the required position of the boosting cur\'e

on the frequency characteristic, as described below.

Frequency characteristics

The shape of the frequency characteristic is determined solely by the amount of

the total boost in db (Fig. 15.4). It is convenient to consider the frequency at which

each characteristic reaches half the total biMsst in decibels, and to call this the “ half-

•As normal Claw A| amplifier. Higher value* are lo be anticipated fv>r resistance-coupled conditions.
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Fig. 15.4. Bass boosting frequency characteristics. These are quite general and may
he applied to arty r.c. boosting provided that the value of the total boost in db is

known. See text for value R/X (Ref. 10).

boost point.** It will be seen that the frequency of the “ half boost point ” (/o) in-

creases as the total boost increases.

Total boost 20 15 10 6 3 db
Half-boost 10 7.5 5 3 1.5 db
Boost ratio (B) 10 5.62 3.16 2.0 1.41

R/X for half-boost * 3.16 2.37 1.78 1.41 1.19

c,t 3.16/ wR 2,31/wR 1 .78/ ioR 1.41/<uB 1.19/^wR F

(R/X) — \/B SLi half-boost point,

t c, - l/(a>Ar) = (R/X)/(<vR) and a> - 2nf^

where R - 4- R ^)] f R, . R, (Fig. 15.3)

and /o = frequency at half-boost point.

The slope of the frequency characteristic at the half-boost point, which is

very nearly the point of maximum slope, is approximately :

Total boost 20 15 10 6 3 db
Slope at half-boost point 4.9 4.1 3.0 2.0 1.0 db/octavc

If a tangent is drawn to the curve at the half-boost point, it will be seen that the

slope of the frequency characteristic does not fall off to any appreciable extent from
the half-boost point to the three-quaners boost point (i.e. 75^^ total *i>oost in

db). The falling off in slope does not cause a difference of more than 1 db between
the curve and the tangent up to 90^) o the total boost in db, the reading of 90^) being

taken on the tangent.

This circuit may be applied to continuously variable bass boosting by using a variable

resistor in place of R^, but this has the effect of varying the amplifier gain at the middle
audio frequencies and hence varying the apparent loudness. One possible alternative

which avoids this defect, is to put a high variable resistor (say 0.5 megohm logarithmic

taper) across Cf. This method gives a variatiem in total b<mt without much change
in level of the middle frequencies, but the shapes of the frequency characteristics

are not the most desirable for tone control purposes -Fig. 15.5 ; see also (D> below.
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Several values of C, may be selected by means of a tapping switch, leaving the total

boost unchanged, but this merely moves the frequency charaaeristic horizontally

and is not satisfactory, on its own, for tone control purposes.

FIG. 15.5

FPEOUENCY C/S

Fig. 15.5. Frequency characteristics with conventional bass boosting circuity having
variable resistor across C> {Ref. 9).

A modification which has some advantages is shown in Fig. 15.6. Here has been
moved from the grid circuit of F, to reduce the shunting effect on R^ and C,. The
total grid circuit resistance of K, is (R, r R^). Ref. 11.

References to conventional bass boosting circuit - 9, 10, 11, 20, 23, 38, 51, 55,

(B) Plate series compensation (Fig. 15.7)

This is a simple method of providing a fixed amount of bass boosting which uses

the plate decoupling circuit. It is generally limited to use with r.c.c. pentodes.

With the values of components shown, the frequency response curves for two values

of C are given in Fig. 15.8.

References to plate series compensation : 38, 52, 53.

Fig. 15.6. Alodificd form of Ftg. 15.7. Bass boosting—plate

Fig. 15 .3. scries compensation.

(C) Grid series compensation
This is the same in principle as plate series compensation (Fig. 15.7) except that

C, is taken to a tapping point on Rg instead of on R^. This is often preferred in

wide-band amplifiers as Ct will be smaller for the same frequency characteristic than

with plate series compensation.

Reference to grid series compensation ; 38.
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(D) Improved variable bass boost
A method for obtaining continuously variable bass boost having improved shape of

the frequency charaaeristics, is incorporated in the bass and treble boost circuit of

Sect. 8(x)K and Figs. 15.55 and 15.56A.

(iii) Methods incorporating resonant circuits
Resonant circuits give greater flexibility than those incorporating only capacitance

and resistance. They are limited, however, to values of Q not greater than 1 (Ref. 54)

and preferably not greater than 0.7 sec Scc-t. Kix).

(A) Parallel resonant circuits

A parallel resonant circuit, which may be connected in the plate circuit of a r.c.c.

pentode (Fig. 15.9) provides boosting in the vicinity of its resonant frequency, with
maximum boost at its resonant frequency. For bass b<K>siing the resonant frequency
is often between 50 and 120 c s, although higher and lower frequencies arc sometimes
adopted.

The inductor Lj has to carry the greater part of the plate current of K, (several

milliamperes in a typical case) and should have a butt joint or air-gap to reduce the

effect of the plate current on the inductance.

FiC. IS.

9

Fig. 15.9. Bass boosting with parallel resonant tuned circuit in plate circuit.

Fig. 15.10. Bass boosting tuitn parallel resonant tuned circuit in grid circtnr.

In all circuits of this type, it is advisable to select a high L/C ratio in order to give

the highest gain for a fixed amount of boosting.

Q (5)

For the limiting value of Q - I,
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R. > l/oioC (6)

where — equivalent total shunt resistance in ohms
UJq - 0

fa - frequency of resonance in c/s

LCa>o* 1

L inductance in henry

s

and C — capacitance in farads.

Typical values for a resonant frequency of 70 c/s arc : = 51.5 H, Ci -= 0.1 fiF,

Ri 22 000 Q, Rfi 3 900 I?, R^ ^ 0.47 total bass boost 15 db at 70 c/s,

Q 0.93. The exact value of /?, will be influenced by the winding resistance oif

Li - the value given above is on the assumption that the winding resistance is zero.

An alternative arrangement which has the advantage of avoiding direct current flow
through the inductor is Fig. 15.10 -this has the resonant circuit in the grid circuit

of V-i. As a result, it is possible to use j*. higher value of L and to shunt the tuned
circuit by a variable resistor as a control. Typical values for /o — 70 c/s arc :

0.1 MiJy R, - 50 000 Qy R, 50 000 Qy - 250 H, C, - 0.02 /iF, and
R, 0.5 maximum. In this case the winding resistance of L* must be taken
into account.

Let r, ^ winding (scries) resistance of L.
R , equivalent shunt resistance corresponding to r.

then R, = La C.r. (7)
The total shunting on the tuned circuit is therefore R ^ in parallel with R, in parallel

with {Rj r R, i RJ.
If Tj is 10 000 ohms*, then

R. 250/(0.02 X 10'« ' 10 000) 1.25 megohms
R, 0.5 megohm (max.)

;R, - R, • R.) 100 000 - 50 000 50 000 0.2 megohm

Th
1 ^ ^

R 1.25 Mf? ‘

0.5 Mf-? '

0.2 mT?'
Thus R - 0.13 megohm total shunting resistance

and Q “ 1.15 at maximum setting of R^ and would normally be below 1.0.

/B) Series resonant circuits

A scries resonant circuit has a low impedance at the resonant frequency and a gradu>
ally increasing impedance at frequencies off resonance. These are used in combined
bass and treble amtrols (Sect. 8) and in circuits incorporating negative feedback

(Sect. 9).

(C) Transformer primary resonance
When parallel feed is used with an a-f transformer, the coupling capacitance C may

be made to resonate with the primary' inductance of the transformer. By this means
a limited degree of bass boosting is provided. Sec Chapter 12 Sect. 4(xii) and Fig.

12.24. The Q should not exceed unity.

The same principle holds when an inductor (choke) is used in the grid circuit, with

parallel feed.

References to methods incorporating resonant circuits : 51, 54.

(iv) Circuits involving feedback

(A) Amplifiers with feedback over several stages

This is dealt with in Section 9.

(B) Negative current feedback
Negative current feedback may be applied by omitting the cathode capacitor on

the power amplifier valve. This increases the output resistance and provides a close

approach to a constant current source for the loudspeaker. It has the effects of

peaking the loudspeaker at the bass resonant frequency, reducing the damping on the

Thi» value it typical for a silicon steel core. Ver>' much lower values are typical for mu-metal cores.
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loudspeaker, and decreasing the stage gain. This device is usually avoided on ac-

count of its short-comings.

(C) Conventloiial circuits with decreased negative feedback at bass fre-

quencies
One very popular circuit is Fig. 7.33 [Chapter 7 Sect. 2(vi)) which gives feedback

over two stages—this has been adapted to provide bass boosting in Fig. 15.1 1 (Ref. 58).

As explained in Chapter 7, this circuit inherently tends to give a slight degree of bass

boosting—the boosting is continuously variable from 1.3 db to 12 db using 1000 c/s

as the reference frequency. Fig. 15.12. As a modification, the feedback may be taken

from the secondary of the transformer—it is advisable to check experimentally to see

that the phase rotation due to the transformer does not adversely affect the frequency

characteristics.

Fig. 15.11. Two ^tagt

amplifier with negative
feedback over both stages

providing bass-boost tone
control {typical applica-

tion).

Fig

.

15.12. Frequency
characteristics of amplifier
in Fig. 15.11. Condition

(1) tone control max. resis-

tance (2) three quarters

max. (3) half max. (4) one
quarter max. resistance.

The curves have been super-
imposed to coincide at

1000 c 5.

Another possible circuit is Fig. 15.13 (Ref. 36) in which the feedback is taken from

the plate to the grid through C and Rf. The response is given by

(1 - aXl r
(8)

where wq a/fC/?a(i

and ot proportion added to the original signal by the setting of yRi.

Typical values arc : R, - R 2 1 Mf2, R 0.22 Mf2, C 200 /x^iF, giving

a»o/2w ^ 250 c/s when a 0.25. The resistance of KR, and KR| should be high,

preferably with KR, greater than I^R, and R, - l^R|.

Still another possible circuit is Fig. 15.14A in which feedback is taken from the

cathode of the second stage to a resistor at the earthy end of the volume control feeding

the grid of the first stage (Ref. 65). It is stated that this gives 10 db of negative feed-

back at middle and high frequencies and 3 db of positive feedback at low frequencies,

equivalent to 13 db bass b^st.
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Fig. 15.n.

Fig. 15.14A.

Single stage amplifier giving bass boosting with adjustable frequency
characteristic (Ref. 36).

Tzoo stage amplifier giving X'h db effective bass boost (Ref. 65).

In Fig. 15.14B a capacitance is inserted in the feedback network from the plate

of K, to the plate of K,, with r.c. coupling between the stages. This capacitance

provides a fixed amount of bass boosting w'hich is generally limited to about 6 db maxi-
mum (Ref. 68).

Fig. 15.14B. Amplifier with
0.005 tiF condenser in feed-
back network to prot'ide bas>

boosting. V-i is a penver

amplifier valve (Ref

.

68',

FIC.I5.I4B -OOShF 0 75Ma

A circuit using an inductor in the feedback network is Fig. 15.54—this may be

used for bass b<K>sting only by omitting Cj and R^.

A particularly interesting circuit is Fig. 15.15 which incorporates a parallel-T net-

work in the feedback loop (Ref. 57). In the figure the parallel-T network is tuned

to 80 c s, but it may be tuned to any other desired frequency. The frequency charac-

teristic is shown in Fig. 15.16.

There have been many other applications of negative feedback to provide bass

b<Kisiing which have appeared in articles and patents, too numerous to give in detail.

Some arc given in the References (Sect. 15).

Sec also Sects. 4, 8, 9, 10 of this chapter, and Chapter 17, Sect. 5.

Fig. 15.15. Single stage amplifier incorporating a parallel-T network in the

feedback loop {Ref. 57).

Fig. 15.16. Frequency characteristics of circuit shoion in Fig. 15.15 {Ref. 57).
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Fig, 15.17. Circuit providing
bass boosting due to a negative
resistance characteristic of the

valve {Ref. 2).

(v) R^encration due to negative resistance characteristic
A circuit which has interesting possibilities is Fig. 15.17 (Ref. 2). It is capable of

very high degrees of bass boosting in the bass without having any appreciable effect

at frequencies above 300 c/s (Figs. 15, 18A and B). Since the circuit depends on

the negative resistance characteristics of valves, it is subjea to larger variations than

usual between valves, and is not recommended for quantity production without careful

investigation in conjunction with the valve manufacturer.

The frequency of the peak response is determined largely by the values of C,, and
The greater the capacitance of C|, the sharper will be the bend of the knee

of the response curve and the lower the gain between 100 and 500 c/s.

Coupling condenser C(,i may be considered as regulating the amount of coupling

between and with some effect on the shape of the lower end of the curve.

Curve Cn, c., c, Rv IH
R,

hP nF ^F ohms ohms

A 0.45 0.1 0.1 100 000 7000
B 0.45 0.1 — 0.1 100 000 100 000

C 0.45 0.1 — 0.2 100 000 7000
D 0.25 0.02 — 0.2 100 000 7 000

E 0.25 0.1 0.05 0.2 40 000 7000
F 0.25 0.02 0.05 0.2 100 000 7000
G 0.45 0.1 — 0.1 100 000 7000
H 0.45 0.02 — 0.1 100 000 7000

J 0.25 0.1 0.05 0,1 100 000 7000

Fig. 15.18 (A and B). Basi boosting characteristics produced by circuit of Pig.

15.17 (Ref. 2).
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SECTION 3 : BASS ATTENUATION
(0 General remarks (it) Bass attenuation by grid coupling condensers (Hi) Bass

attenuation by cathode resistor by-passing (iv) Bass attenuation by screen by-passing
(r) Bass attenuation by reactance shunting (vi) Bass attenuation by negative feedback
(vii) Bass attenuation by Parallel- T network (viii) Bass attenuation using Constant k
filters (ix) Bass attenuation using M-derived filters,

(i) General remarks
It is desirable for any amplifier to have bass attenuation, although the frequency

at which attenuation commences, and the rate of attenuation, should be carefully

determined during the design.

Shortwave receivers are often fitted with about 6 db/octave attenuation below about
150 c/s. In multi-band receivers the attenuation may be incorporated only on the

bands where it is desired. A preferable arrangement is to incorporate a choice of
two or three bass cut-off frequencies, say 150, 250 and 400 c s—this is usually only
praaicable in communication type receivers. This extreme attenuation is only usable
under bad conditions for barely intelligible speech. wA slight degree of attenuation

is helpful in eliminating acoustical feedback to gang condensers and valves and other

minor receiver troubles, as well as giving better listening under average shortwave
conditions.

Conventional table and mantel model receivers may have an ultimate attenuation

of 12 db/octave below say 100 and 150 c 's respectively. Conventional consoles may
have a similar attenuation below 80 c/s, but this may be extended down to say 60 c/s

in the case of those having loud-speakers capable of handling the lower frequencies.

Fidelity amplifiers should have an ultimate attenuation of 18 db ocuve below the

lowest frequency which the loudspeaker and output transformer can handle at maxi-
mum power output without distortion. Fidelity amplifiers incorporating negative

feedback should connect the filter prior to the main amplifier input terminals.

(ii) Bass attenuation by grid coupling condensers
Every grid coupling condenser introduces some bass attenuation, and it is a matter

of good design to select a value to provide the best overall performance of the equip-

ment. The choice of a capacitance to give a known attenuation at a certain frequency

is covered in Chapter 12 Sect, 2(ii) and Fig. 12.9A. Each coupling condenser gives

an ultimate 6 db octave attenuation. If it is desired to eliminate low frequency inter-

ference or to reduce hum, the coupling condensers may be designed to have identical

frequency characteristics, thus giving 12 or 18 db octave attenuation for 2 or 3 stages

respectively. Even if the grid resistors differ in resistance, the frequency characteris-

tics may be made the same by maintaining the same value of time constant RC. This

method does not apply to the design of feedback amplifiers (see Chapter 7 Sect. 3).

Communication receivers are usually fitted with a switch giving the choice of 2 or 3

bass attenuation charaaerisiics this may operate by changing the value of grid

coupling condenser, or by any other convenient means.

Typical attenuation/frequency characteristics for 1, 2, and 3 stages having identical

time constants are given by cun^es 1, 2 and 3 in Fig. 15.19.

(ill) Bass attenuation by cathode resistor by-passing
The attenuation /frequency characteristics of a resistance-coupled triode with by-

passed cathode resistor are given in Chapter 12 Sect. 2(iii) and Fig. 12.3A for a

typical case. These frequency characteristics differ from those for grid coupling

condensers in that they arc limited to a maximum attenuation which is usually less

than 10 db, typical values for r.c. modes being from 3.7 to 8 db (Chapter 12). Fre-

quency characteristics for a typical r.c.c. pentode with by-passed cathode resistor

are given in Fig. 12.12, the total attenuation being nearly 8 db in this example.

The shape of a typical attenuation/frequency characteristic is illustrated by Curve 4

in Fig. 15.19.
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Fi^. 15.19. Bass attenuation versus frequency characteristics : (1) Single grid
coupling condenser (R -

1 megohruy C 0.005 ^iF) ; (2) Two stages each with
identical values of time constant RC ; (3) Three stages each with identical values
of time constant ; (4) Rxx, pentode with by-passed cathode resistor (6J7, R ^

0.25
MQy Ri -- 2000 Qy C, 0.5 fiF) and screen adequately by-parsed.

(iv) Bass attenuation by screen by-passing
The attenuation; frequency characteristics of a r.c.c. pentode with a by-passed screen

are given in Chapter 12 Sect. 3{iii) and Fig. 12.1 lA. These characteristics have the
same general form as those for cathode resistor by-passing, with a maximum attenua-
tion which is a function of the scries screen resistor with a high resistance series

resistor a typical maximum attenuation is 24 db (see Chapter 12) Although the
screen by-pass condenser could be used as a step type tone-control, the use of a low
capacitance by-pass generally necessitates additional screen filtering for the elimination
of hum.

It is possible to design an amplifier so that all grid coupling condensers, cathode
and screen by-pass condensers have the same attenuation (say 2 db each) at the same
frequency. In such a case, particularly if there arc two or more stages, the rate of
change of attenuation becomes quite high, although the cathode and screen by-passing
tends to introduce steps in the characteristic. However, care is necessary with
tolerances —see Sect. l(x).

(v) Reactance shunting
Any inductance, whether a-f transformer or output transformer, causes ultimate

6 db octave attenuation below a certain frequency. If the amplifier is to provide
good fidelity, it is advisable to design so that this frequency is below the lower fre-

quency limit of the whole amplifier. In other cases, the cut-off frequencies may be
made to coincide for more rapid attenuation however see Sect. l(x).

If a transformer primary is resonated with the coupling capacitance, in the case of
parallel-feed, the ultimate rate of attenuation below the resonant frequency is 12 db/
octave.

Owing to the wide tolerances in inductance normally occurring in quantity pro-
duction, and to the variation caused by the d.c. and signal currents, it is not con-
sidered good practice to use the transformer primary resonance for tone control pur-
poses ; a funher contributory factor is the increased valve distortion caused by a low
impedance load - sec Chapter 12 Sect. 4(xii). ^
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If it is desired to vary the cut-off frequency of an a-f transformer with parallel feed,

a variable resistor may be inserted to adjust the equivalent source imp)edance (Ri in

Fig. 15.20). The low frequency attenuation (Ref. 51) is

attenuation in db 10 logic [1 + (R/Xiy] (1)
where - /?i -f [r^R^/(rj, f /?j.)]

Xi — tuJL|

and Li — primary inductance in henrys.

(vi) Bass attenuation by negative feedback
A network may be inserted in the feedback loop which reduces the feedback voltage

at middle and high audio frequencies, thus effectively giving bass attenuation (Fig.

15.21, Ref. 23). Condenser Ct is merely for blocking the d.c. path, while
and Cl form a voltage divider across the output voltage of V^. The voltage drop
across R^ and Ci is applied across R^^ thus applying the feedback voltage between Vi
cathode and earth.

Fig. 15.20. Amplifier y gixnng variable low-frequcncy cut-off using a-f transformer
and parallel feed.

Fig. 15.21 . Amplifier providing bass attenuation by negative feedback {Ref. 23).

(vii) Bass attenuation by Parallel-T network
The parallcl-T network -Chapter 4 Sect. 8(iii) may be used to provide infinite

attenuation at one frequency. An example of its application is Fig. 15.22 and the

frequency characteristic is given in Fig. 15.23. In its simple form the attenuation

is severe even at frequencies five times the frequency giving infinite attenuation. One
suggested way of providing a more level characteristic is to incorporate bass boosting

around 200 c (Ref. 59).

Fig. 15.22. Amplifier providittg bass attenuation by Parallel-T network {Ref. 59).

Fig. 15.23. Frequency characteristics of an ^lifier Fig. 15.22 when Vi typical

rx,c. pentodcy Ci - O.OOl /iF, Cj 0.004 /a/*, Cs * 0.02 R^ ^ Rt ~ 2 AfQy
R, - 0.2 Aff2, Kg 0.5 MQ. The frequency for infinite attenuation is 56 c,s.

Switch position (1) Fidelity (2) Bass attenuation {Ref. 59).
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(viii) Bass attenuation using Constant k filters

If it is desired to achieve a rapid rate of attenuation and a sharp cut-off, it is neces-

sary to use some form of correctly designed filter incorporating both inductors and

capacitors. The constant k filter (Chapter 4 Sect. 8(vii)) in its simplest form only

incorporates 2 condensers and 1 inductor. An example of its incorporation in an

amplifier is Fig. 15.24 (Ref. 60). This filter is fairly non-critical as regards the induct-

ance of L, a 2 : 1 variation still giving a reasonable characteristic with, of course, a

change in cut-off frequency. The frequency characteristic obtained with balanced

loading is Fig.. 15.25 Curve 1 ; when the source impyedance is 50 000 ohms and load

0.5 megohm the frequency characteristic is curve 2, showing the typical rise above

0 db due to unbalanced conditions ; curve 3 shows the effect of increasing the

resistance of the inductor L.

If sharper attenuation is required, two or more filter sections may be incorporated.

15.24. Amplifier providing bass attenuation by constant k filter {Ref. 60),

Fig. 15.25. Frequency characteristics of amplifier Fig. 15.24 when Vy typical

r.c.c. pentode, C, C. 0.002 /xF ^ 5<>;„ C, 1 L 70 H with 6 ;

Curve (1) R, R, - 0.25 MQ ; Curt;e (2) R, 50 000 if R, 0.5 MQ
(unbalanced) ; Curve (3) as Curve 2 with additional resistance tn inductor to give

Q 3 (Ref. 60 ).

(Lx) Bass attenuation using M~derived filters

One T section of an M-dcrived filter may be used to provide a more rapid attenua-

tion than that of a Constant k filter sec Chapter 4 Sect. 8(viii). 'Fhe filter itself

is shown in Fig. 15.26 and the frequency characteristics for balanced and unbalanced
impedances in Fig. 15.27. Here, also, a considerable tolerance is permissible with the

value of L and in the degree of mismatching. With mismatching, the value of R

Fig. 15.26. One T section of a series M-derived filter.

Fig. 15.27. Frequency characteristics of filter Fig. 15.26 ; Curve (1) R, R- ^

0.25 Mi), C, 0.0023 ^ 0.024 L 74 H; Curve (2) R, 50 000 if
R, - 0.5 MQ ^unbalanced), C, 0.0058 ^F, C, -- 0.035 fxF, L - 73 H(Ref. 60).
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SECTION 4 : COMBINED BASS TONE CONTROLS
(i) Stepped controls (iV) Continuously variable controls.

(i) Stepped controls
A typical stepped control (Fig. 15.28) has 2 positions giving bass boost, 1 giving

“ flat ** response, and 2 giving bass attenuation. The values of capacitance may be
selected to give the desired frequency characteristics.

See also Sect. 8 for combined bass and treble tone controls, particularly Figs.

15.37A, 15.37B, 15.39, 15.40.

References 17, 50, 54, 55, 64.

(ii) Continuously variable controls

('ircuits providing only bass boosting or attenuation with a single continuously

variable control are not widely used.

SECTION 5 : TREBLE BOOSTING
(i) General remarks (ii) Ctreutts not ittvolving resonance or nej^ative feedback

(ill) Methods incorporating resonant circuits (ir) Circuirs involi'ing feedback.

(i) General remarks
Treble boosting, mainly on account of the increased distortion which it causes, is

usually avoided altogether or else used only for the purpose of equalizing an un-
avoidable attenuation in the amplifier at the maximum frequency limit,

rhe subject of distortion has been covered in Section l(iv).

(ii) Circuits not involving resonance or negative feedback

(A) Conventional treble boosting circuit (Fig. 15.29)

This is an adaptation of the fundamental circuit Fig. 15.2.

Gain at low frequencies o n/d
(,/v| * r j,) Kr

p

Gain at very high frequencies - -

tc ^ r p

It may be shown that

( 1 )

(2)

where R Rf(R\ * Ri) (^/ • t R2)

and R R:R, {R 2 R/)-

Then B ratio of amplification at very high frequencies to amplification at

low frequencies

- 1 ^

‘ r R-

where /?" - r,R,/(.r^ 1 R,).

(3)
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Wc may determine the value of Ri for any desired value of B from the equation

Ri^(B - IXRt + R") (4)

In the case of pentodes, R" approximates to R^,
The frequency characteristics for treble boosting have been plotted (Ref. 51 Fig.

9.18 ; also Refs. 9,55) but for most purposes it is sufficient to work on the ** half-

boost ” points as for bass boosting, the curves being approximately symmetrical S
curves about these points The values of R/X for the half-boost point arc identical

to those for bass bwsting, and not the inverse as might be expected.

Total boost 20 15 10 6 3 db
Half boost 10 7.5 5 3 1.5 db
Boost ratio (B) 10 5.62 3.16 2.0 1.41

(B| /a:,) for half boost* 3.16 2.37 1.78 1.41 1.19

C,t _ 3.16/ oiB, 23i:wR, 1.78/ lAl/coR, 1.19/ wR^F
*(Ri/Xy) =- V B at half boost point. l/coCi

tCi - l/coA'i - (Ri/Xi)/ioR^ - 2Tr/o

where Ri and Ci are as shown in Fig. 15.29

and /o frequency at half-boost point.

A variable control may be achieved in various ways (Ref. 9) :

(a) Var>'ing Ci—This can only be done in steps. The result is to change the

frequency of the half-boost point (see table).

(b) Varying Ri This varies the amplification for middle frequencies, and is un-
satisfactory for tone control purposes.

(c) Adding a variable resistor in series with Ci This is fairly effective but the shapes

of the frequency characteristics are not ideal for tone control. It is u.sed in a slightly

modified form in the combined bass and treble boost circuit of Fig. 15.46.

References to conventional treble boosting circuit : 9, 17, 48, 51, 55.

Fig. 15.29. Conventional treble Fig. 15.30. Treble boosting xvith

boosting circuit. inductance in grid circuit.

(B) Using inductance in grid circuit (Fig. 15.30)

This gives the same shape of frequency charaaeristics as the conventional treble

boosting circuit. The same expressions may be used except that in this case

Xx = cuLx and B - R/Ri
where R [rj<i/{r^ - /?^)| j Rx.

If /?, is made variable, it has a very pronounced effect on the gain at middle fre-

quencies. A preferred method of tone control is to use a step switch and tappings
on the inductance (sec Sect. 8 and Fig. 15.40).

References 17, 51.

(C) Correction for tide-band cutting
The methods which may be used for the equalization of tide-band cutting in a

receiver are described in Refs. 3 and 62.

(iii) Metliods incorporating resonant cirettits

Resonant circuits are rarely used for treble boosting tone control since there are

other preferable methods which give the required performance (Ref. 17).
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(iv) Circuits involving feedback

(A) Cathode resistor by-passing
If a suitable small capacitance is used as a by-pass condenser across any cathode

resistor, a limited degree of treble boosting will be achieved. In the case of resistance-

coupled amplifiers the maximum boost is not more than 6 or 8 db. Greater boosting

may be achieved by increasing the cathode resistor and returning the grid resistor to a

suitable tapping point in the cathode circuit.

(B) Network in feedback loop
The same method may be used as for bass attenuation—sec Sect. 3(vi'i and Fig.

15.21.

SECTION 6 : TREBLE ATTENUATION

(i) General remarks (it) Attenuation by shunt capacitance (iii) Treble attenuation

by filter networks (iv) Treble attenuation in negative feedback amplifiers.

(i) General remarks
Every amplifier should have a maximum frequency of response, beyond which

attenuation should be at a rate of not less than a nominal 12 db per octave for con-
ventional amplifiers or 18 db per octave for fidelity amplifiers. This attenuation

may be partly prior to the input terminals of the main amplifier or in the early stages

of the amplifier, and partly (at least 6 db/octavc) at the output end.

Because the simplest methods of treble anennation have a gradual commencement,
there tends to occur a rounding of the resf)onsc curve which may be appreciable at

the maximum frequency of response. It is suggested that 2 db attenuation at this

frequency is a reasonable compromise, or even higher attenuation for other than
fidelity amplifiers, but where an amplifier must be designed within narrow tolerances

it is generally necessary to use one of the more elaborate methods of attenuation.

In the case of amplifiers incorporating negative feedback, the filter to provide the

attenuation must be outside the feedback loop.

(ii) Attenuation by shunt capacitance

The theory has been covered in Chapter 4 Sect. 8(ii') under the heading “ r.c. low-
pass filter ” with the circuit of Fig. 4.37 ; the anenuation characteristic is given in

Chapter 4 eqn. (4) and ploncd in Fig. 4.38.

/to. It.ll

Fig. 15.31. Typical ""tone control** used in
radio receivers. In a typical case C, 0.05
^mFj Ri “ 50 00012 (max.)y l\ - potver
pentode tinth load resistance about 5000 ohms.

This forms part of the usual “ tone-control ” in many radio receivers of the less

expensive class, as illustrated in Fig. 15.31. The control is in the form of a variable

resistance in scries with the capacitance which limits its attenuation. A suitable
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maximum value for the resistance is 10 times the load resistance. In some cases a

fixed capacitance only is used—typical values are from 0.005 to 0.02 fxF for a loud-

speaker load resistance of 5000 ohms. In this application the “ effective resistance
**

for the calculation of the attenuation will be the loudspeaker impedance in parallel

with the output resistance (Rq) of the amplifier.

Tone control by shunt capacitance^ when used with discrimination^ is fairly satis-

factory with a flat amplifier operating from-an equalized source. It is far from satis-

factory in selective radio receivers in which the high audio frequencies are already

heavily anenuated ; this effect is minimized when variable selectivity i-f amplifiers

are used. One reason for the popularity of shunt capacitance tone control is that the

intermodulation frequencies produced by the distortion in the pentode or beam power
amplifier valve are much reduced, and listening thereby made less fatiguing. If

methods are taken to reduce the distortion, e.g. by negative feedback, the tone control

may preferably take the form of bass boosting.

In order to achieve the desired treble attenuation, a shunt capacitance may be placed

across the source (radio receiver, pickup or microphone), from any grid to earth, from
any plate to earth or across the output terminals of the amplifier. In each case the

effective resistance (R in eqn, 4 of Chapter 4 and Fig. 4.38) is the resultant a.c. re-

sistance between the points across which the shunt capacitance is connected. In

the case of a r.c.c. pentode it is approximately the load resistance in parallel with the

following grid resistor, and it does not make any appreciable difference whether the

capacitance is shunted across the plate load resistor or the following grid resistor,

ow^ng to the coupling through the grid coupling condenser. Even if no shunt con-

denser is added, the output capacitance of the valve plus the dynamic* input capacit-

ance of the follow ing valve plus wiring capacitances provide appreciable treble attenua-

tion see Chapter 12 Sect. 2^x1). The effect on treble attenuation may be reduced

by reducing the plate load resistance ; it may be increased by increasing the plate

load resistance or by adding shunt capacitance. A typical r.c.c. pentode followed by
a similar stage has only slight attenuation at 10 000 c s when the load resistance is

less than 0,25 megohm. In the case of a r.c.c. triodc the effective resistance is the

plate resistance of the valve (under r.c.c. conditions; in parallel with the load resist-

ance and the following grid resistance.

In the general case the effective resistance is given by
R R, - R

j
r ^ (R

j'
Tp) (1)

where R. resistance in scries with (. as pan of the tone conin^l,

Rf RjR,iR^ R)
R

I

load resistance

R^ ~ following grid resistance

and ^

~

plate resistance ot valve

With a high-mu triodc such as type 6SQ7 the effective input capacitance is of the

order of 100 If this capacitance is shunted acToss an effective resistance of
0.5 megohm, the attenuation is about 10 db at 10 000 c s.

The total attenuation at any frequency will be the attenuation at that frequency
prior to the amplifier plus the sum of the attenuations of the stages in the amplifier

at that frequency plus the attenuation by the shunt capacitance at that frequency, all

expressed in db. It is not sufficient to assume an attenuation of 6 db/octavc from each
stage in the amplifier unless all the stages have the same cut-off frequency. In the
general case it is necessary, for design purposes, to calculate the attenuation of each
stage or filter for convenient frequencies, e g. 10 000, 14 000, 20 000, 28 000, 40 000
c. s and then to add the values in db to determine the overall attenuation characteristic.

The latter will, eventually, almost reach a slope of 6 db octave per stage or per shunt
capacitance, but the knee of the curve will be very rounded unless the cut-off fre-

quencies are identical.

•Under operating conditjorn, including the Miller Rffect ** capeciience from the plete.
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(iii) Treble attenuation by filter networks
(A) Constant k low-pass filter

An approximate Constant k tow-pass 77 section filter to provide a nominal treble
attenuation of 24 db/octave with the choice of several cut-off frequencies is shown
in Fig. 15.32. This is intended to be connected between a pickup or microphone
pre-amplifier ^d the main amplifier. For theory sec Chapter 4 Sect. 8(vii) and Fig.
4.49. In reality only C, has been calculated to give a constant k filter for the correct
terminating impedances, and C, and C, have been calculated merely to give the de-
sired cut-off frequencies leaving L vmchanged. Thus it is only a constant k filter
on tapping 3 and a sufficiently close approximation on the other tappings. A con-

mismatching is permissible between and provided that

V^T^iRf -- 0.1 megohm.
The calculation of the constant k filter is based on the expressions :

L/C ^ /?* (see Fig. 4.49C for symbols)

/o “ where /o - cut-off frequency.

Ftg. 15.32. Approximate constant k
lotv-pass 11 section filter. R^ source
impedance. When R^ ^ R^ : 0.1
L 5 HyC, 0.0001, Cs - 0.0002
atid Cj 0.0004 ^F, the cut-off fre-
quencies mil be {\) none (2) 10 000 c s

(3) 7000 c s (4) 5000 c/r.

(B) M-derived filters

One T section of an M-dcrived filter may also be used for treble attenuation. Sec
remarks for bass attenuation.

(C) Parmllel-T network
The parallel-T network Chapter 4 Sect. 8(iii) may be used to provide infinite

anenuation at one frequency but the rate of attenuation begins very gradually. One
improvement is described in Chapter 17 Sect. 5(iv) Figs. 17.24B and 24C (Ref. 57).

See also Sect, ll(iv).

(iv) Treble attenuation in negative feedback amplifiers
A network may be inserted in the feedback loop to reduce the feedback voltage at

low and middle audio frequencies, thus effectively giving treble attenuation. The
circuit is effectively the same as for bass boosting (Fig. 15.11) except that the capacit-

ance is selected to give the required frequency charaaeristics. See also Ref. 23,

Fig. 9.

There have been many negative feedback circuits which give a measure of tone

control among which are

(A) Fig. 15.33. This circuit incorporates a very small condenser C (of the order

of 10 to 100 to provide some negative feedback at the higher audio frequencies

without seriously affecting the gam at 400 c s. This is only fully effective when no
plate by-pass capacitor is used.

FKi. 15.32 L

Fig. 1 5.33. Poioit ampliftir valv4 tvith small condenser C giving negative feedback

at high audio frequencies {treble attenuation).

Fig. 15.34. Power amplifier valve with variable negative feedback at high audio

frequencies {tr^e attenuation).
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(B) Fig. 15.34 is a development of Fig. 15.33 to provide continuously variable

tone control. The feedback condenser is larger and a potentiometer is used in the

grid circuit to control the tone. At maximum treble cut it gives an attenuation of

28 db at 20 000 c/s (Ref. 39).

Fig. 15.35A. Arnplijur tcith variable treble attenuation due to negative feedback.

Fig. 15.35B. Amplifier tvith negative feedback pren^iding treble attenuation or

treble boosting (Ref. 67).

(C) Fig. 15.35A is a further variation in which R and C form a potential divider

across the output from V^. At increasing frequencies a larger negative feedback

voltage is applied, the amount being limited by the variable resistance R. is a

blocking condenser (Ref. 63).

(D) For feedback over more than one stage, see Sect. 9.

SECTION 7 : COMBINED TREBLE TONE CONTROLS

Treble controls giving a choice of treble boosting or treble anenuation without also

incorporating bass boosting or anenuation arc comparatively rare. Anention is

directed to Sect. 8 and Figs. 15.37A, 15.37B, 15.39, 15.40, 15.46.

One example in this class is Fig. 15.35B which provides continuously-variable

tone control from treble boost to treble attenuation by means of a resistor-capacitor

network in the feedback circuit (Ref. 67).

SECTION 8 : COMBINED BASS AND TREBLE TONE CONTROLS
(i) Stepped controls—general (ii) Quality switch {Hi) Universal step-type tom

control not using inductors (iv) Universal step-type tone control using inductors

(t;) Fixed bass and treble boosting (vi) Step-type tone control using negative feedback

{vii) Continuously-variable controls- general (wn) Single control continuously-

vatiable tone controls (ix) Ganged continuously-vctriable tone controls (x) Dual

control continuously-variable toru controls,

(i) Stepped control*—general
Stepped controls are capable of better performance than continuously variable

controls, partly because it is possible to vary, two or more component values simul*

taneously and partly because the attenuation at middle frequencies may be adjusted

so as to avoid an apparent change in volume as the control is moved. For most radio

purposes it is stifflcient to have two control knobs, one controlling the bass and the

other the treble, with five positions on each- one **
flat,*’ two boosting and two at-

tenuating with alternative degrees of each.
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(ii) Quality switch
An alternative arrangement which is very effective with the non-technical public

is to select suitable values for each type of listening conditions. For example^ one

manufacturer* has brought out a model with an 1 1 position tone control as under :

1. for distant stations^ extremely noisy —maximum sensitivity (10% feedback),

bass normal, treble attenuation severe to counteract static and noise.

2. for distant stations, noisy—maximum sensitivity, bass normal, treble attenuation

less severe.

3. for distant stations, less noisy—maximum sensitivity, bass normal, treble attenua-

tion still less.

4. for distant stations, still less noisy -maximum sensitivity, bass normal, treble

attenuation slight.

5. for distant stations, slight noise—maximum sensitivity, bass normal, no treble

attenuation.

6. for local stations with good fideliry at low volume—reduced sensitivity (25%
feedback), bass boost, treble boost.

7. for fidelity at medium volume slight treble boost, less bass boost.

8. for fidelity at normal volume -no treble boost, no bass boost.

9. for fidelity at normal volume but reducing needle scratch—slight treble attenua-

tion, no bass boost.

10.

as (9) but increased treble attenuation.

11 as (10) but increased treble attenuation.

An alternative form using a 5 position switch is showm in Fig. 15.36 (Ref. 33). The

switch positions arc

1. heaver bass attenuation and very limited treble attenuation for very distant re-

ception, no feedback.

2. normal bass, heavy treble attenuation, no feedback.

3. bass attenuation, medium treble attenuation, half feedback.

4. normal bass, slight treble attenuation, half feedback.

Note : Positions 1 to 4 inclusive are for use with narrow i-f bandwidth.

5. normal bass, no treble attenuation, maximum feedback, wide i-f bandwidth,

for fidelity reception of local stations.

At low settings of the upped volume control the capacitance in scries with the

inductance provide a dip at middle high frequencies, thus effectively giving bass and

treble boost.

•Coiumbua Radio (Radio Corporation of New Zealand Limited).
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(iii) Universal step-type tone control not using inductors

A simple form is shown in Fig. 15.37A where treble boost is obtained by cathode

by-passing (Cj), treble attenuation by shunt capacitance (C4), bass attenuation by

grid coupling condenser (C3), and bass boosting by the conventional method (C#).

Each of these may have two or three values—Ci may be 0.01, 0.02, 0.03 /xF ; C3

may be 0.0025, 0.006 ^F ; C4 may be 0.002, 0.605 ^F ; C5 may be 0.02, 0.05, 0.1 /xF.

nC. I5.37C

Fig, 15.37A. Simple universal tone Fig. 15.37B. Step-type tone control

control not using inductors. not using inductors {Ref. 70).

An improved form is given in Fig. 15.37B and its frequency characteristics in Fig.

15.37C (Ref. 70). The 15 ^/xF max trimmer capacitor is for the purpose of com-
pensating in the “ flat ’* position for the loss of high audio frequencies caused by stray

shunt and Miller Effect capacitances when the following stage is a triode.

Increased rate of boost-

ing and attenuation is

obtainable by conneaing
two or more r.c: filters in

cascade. A step of 6

db/octave (nominal) is too

great for a flexible tone

control, so that networks

giving reduced rates of

boosting and attenuation

may be devised (Fig.

15.38). These may be

combined to give any de-

sired steps. A very com-
prehensive example is Fig.

15.39 (Ref. 50) which
uses two six-pole 11 posi-

tion control switches. Its

overall gain is zero db at

500 c/s at any setting of

the control switches.
Fig. 15.37C. Frequency response characteristics of the

circuit of Fig. 15.37B {Ref. 70).
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Fig. 15,38. Networks giving selected values of decibels per octave for boosting and
attenuation (Ref, 50).



Fig. 15.39. Step-type tone control system not using inductors {Ref. 50).

RESP. CONTACT.
CURVE. 7 8 9 10 11 12

Tl R Z AA BB NC CC
T2 S NC Z BB NC cc
73 7 Z AA NC NC BB
74 U NC Z NC NC BB
75 V Z NC NC NC AA
76 Y NC NC NC NC Z
77 X NC NC NC Z DD
78 X NC NC NC Z EE
79 X NC NC NC Z FF
710 X NC NC NC z GG
711 W NC NC NC z HH

RESP. CONTACT
CURVE. I 2 3 4 5 6

B\ J I A B NC C
B2 K NC / B NC C
B3 L I A NC NC B
B4 M NC I NC NC B
B5 N I NC NC NC A
B6 P NC NC NC NC 1

B7 P NC NC NC I D
B8 P NC NC NC I E
B9 P NC NC NC I F
BIO P NC NC NC I G
Bll Q NC NC NC I II

(iv) Universal step-type tone control using inductors
The treble boosting circuit of Fig. 15.30 may be used, combined with treble attenua-

tion by shunt capacitance and conventional bass boosting and attenuation.

A typical example is Fig. 15.40 (Ref. 64 ; sec also Refs. 17, 54, 55). The nominal
slope is 6 db/octave for all positions, but the capacitances and inductances may be
selected to give any desired frequencies for the commencement of attenuation or
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FIG . 15.40

Fig. 15.40. Universal step-type tone control using inductors.

boosting. The inductor may be wound with an air-core as under : Former diameter

i in. Length between cheeks J in. Winding wire 40 S.W.G. (or 36 A.W.G) SSE.
Total turns 6740, tapped at 4520 turns. Layer wound. Total radial depth of wind-
ing say 0.6 in.

One defect of this method of treble boosting is the tendency for the inductor to

pick up hum.

(v) Fixed bass and treble boosting
When it is desired to incorporate a 'fixed amount of bass and treble boosting, as

for example equalizing the response of a pair of headphones, the circuit of Fig. 15.41

may be used. For headphone equalizing (Ref. 7) suitable values are ~ 0.0003,

C, == 0.015 /xF, Ri — Ri — 0.1 MI2, — 0 For bass and treble boost for tone

control suitable values are (Ref. 25) :—Cj = C2 ~ 0.0002 fxF, Ri ~ 0.2 MI?,

/?4 == 0.3 MI?, 5
= 0, giving 16 db bass boost (20 c/s) and 7 db treble boost (10 000

c/s) relative to 1000 c/s. If R^ = 50 000 ohms, other values being unchanged, the

bass boost is 16 db and treble boost 12 db.

(vi) Step type tone control using negative feedback
Circuits providing universal step-type tone control using negative feedback arc

described in Sect. 9 (Fig. 15.58A).

(vii) Continuously-variable controls—general
Continuously-variable controls are in two groups, those which have one control

knob and those which have two or more. A single control knob is obviously limited

in its capabilities—for example it may be used to provide bass boosting when turned

in one direction from the centre point, or treble boosting in the other direction, with

flat response at the centre point. On the other hand, with two control knobs it is

possible to make any desired combination of bass and treble characteristics.

Fig. 15.41. Circuit giving fixed bass Fig. 15.42. Single control cominu-
and treble boosting {Rrf. 7). oUsly variable tone control (Ref. 22).

(viii) Singlenrontrol continuously variable tone controls
(A) A typical example is Fig. 15.42 (Ref. 22). When goes to the grid end of

potentiometer Rz^ the bass is attenuated by the grid coupling condenser Ci, limited

by Ri. When C| goes to the earthed of the treble is attenuated by Ae shunt
capacitance of Ci.
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FIG. 15.51

Fig. 15.51. Modification to Fig. 15.50 to provide treble attenuation {Ref. 31).
Fig. 15.52. Resonant plate loading to provide bass and treble boost {Refs. 26, 54).

plate load resistance R3. Control of the bass is given by Ri and of the treble by
The Q of each of these circuits should not exceed 1— see Sect. l(ix).

(I) Negative feedback incorporating L and C in cathode circuit (Fig. 15.53,

Ref. 26)

Feedback provides degeneration across Ri and R 2 , which determines the gain at

middle frequencies. With L and C connected directly across Ry and R^y the feedback
is decreased at low and high frequencies respectively and the stage gain is consequently
greater at these frequencies. L may require shielding to reduce hum pickup.

Fig. 15.53. Bass and treble boosting due to negative feedback incorporating

L and C in cathode circuit {Ref. 26).

Fig. 15,54. Bass and treble boosting due to negative feedbaok incorporating

L and C {Ref. 15).

(J) Negative feedback incorporating L and C (Fig. 15.54, Ref. 15)

Vy is a power amplifier valve with Ly and C2 and their control potentiometers in

the feedback network. Ly may have an inductance of about 10 henrys and Ct may
be 0.002 ^ R4 may be 0.1 megohm.

(K) Patchett tone control (Fig 15.55, Ref. 9)

This circuit has been developed to provide continuously-variable independent

bass and treble boost without variation of the middle frequencies and at the same time

with frequency characteristics which are close to the ideal for tone control purposes.

K| is a phase splitter and develops equal voltages across its plate and cathode load

resistances. The former feeds directly through an isolating resistor to the output ;

the latter feeds the bass and treble filters and potentiometers which in turn feed the

grids of the twin triode K, whose plates arc connected to the output. The output

voltage at middle frequencies is about one third of the input voltage. An input of

2.5 volts r.m.s. may be applied with negligible distortion. Vy may be type 6C5 or

6J5 ; K, may be type 6N7 or other twin triode.
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FRCOUCNCV C/S FRtOUENCY C/5

Fig. 15.56A. Response characteristics of Patchett tone control circuit with Si open

and closed^ and other control at minimum {Ref. 9).

Fig. 15.56B. Response characteristics of Patchett tone control circuit with Si
closed and Sj open {Ref. 9).

Curve A Max. bass, min. treble Curve D Min. bass, \ max. treble

,, B i Max. bass,' min. treble „ E Min. bass, min. treble

„ C Min. bass, max. treble „ F Max. bass, max. treble

Fig. 15.56A shows the response charaaeristics without provision for bass or treble

attenuation ; Fig. 15.56B shows the response with bass and treble attenuation.

If desired, step switches may be arranged to give a wider choice of frequency charac-

teristics by changing the values of the filter condensers.

FIG. I5.57A j— j +300V

(L) Two-atage universal tone |so^a < 5o.oooa

control (Fig. 15.57A, Ref. 77) ?

This is a very effective arrange- ^
ment incorporating a twm mode, < ^i6SN7

J
Jiooi^r ^55^7

which gives entirely independent ^ ^ 3ma|
control of both bass and treble VjU
with control extending over a wide ^ ^
range of boosting and attenuation in T f

^ <ipooA
**

s |iax>A
each case (Fig. 15.57B). The "ir ir >

|5
i^a k ^

overall gain of the amplifier of Fig. 4* 7 7
15.57A at 800 c/» is only slight.

,5_57^_

•IpF
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SECTION 9 : FEEDBACK TO PROVIDE TONE CONTROL
(i) Introduction (n) Amplifiers with feedback providing tone control (Hi) Whistle

filters using feedback.

(i) Introduction
Simple feedback circuits to give tone control have been described above (Figs.

15.11, 13, 14A, 14B, 15, 35B). See also Ref. 80. Tone control may be achieved

by incorporating a suitable frequency selective network in the feedback loop, but

this involves the question of stability if the feedback is over 2 or more stages—in this

case the design should be based on Chapter 7 Sect. 3.

The genera] principles have been covered very fully in the literature c.g. Refs. 16,

19 (sec also References Chapter 7).

In any amplifier in which negative feedback tone control is to be used, maximum
freedom in other aspects of the design is desirable. For example it should be possible

to alter the feedback factor, and a variation in the feedback over the a-f range should

be acceptable. It is also desirable not to be limited to a specified value of output

resistance. The feedback should preferably be applied over a small number of stages.

In the case of fidelity amplifiers, there should be sufficient negative feedback at the

bass resonant frequency of the loudspeaker to give adequate damping.

Most tone-control amplifiers are only stable for values of jS up to a limiting value.

One good experimental test is to determine the maximum of /3 before instability occurs.

The working value of ^ should be less than this limiting value by a comfortable margin

(say 8 to 10 db) to allow for all variable factors and for tolerances in the various com-

ponents.

(ii) Amplifiers with feedback providing tone control

(A) Dual Control continuously variable bass and treble tone control

A simple but effective circuit is shown in Fig. 15.57C and its frequency charaaeris-

tics in Fig. 15 57D (Ref. 91). Figs. 15.57C and 15.57D will be found on page

1483. The mid-frequency gain is approximately unity, and the output is 4 V r.m.s.

(or 1 V r.m.s. with low gain valve) with not more than 0.1% total harmonic distortion

up to 5000 c/s. An Americanized form is given in Ref. 98.

A more elaborate circuit is given in Ref. 84.
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(B) Dual control step-type baas and treble tone control

Fig. 15.58A (Ref, 42).

This is an example of a well designed amplifier with feedback taken from the second-
ary of the output transformer over three amplifying stages, having RC networks in

the feedback loop to provide bass and/or treble boosting. is a Schmitt type phase

invencr—Chapter 12 Sect. 6(vi)A— F, is a similar stage but operating with push-pull

input, Fs and F4 are push-pull beam power amplifiers. The total voltage gain

from the first grid to push-pull output load is 87.7 dbvg, giving full output with a peak
input to the first grid of 17 mV without feedback or 0.14 V with feedback (fi

—
— 0.0066). The maximum bass boost is 26 db, and treble boost 11.7 db. The treble

boost operates at a low impedance level where the effect of stray capacitances is negli-

gible, while the bass boost, which is less sensitive in this respect, operates at a high

impedance level.

Vi and Ft are type ECC32 (approx. 6N7) while Fj and F4 are type KT61 (high

slope output tetrode). is a miniature screened line-to-grid transformer to match
25-600 ohms on input, T* is an output transformer with 22 : 1 turns ratio to match
10 000 ohms plate-to-plate to 20 ohms voice coil. Total primary inductance not less

than 60 henrys

(C) Modified ** atraight ** feedback amplifier to provide bass boosting

In many cases a ** straight ’* feedback amplifier may have a capacitive impedance
added to the feedback loop to provide bass boosting. This decreases the feedback
at bass frequencies, thereby causing the amplifier to lose some of the advantages of
feedback i the arrangement is less desirable than a special circuit such as Fig. 15.58A
which has been specially designed for tone control.

For example, a capacitor of 0.1 ftF may be inserted in series with the 5000 ohm
resistor in the feedback circuit in Fig. 7.44 (as in Ref. 69) ; alternatively a switch

giving a choice of several values of capacitance may be used.

Fig, 15.58A. High gain amplifier with overall feedback giving bass and treble

boosting (Ref, 42).
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(D) The use of feedback to provide special attenuation characteristics at

low or high frequencies
If an amplifier is designed with a falling low frequency characteristic, possibly

due (in part) to economy in the output transformer design, and negative feedback is

applied over the amplifier, its response can readily be made flat or, owing to a phase

shift caused by coupling capacitors and by the inductance of the output transformer,

the response may rise at those frequencies where it fell without feedback.

If in such an amplifier one of the grid coupling capacitors (included in portion of

the amplifier covered by the feedback loop) is replaced by one of smaller capacitance,

the feedback will tend to counteract the attenuation produced by this capacitor. The
response will be more or less flat down to a certain frequency below which the attenua-

tion will be rapid.

Fig. 15.58B. Use of feedback to provide special attenuation characteristics at

low frequencies. The total effective resistance across primary is taken as 1000
ohms. Switch Si normal ; S.^ tone control {low frequency attenuation). Switch S'

controls feedback.

Some practical response characteristics are described below, based on a theoretical

analysis of Fig. 15.58B (after E. Watkinson) :

(a) To provide rapid low frequency attenuation below a specified frequency
(Curves are in Fig. 15,58C)

1. Design the amplifier so that the response without feedback and without tone

control is only slightly down at /«, say 6 db (100 c/'s in Curv'e A).

2. Design the tone control to provide a total attenuation, without feedback, of about
3 db at 10 /o (Curve D).

3. Apply sufficient negative

feedback to flatten the re-

sponse over the desired fre-

quency range (Curve C).

In the example, 20 db of

feedback is used, and the

combined effect is to give an
attenuation of 18 db in the

octave from 100 to 50 c/s.

(b) To provide optional

bass boosting

If now the tone control is

sw'itched out of circuit, there

will be bass boosting as the

result of phase shift in the

amplifier (Curve B).
soo ipeo

FIG. 15.sec

Thus by a single switch 5
it is possible to change from

curve C to curve B, using

only one additional com-
ponent.

'Fig. 15.58C. Frequency characteristics of circuit of
Fig. 15.58B. {A) No feedbacky no tone control;

(B) feedback without tone control

;

(C) feedback

with tone control

;

(D) no feedbacky with tone

control.
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(c) To provide high frequency attenuation or boosting

The same principles apply to the high frequency end of the range.

(iii) Whistle filters using feedback

Sec Figs. 17.24A and 17.24B incorporating a parallcl-T network and feedback

—

also Section ll(iv) of this chapter.

SECTION 10 ; AUT02VIATIC FREQUENCY-COMPENSATED
VOLUME CONTROL

(i) Introduction (it) Methods incorporating a tapped potentiometer (iii) Methods
incorporating step-type controls (iv) Method incorporating inverse volume expansion

with multi-channel amplifier.

(i) Introduction

Owing to the special characteristics of the human ear, it is necessary for bass boosting

and (to a less extent) treble boosting to be applied to music or speech when repro-

duced at a lower level than the original sound, if it is desired to retain the full tonal

qualities of the original. Provision is therefore often made in the better quality

receivers and amplifiers for this to be done automatically as the volume control is

adjusted. For this to be fully effective, the volume with the volume control at its

maximum setting should be the same as that of the original sound—a condition which
it is rarely possible to fulfil in radio reception. One possible way of achieving an
approach to the true condition would be to fit two auxiliary volume controls—one

with senings for say (1) speech (2) orchestral and (3) solo instrument, and the other

to be adjusted to bring the reading on some form of level indicator to a predetermined

value. The first of these auxiliary controls is necessary because the various original

sounds differ in level, the second control to provide for imperfect a.v.c. in the re-

ceiver and variations in percentage modulation between stations. These complica-

tions arc not likely to be popular. However the intelligent listener should have a

second volume control which may be pre-set to give a desired output level for maxi-
mum volume—this is particularly important in reproduction from records.

In practice, some form of simple automatic frequency-compensated volume control

is found beneficial, in spite of its technical imperfections. One reason for this popu-

larity is that it permits a considerable degree of bass boosting to be used at low volume
but not at maximum volume-control setting. It is therefore more fool-proof than

manually-operated bass boosting, and less likely to cause overloading of the power
amplifier.

(ii) Methods incorporadng a tapped
potentiometer

A typical application is Fig. 15.59 in which L and C
form a series resonant circuit tuned to about 1000 c/s,

while R is a limiting resistance to reduce the by-passing

at middle frequencies. The tapping point is usually

about one fifth of the total resistance, being equivalent

to about 14 db below maximum. With this method
it is impossible to obtain theoretically correct compensa-
tion.

If treble boosting is not desired, L may be omitted

leaving C and R to provide bass boosting.

References 71, 72, 89.

Fig, 15.59. Tone-corn-

pensated volume control

with tapped potentiometer.
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A more satisfactory result over a wider range of volume levels can be obtained by
using a volume control with two tappings (e.g. at one sixth and one third of the re-

sistance) as in Ref. 88.

A more elaborate type of continuously-variable control has been described (Ref. 79)
but requires a special volume control.

Another more elaborate type (Ref. 82) uses three ganged volume controls which
are not tapped.

Fig. 15.60. Step-type tone-compensated voltmie control for bass correction only

{Ref. 43).

(iii) Methods incorporating step-t3rpe controls
All the simpler systems with step-type controls neglect the treble boosting, which

is only of secondary importance, but they are capable of a fairly close approach to the

ideal for the lower frequencies. One design is shown in Fig. 15.60 (Ref. 43) which
uses five 6 db filter sections each divided into two parts, thus giving 1 1 steps with a

total range of 30 db. This is for use with an amplifier having low output resistance

(less than 10 000 ohms). The numerical values shown in the figure are for Rj =
50 000 ohms.

See also Ref. 78 for a design mounted on a single switch assembly, with a greater

number of positions.

(iv) Method incorporating inverse volume expansion with muld*
channel amplifier (Ref. 21)

In Fig. 15.61 there are three amplifier channels. The centre one is essentially

flat over the whole a-f range. The upper (high-pass) and lower (low-pass) amplifiers

may be adjusted to give zero output at any selected output level (generally the maxi-
mum) and at any lower level there will be bass and treble boosting which is a function

of the output level. Each of the boosting amplifiers is brought to zero output at the

desired output level by adjusting three potentiometers (R,, R 2 , R^ 'iri the bass-boost

amplifier). Under these conditions the output voltages of V-j and are equal but

opposite in phase, hence giving a combined output which is zero.

SECTION 11 : WHISTLE FILTERS

(i) Resonant circuit filters {ii) Narrow hand rejection filter {Hi) Crystal filters

{iv) Parallel- T network (i^) Filters incorporating L and C.

A whistle filter is one which is sharply tuned to eliminate a particular frequency,

usually 9 or 10 Kc; s, with the least possible effect on adjacent frequencies.

The same principles may also be applied to the elimination of scratch from a pickup

when this is peaked, but in this case the maximum attenuation is adjusted to occur

at the frequency of pickup resonance.

(i) Resonant circuit filters (Ref. 15 62)

The ratio of normal gain {A„) to gain (Ar) at the resonant frequency of L,C, is
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^IG. 15.61

Fig. 15.61. Inverse volume-expansion circuit with 3 channel amplifier for automatic
frequency-compensated volume control {Ref. 21).

given by

AJAr - (R' -T R,)/R.

where R' f Rj')

and R^ R^RJiR^^ -r R^).

For effective filtering, the maximum attenuation

may have to be 20 db or more. The sharpness of the

attenuation curve depends upon the Q of the tuned

circuit, where Q — a>,.L,/R|. A value of Q 10 is

probably the highest practicable value, and under

these conditions the filter will have a minimum at-

tenuation of 4 db over a bandwidth of 0.64 or a

minimum attenuation of 8 db over a bandwidth of

0.38 fr where is the frequency of resonance.

This is equivalent to an attenuation of at
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least 8 db over a frequency range from approximately 8000 to 12 000 c/s when /, =
10 000 c/s. Thus the filter cuts such a serious hole in the amplifier frequency ch^c-
teristics that it is not a satisfactory solution. It is reasonably satisfactory for a maxi-
mum attenuation of 6 db, but this may not be sufficient to eliminate the whistle.

For theory and curves see Refs. 17, 51, pp. 52-54.

(ii) Narrow band rejection filter

A more complicated and more effective circuit is Fig. 15.62A (Ref. 8D which, when
tuned to 9000 c/'s, gives an attenuation of 2 db at 8000 c/s, over 40 db at 9000 c/s,

8 db at 10 000 c/s and 5 db at 20 000 c/s relatively to the level at low frequencies.

The frequency of resonance may be changed either by adjusting the inductance of

L|, or by varying the capacitance of both C, and The attenuation at low frequen-
cies (insertion loss) is 2 db.

SOOmH

Fig. 15.62A. Narrow-band
rejection filter {Ref. 81).

A narrow band rejeaion filter is described

in Ref. 75 which has the disadvantage of

reducing the maximum a-f power output. An
improved form for application to a linear

reflex detector is Fig. 15.63 in which an attenu-

ation of more than 40 db is obtained at 9000 c/s

while the attenuation is only 3 db at 8400 c/s.

The principle may also be applied to a cathode-

loaded amplifier by omitting Cj and pro-

viding the correct bias for amplification.

The resonant circuit LC, is tuned approxi-

mately to the whistle frequency, a vernier

control for Cj being desirable. The value

of C| should be such that its reactance is

very much smaller than K, at the lowest signal frequency and should be very much
larger than R^ at 9000 c s. The value of should be such that its reactance is

approximately equal lo R^_ at the low frequency limit of the amplifier, say 50 c/s.

If its reactance is higher, a slight amount of bass boosting will occur. The potentio-

meter RxR^ is adjusted to give zero output at the whistle frequency (Ref. 74).

An elaboration of this principle, using two valves, is given in Ref 83.

(iii) Crystal filters

A crystal filter is one of the few really satisfac-

tory methods of eliminating a whistle, but the

cost precludes its use in all except the most ex-

pensive communication receivers.

(iv) Parallel-T network
See also Sect. 6(iii)C

The circuit of Fig. 4.40 may be inserted be-

tween two r.c.c. stages with a load resistance of

say 0.25 megohm and following grid resistor say

1 megohm. Suitable values for a 10 000 c s

whistle filter arc : C, C, 0.0001 /iF,

Co 0.0002 /iF, Rx 160 000 ohms,

Ro 80 000 ohms.

R,»aapooA c.-ioopH^
3SMA Ci-oean^

R««-SMA C,«0eiH^
L-33mH QftlS Ca-O^OIhF

Fig. 15.63. Narroto-boftd re-

jection filter for 9 Kc/s {Ref. 74).

A special application of the parallel-T network is described in Chapter 17 Sect. 5

and Figs. 17.24B and 24C where* an attenuation of 34 db at 10 000 c/s with almost

flat response up to 6 Kc/'s is obtained by means of a parallel-T feedback loop which
gives minimum feedback at 6 Kc/s, together with a parallel-T filter across the output

of the amplifier to give the desired attenuation at 10 Kc/s (Ref. 57).

The parallel-T network is also used in the equalizer circuit of Fig. 17.35B and in

the filter unit of Fig. 17.35C.
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The frequency of maximum attenuation may be varied by varying one element in

each of the component T’s (see Ref. 85).

(v) Filters incorporating L and C
Constant k and M-derived filters may be used to attenuate a very narrow band of

frequencies, but the cost precludes their general use.

SECTION 12 : OTHER METHODS OF TONE CONTROL
(i) Multiple-channel amplifiers (ii) Synthetic bass,

(i) Multiple-channel amplifiers
With a three-channel amplifier, or one having more than three channels, it is possible

to exercise a certain amount of tone control by controlling the volume of the bass and
treble amplifiers. For this to be satisfactory for tone control, the cross-over fre-

quencies should be :

Bass—not higher than 200 c/s.

Treble—not lower than 3000 c/s.

In each case the cross-over network may produce an attenuation of 6 or 12 db/octave

nominal.

An amplifier in this class is described in Ref. 5. See also Sect. 10(iv) and Ref. 21.

(ii) Synthetic bass
In small receivers, in which the loudspeaker is incapable of reproducing the bass

at all adequately, a device is sometimes used to introduce distortion of the bass fre-

quencies. The fundamental bass frequency is heavily attenuated to avoid overloading,

but the harmonics arc reproduced and provide “ synthetic bass.** One such circuit

is Fig. 15.64 (Ref. 73, based on Sonora Model RCU-208). Positive feedback at low

frequencies is applied from the cathode of the second valve to the cathode of the first

by means of the network Ri and Cp

35L6-CT Output

Fig. 15.64. Amplifier providing synthetic bass {Ref. 73).

Another circuit (Ref. 87) has a supplemenury channel with a distorting valve (triode

6SF5) functioning effectively only below about 100 c/s. Grid distortion is produced

through zero bias operation. A plate load resistor of 0.5 MI? is used, and the plate

coupled to the grid of the output pentode. It is stated that the loudspeaker bass

resonance should preferably be less than 60 c/s, and that the results sound unnatural

to the ear on music when ^e loudspeaker resonance is about 150 c/s.

The principles of synthetic bass are given in Chapter 14 Sect. ^viii).
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SECTION 13 : THE USTENER AND TONE CONTROL
Tone control is a controversial subject with very strong conflicting views held by

many competent authorities. It is the author’s opinion that, in view of the differences

of opinion, it is only reasonable to provide the listener with some degree of tone control

to permit him to derive the maximum degree of satisfaction while listening. This
freedom of choice should not be unlimited, otherwise some listeners will become lost

in the possible variations.

1 . The cheapest type of set will probably be fitted with a fixed shunt capacitance

tone control.

2. Sets which are somewhat higher-priced will be fitted with a single control.

This may cover any one of the following :

(a) Variable resistance and fixed shunt capacitance (this has obvious short-

comings).

(b) Bass boosting only (this is quite satisfactory in its class provided that the

bass boosting is limited to about 6 db total).

(c) Continuously-variable control giving, say, bass boosting in one direction

and treble boosting in the other.

(d) Step-type control in the form of a “ quality switch.”

3. The most elaborate radio receivers and amplifiers may be fitted with two controls,

one for bass and the other for treble. In addition, many equipments in this class

will be fitted with automatic frequency-compensated volume control, thereby

limiting the degree of manual bass boosting which is necessary (say 6 db maxi-
mum).

Anything which can be done to assist the listener to obtain the best results with the

least trouble is to be commended.

SECTION 14 . EQUALIZER NETWORKS
Equalizer networks for pickups are covered in Chapter 17 Sect. 5 while those for

microphones are covered in Chapter 18 Sect, l(xii).

An example of a universal equalizer is given in Ref. 49

A helpful general article on design is Ref. 92. See also Ref. 102.
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SECTION 1 : GENERAL PRINCIPLES

(i) Introduction (iV) An ideal system (Hi) Practical problems in volume expansion

(iv) Distortion (v) General comments,

(i) Introduction
The maximum volume range of any sound reproducer is the difference in decibels

between the maximum sound output and the level of masking by background noise

which latter may include hum, random noise, needle scratch or microphone noise.

The volume range transmitted by a broadcast station may vary from adow value

up to at least 60 db for a F-M transmitter (F.C.C.), the value depending on the type

of programme In the case of an A-M transmitter the maximum volume range is

about 50 db sec Chapter 14 Sect. 7(ivj.

If the original sound has a volume range greater than the maximum volume range

of the transmitter, it is usual to compress it in some way. The compression may be

accomplished manually by the control engineer, or automatically by a device known
as a peak limiter or a volume compressor.

A similar case arises with recorded music, where the maximum volume range may
be as low as 35 db for shellac lateral-cut disc records.

Many types of programme have a maximum volume range less than 35 db, and

therefore do not require compression. However, most broadcast transmitters have

an automatic peak limiter permanently operating, while it has even been found bene-

ficial to use volume compression in F-M broadcasting (Ref. 29).

If reproduced music is to have the same volume range as in its original form, some

kind of volume expander is required But, as will be shown later, volume expansion

cannot be applied indiscriminately and cannot be perfect.

One advantage of the use of volume expansion is that it reduces the background

noise, other than room noise. This is a considerable advantage when the source is

a disc record.

A serious shortcoming of automatic volume expansion is that the circuit can never

duplicate the original volume range because it has no way of knowing what these

679
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original levels were—it will make the loud portions louder and the soft portions softer,

but always by the same amount for a given input level. Thus the expander circuit

might increase every signal that is 10 db above the average volume level to 15 db above

the average, but the level in the studio might have been higher or lower than this.

The amplitude ratios of a soft and a loud note when rendered simultaneously can-

not be compressed or expanded by any system. If the loud note causes a certain

compression in the transmitter, the soft note will be compressed in the same ratio

and may fall below the noise level (Ref. 33).

(ii) An ideal system
In an ideal system the transmitter would broadcast two separate carrier frequencies,

one modulated with the music and the other modulated with some signal indicating

the degree of compression being used at each instant. In the case of disc recorded

music it would be necessary to have two grooves and two pickups. In each case the

reproducer would incorporate a volume expander in which the degree of expansion

is controlled by the second (indicating) signal.

Alternatively, only a single modulated carrier may be used provided that the ex-

pander characteristic in the receiver is the inverse of the compression characteristic

in the transmitter. In addition, the time lags of the compressor and the expander
should be equal. This is an ideal which caimot be reached at the present time owing
to the lack of standardization and the use of manual controls.

There are serious technical problems both in the compression and expansion opera-

tion, but these are considered in Scaions 2 and 4 respectively.

(iii) Practical problems in volume expansion
At the present time most broadcast stations employ some form of automatic volume

compression, while compression is also used in recording on discs. The problem
facing the receiver and amplifier designer is how to make the best use of volume
expansion under conditions where it is impossible to reach the ideal.

(A) Orchestral reproduction
This subject is dealt with in a general manner in Chapter 14 Sect. 7(iv) and (v).

It is in orchestral reproduction that volume expansion can be employed to its full

advantage. Experience indicates that the operation of the volume expander in the

upwards direction should be as rapid as practicable (sec Sect. 4) but that the fall

s^uld be very gradual— up to 1 or 2 sccx)nds or even more, the optimum rate varying

with the type of music and with the listener’s choice.

Most competent audio-frequency engineers agree that automatic volume expansion

is capable of giving more realistic reproduction of recorded orchestral music when
used under the best possible conditions, even though it is known to have many tech-

nical defects. The usual amount of volume expansion used in such cases is 12 to 20
db maximum, with the maximum expansion variable at the desire of the listener.

(B) Average home listening

The average home radio receiver, used for a variety of purposes including speech,

background music, drama and miscellaneous programmes, is usually better without

expansion. Expansion might beneficially be used on orchestral programmes pro-

vided that the audience is prepared to listen intently, the room noise level is suffici-

ently low, and the neighbours do not object. These conditions are the exception

rather than the rule.

On the other hand, volume expansion with manual control is well worth incorpora-

tion into a home gramophone amplifier.

(C) Background music
Music which is intended to form a backgroimd should be compressed and not

expanded. 7*he maximum dynamic range may be from 25 db down to possibly 10

db (Ref. 45).
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(D) Factory music

Factory music must be heard above a very high noise level without becoming
inaudible for any appreciable period. It should be compressed and not expanded,
with a maximum dynamic range from 20 db down to possibly 5 db in exceptionally
noisy locations.

References to General Principles : 3, 20, 29, 33, 34, 45, 48, 59.

(iv) Distortion

Apart from the harmonic and intermodulation distortion and extraneous noises

produced by the compressor and expander, which may be kept low by good design,

there are some special features which require consideration. Some of these are de-
scribed in Sect. 2(iv) in connection with volume compression.

(v) General comments
There is an extraordinarily wide variety of devices for both volume compression

and volume expansion, but in many cases the information published is too meagre
to permit comparisons between the different methods. There is the additional pro-
blem that some of the designs may not be suitable for quantity production, on account
of unduly critical adjustments and/or critical selection of valves.

The subject is a very complicated one, and the present unsatisfactory state of the
“ published art has forced the author to refrain deliberately from giving much
comment. The methods and circuits described in the following sections have been
compiled mainly from very limited sources, often from a single article, and the in-

formation and claims based solely on the articles, to which full references have been
given.

SECTION 2 : VOLUME COMPRESSION

(i) Introduction (it) Peak limiters (iii) Volume limiters (iv) Distortion caused

by peak limiters or volume limiters (v) Volume compression (vi) V'olume compression

plus limiting (vii) Compression of commercial speech.

(i) Introduction

In this Section it is intended to approach the subject from the point of view of the

radio receiver or amplifier designer.

Volume compressors may be divided into three groups :

(A) Peak Umitert

A peak limiter. is an amplifier whose gain will be quickly reduced and slowly re-

stored when the instantaneous peak power of the input exceeds a predetermined value

The output for all inputs in excess of this value is substantially constant.

(B) Volume limiters

A volume limiter is an amplifier whose gain is automatically reduced When the

average input volume to the amplifier exceeds a predetermined value, so that the out-

put for all inputs in excess of this value is substantially constant. A volume limiter

differs from a peak limiter in that it is controlled by the average volume instead of

by the instantaneous peaks.

(C) Volume compressors

These are used for the purpose of compression over a substantial part of the entire

operating range.
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(ii) Peak limiters
Peak limiters are used principally in broadcast transmitters. They are intended

to prevent overmodulation and to increase the average level of the programme. The
latter result follows automatically if the input is increased and the peak limiter left

to look after the peaks.

FIC 16 I

Fig. 16.1. Compression characteristics {B, C, D) of typical peak limiter or vohane
limiter.

Some static limiter characteristics are shown in Fig. 16.1. Curve OA is the curve

of a linear amplifier. Curve OTD is that of an “ ideal ’’ limiter, with point T as

the threshold of limiting. It will be seen that the output does not rise above a level

of 12 db, no matter how great the input may become.

Curve OTB is that of a practical peak limiter, the curve TB indicating by its slope

a compression ratio of 10 to 1 (both being measured in db). The compression in

db at any point is as indicated by the arrows.

Curve OC is that of a peak limiter having “ over-control (Refs. 36, 40, 44) which

docs not exceed lOO'^ modulation (line TD) until the compression reaches 12 db.

With peak limiters a volume expander cannot be used to give correct compensation

for the compression.

Most of the earlier and simpler forms of peak limiters have a comparatively slow
“ anack time, that is the time taken for the limiter to operate on a sudden increase

in input level - usual times are 1 or 2 milli.seconds A slow attack time results in

ovcnnodulation and distortion for short intervals following each transient. More
recent examples of good design (Refs. 36, 38, 40, 44, .63) claim to have “ attack

**

times less than 100 microseconds, while some (Refs. 36, 40, 44) incorporate a time

delay filter in the signal circuit which is claimed to permit almost instantaneous opera-

tion. Tests have been carried out under dynamic conditions to demonstrate the

performance of various types of limiters (Refs. 4, 40, 63). It is good practice for the
“ attack ” time of a peak limiter to be less than 200 microseconds, while still shorter

times (e.g. 100 microseconds or less) arc desirable.

The recovery times in most cases are manually controlled, with times up to 2 or

even 3 seconds, but automatic control has also been used to lengthen the recovery

time so as to avoid ** pumping ” when several programme peaks occur in rapid suc-

cession (Ref. 36). The recovery time is not made longer than necessary, since it

causes reduced modulation percentage.

One design (Ref. 86) has a subsidiary scries CR circuit that has only a slight effect

with a single sharp peak, thereby giving a fairly short recovery time (0.33 sec.) but

with a sustained peak the recovery time increases to 2 seconds.

If a fixed value of recovery time is used, the most suitable range is from 0.5 to 1.5

seconds, and “ pumping ** may be avoided by restricting the limiting action to 4 or
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6 db. A preferable arrangement incorporates a double value of recovery time, in

which a longer recovery time occurs on sustained or repetitive peaks, and a short

recovery time on brief, non-repetitive peaks (e.g. Ref. 72),

Careful listening tests with modem peak limiters having very short “attack**

time, indicate that differences in quality can only be discerned when the limiting

action (compression) reaches 5 db with a good modern type (Ref. 63) or 8 to 10 db
with the nearly instantaneous type (Ref. 44).

Some broadcast stations unfortunately abuse the limiter by increasing the percentage
modulation to such an extent that the distortion is distinctly audible in any good re-

ceiver.

References to peak limiters : 4, 36, 37, 38, 40, 44, 63.

(iii) Volume limiters
These arc very similar in most respects to peak limiters, and the same general

remarks hold for both. Examples of volume limiters are Refs. 12, 29.

(iv) Distortion caused by peak limiters or volume limiters
(A) Distortion caused by slow attack time

This is definitely audible in some types of programmes when the attack time is

greater than 100 microseconds.

(B) Transient waveform distortion

This occurs in some types of limiters during limiting (Ref. 40). It may only affect

part of one cycle, or it may continue over many cycles.

(C) Thump
Control current surges caused by rapid changes in input level may or may not be

audible as a thump. Careful design is necessary to reduce the trouble. One design

is claimed to have a very high signal thump ratio (Refs. 36, 40, 44).

(D) Non-linear distortion

In the best designs the total harmonic distortion is below r\, and the intermodula-

tion distortion below 3^^ under all conditions, over the w'holc a-f range.

(E) “ Pumping ”

This has already been described above,

(F) Sibilant speech sounds
The high frequency components in speech (sibilant sounds) are normally at a much

lower level than the low frequency components. When volume compression is applied

to speech, the control voltage derived from sibilants alone is much less than that from
vowel sounds. Consequently the amplifier gain is higher for sibilants alone than for

other speech sounds, leading to accentuation and distortion of the sibilants. This

trouble may be avoided by incorporating a suitable equalizer in the control circuit

(Ref. 9).

(G) Effect of pre-emphasis
Pre-emphasis, as used in certain recording systems and in F-M broadcasting, some-

times tends to give overmodulation with high frequency peaks. It is therefore ad-

visable to place the pre-emphasis network ahead of the limiting amplifier. In such

cases the limiting should be held to low values such as 2 or 3 db (Refs. 4, 44).

(v) Volume compression
Volume compression is distinguished from limiting in that it extends over the whole,

or a substantial part of, the entire operating range. The compression characteristic

may either be a straight line (A) or a smooth curve (B) shown typically in Fig. 16.2 ;

in both examples an input range of 60 db is compressed to an output range of 40 db.
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Either type of compression charac-

teristic may be used satisfaaorily

in conjunction with an expander
provided that the expansion char-

aaeristic is the inverse of the com-
pression characteristic.

Some examples of volume com-
pressors arc Refs. 2, 31, 66^ -sec

also the a.g.c. circuit of Ref. 39.

The attack time of a volume com-
pressor should be fairly slow—this

will permit the attack time of the

expander to be made the same
value. A compressor for use with

recording is described in Ref. 69.

.
flG. 16 . 2

Ftg. 16.2. Compression characteristics of
volume compressors.

(vi) Volume compression plus limiring
In broadcast transmitters it is desirable to adopt both volume compression and

limiting—volume compression for use with discretion depending on the type of pro-

gramme ; limiting for all programmes to permit a high percentage modulation to

be used without peaks exceeding lOO^o-

One combined equipment has been designed (Ref. 39) incorporating a memory
circuit which holds the gain constant for a predetermined time to preserve the dynamic
range of the programme.

References to Section 2 (Volume compression, general) : 2, 4, 5, 9, 12, 29, 31, 32,

36, 37, 38, 39, 40, 44, 63, 66, 69, 85 , 89.

(vii) Compression of commercial speech
The comments above apply to good fidelity systems. For commercial speech,

some form of “ level governing amplifier ” (W.E. Co.) or “ constant volume ampli-

fier *’ (British Post Office) is commonly used in complex systems. However, for

simple systems, it is difficult to improve on an efficient speech clipper (see Sect. 6),

SECTION 3 : GAIN CONTROL DEVICES

(i) Remote cut-off pentodes (ii) Pentagrids and triode-hexodes (in) Plate resistance

control (Jv) Negative feedback (v) Lamps (vi) Suppressor-grid control.

Gain control devices are used in both volume compressors and expanders to pro-

vide a gain which is a function of the input signal.

(i) Remote cut-off pentodes
This is an application of audio a.v.c., and remote cut-off pentodes arc capable of

being used in both applications. The predominant (second) harmonic distortion

docs not exceed with valve type 78 having a load resistance of 50 000 ohms, with

an input of 0.15 volt (Ref. 62). The distortion may be reduced by push-pull opera-

tion and by limiting the input voltage to a low level.

A method of testing valves for the preselection of remote cut-off pentodes is de-

scribed in Ref. 70.

It is the author’s opinioTv that, despite all the troublesome features, the push-pull

circuit using suiublc selected remote cut-off pentodes, gives the most satisfactory

control performance. This'control stage must be followed by a “ combining circuit

such as a push-pull transformer or centre-tapped-choke, either in the plate circuit

or in the following grid circuit—the latter ^ing preferable. See also remarks in

Sect. 4(jv).
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(ii) Pcntagrids and triode-hexodes
Type 6L7 pcntagrids are capable of handling higher input voltages than pentodes

for the same distortion. The predominant (second) harmonic distortion docs not
exceed 1% with valve type 6L7 having a load resistance of 50 000 ohms, with an input
of 0.5 volt (Ref. 62). The input signal is applied to the remote cut-off grid (No. 1)

here operated at fixed bias, and the control voltage is applied to the sharp cut-off grid

(No. 3). See Refs. 14, 35.

Type 6A8 pcntagrids may also be used, with the signal applied to the oscillator

grid (No. 1) and the control voltage applied to the signal grid (No. 4). Sec Ref. 14.

Type 6K8 triode-hexodes may be used, with the signal applied to No. 1 grid and
the control voltage applied to No. 3 grid. See Ref. 14.

Many other types of multi-grid valves may also be used.

(iii) Plate resistance control
The plate resistance of a valve is a function of the grid bias voltage. A triode has

a sharp change from a fairly low value at normal bias voltages to a high value when
approaching cut-off, and infinity beyond cut-off. This effect has been applied in a

volume compressor (Ref. 12).

(iv) Negative feedback

The gain of an amplifier may be con-

trolled by means of a negative feedback net-

work in which one element is the plate re-

sistance of a valve whose grid is connected

to the control voltage. One application

(Ref. 31) gives less than 1.8'*o total har-

monic distortion under all conditions, with

an output of 12 volts.

Another application of negative feedback

is Fig. 16,3 which employs a remote cut-off Fig. 16.3. Pentode xvith negative feed-

pentode with negative feedback provided back used as shunt resistance in an

by capacitance C, from plate to grid, attenuator to provide gain control.

By this means the effective plate resistance with feedback becomes approximately

1/f Thus a valve with a range of mutual conductance from 2000 to 2 micromhos

may be used as a resistance varying from 500 to 500 000 ohms. The ratio between

output and. input voltages is given by
P iJigmP\P I -i" Px P/)'

^IC 16 4

VOCTAGC ACaOSS FILAMENT

Fig. 16.4. Resistance characteristic

of typical 4-6 volt 0.04 A ntetal

filament lamp used in volume ex-

panders {Ref. 45).

With the values given in Fig. 16.3, a varia-

tion approaching 33 db is obtainable when

Vi has a maximum gm of 2000 micromhos

(Ref. 62). The dominant ^second) harmonic

distortion is less than 0.2‘\) for an input

voltage of 2 volts.

(v) Lamps
Metal filament (dial) lamps may be used as

control devices in volume expanders. A
typical tungsten filament lamp has a resistance

at maximum brilliancy of about 10 times that

at room temperature (Fig. 16.4). See Sect.

4(ii) for applications of metal filament lamps

in expanders.

Note : Carbon filament lamps have a re-

sistance which is less when at maximum
brilliancy than at room temperature.
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(vi) Suppressor-grid control
The control voltage may be applied to the suppressor grid of a suitable pentode

valve. This is used in Figs. 16.11 and 16.12.

References to suppressor-grid control : 7, 10, 16, 27, 33, 46.

SECTION 4 : VOLUME EXPANSION

(i) Introduction (ii) Expanders incorporating lamps (Hi) Expanders utilizing

feedback (it;) Expanders incorporating remote cut-off pentodes (v) Expanders in-

corporating remote cut-off modes (vi) Expanders incorporating suppressor-grid con-

trolled pentodes (vii) Expanders incorporating valves with five grids (viii) Expanders
incorporating plate resistance control.

(i) Introduction
Volume expansion is very similar to volume compression, and the same control

methods are used for both, but the control voltage is of opposite polarity. In fact,

an expander/compressor may be designed with a switch to change from one to the

other (Fig. 16.14).

The desirable characteristics which a volume expander should have are :

1. Negligible non-linear distortion.

2. The degree of expansion should be under control.

3. The degree and control of expansion should be independent of the volume level

at which the amplifier is operated.

4. The expansion should result in the upwards expansion of loud paaaages and the

downwards expansion of soft passages.

5. The attack time should be short -times from 0.2 to 200 milliseconds are in com-
mon use, but the shorter times are preferable (say not exceeding 20 milliseconds).

6. The recovery time should be adjustable from a fraction of a second to 1 or 2
seconds.

7. There should be no audible thump or transient distortion with sudden large

transients.

8. There should be no appreciable reduction in maximum power output.

9. The overall gain should not be reduced seriously by the expander.

10.

The shape of the expansion characteristic should provide some expansion at

low output levels, the amount of expansion steadily increasing all the way to

maximum power output.

For most purposes an expansion of 10 or 12 db is satisfactory, although some prefer

up to 15 or even 20 db.

It is preferable to introduce the expander into the amplifying chain so that mini-
mum amplification follows it. It is therefore desirable to select a type of expander
which is capable of a fairly high output voltage. It is preferable for tone controls

to precede the expansion unit.

Electronic methods of volume expansion may be divided into two groups, those
in which the control voltage is derived from the output voltage, and those in which
It is derived from the input voluge, suiubly amplified. The former method it cheaper
and employs fewer valves, but it has a less desirable shape of expansion characteristic

and may be unstable. The latter method is used in Figs. 16.10 to 16.15 inclusive,

and is preferable in order to avoid thumps and blocking effects.

When the control voltage is derived from the input voltage, a ** side-chain ” am-
plifier is used (e.g. Fig. 16.10) with the final stage transformer-coupled to a suitable

full-wave rectifier and load network.
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(ii) Expanders incorporating lamps
Small metal filament lamps are sometimes used in volume expanders, the variation

of about 10 to 1 in resistance (see Fig. 16.4) giving sufficient range of control. The
simplicity and cheapness of some of these volume expanders make a strong appeal,

although there arc many shortcomings. If the lamps arc placed in the voice coil

circuit there is a loss of something like 50% of the power output. It is difficult to

find lamps with characteristics suitable for all applications. It is not possible for the

listener to control either the amoimt of expansion or the time constant. The degree
of expansion falls rapidly as the operating level is reduced, and an appreciable amount
of expansion can only be achieved at maximum power output. The more complicated

designs overcome a few of these defects.

A lamp with a 40 mA current has an attack time of about 30 milliseconds and a

recovery time of about 150 milliseconds (Ref. 45).

(A) Lamps in voice coil circuit

The simplest form is Fig. 16,5 in which the lamp is shunted across the voice coil,

but this is only effective with a pentode valve without voltage feedback, and the dis-

tortion due to mismatching is severe except at one level. It is not used in practice.

f IG 16 S FiC 16 6

F;^. 16.5. Sifftplest form of volume

expander using a lamp
Fig. 16.6. Bridge type of volume

expander using lamps.

ftG 1*7

Fig. 16 7. Bridge type of volume
expander usifig lamps which provides

bass boosting at low lei'els.

The bridge circuit of Fig. 16.6 is quite practical, and may be used with any type

of output valve. At maximum volume this may possibly have an efficiency of 66%.

With the addition of two inductors Z., and and two capacitors Ci and C, (Fig. 16.7)

it may be used to provide bass boosting at low output levels only (Refs. 50, 51, 52, 61).

Correct load matching is arranged for maximum output, leaving the low level condition

to look after itself.
. „ r *ro

A suggested application of both carbon and metal nlament lamps is Ref. 53.

(B) Volume expander in stage preceding loudspeaker

The loss of power caused by lamps in the voice coil circuit may be avoided by in-

corporating the expander in an earlier stage. This necessitates a low power ampli-

fier (driver) stage which provides enough power to operate the expander, say 3 watts,

followed by a step-up transformer to the output stage, which may be a high-power

push-pull amplifier. The volume control should follow the expander, or else two

volume controls should be used (Ref. 54).
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(C) Lamp-controlled feedback
This is undoubtedly the best form of expander using lamps, although it suffers

from most of the limitations of the lamp. An expansion of about 10 db is practicable

and Fig. 16.8 shows one form which it may take. Refs. 22, 34, 45.

References to expanders incorporating lamps : 22, 33, 34, 45, 50, 51, 52, 53, 54,

55, 61.

PIG 16 •

Fig. 16.8. Lamp-oper-
ated negative feedback
volume expander {Ref. 22).

(iii) Expanders utilizing feedback
Two designs have been developed by Stevens (Ref. 58) and subsequently received

anention (Ref. 22) but have certain limitations.

An improved form is shown in Fig. 16.9 which gives an expansion of 29 db, with

minimum gain of 200 times. The distortion is not visible on a C.R.O. with an out-

put of 30 volts r.m.s. The attack time is 50 milliseconds and the recovery time about

1 second ; the latter may be adjusted by varying R,o. For further details see Refs.

22, 24 and 68.

(iv) Expanders incorporating

remote cut-off pent^es
This is the oldest type of volume

expander and a very satisfactory one,

the valves being types suitable for

use as i-f amplifiers or audio a.v.c

stages in receivers. It is possible

to obtain a good control characteris-

tic and any reasonable degree of

expansion, to provide independent

volume and expansion controls, and

to arrange the time constants of the

circuit to give the desired attack and

recovery times. In order to avoid

non-linear distortion, the controlled

stages should operate with input

voluges not greater than 0.15 volt,

with a load resistance of 50 000

ohms. The controlled stages arc

nearly always arranged in push-pull

- this eliminates even harmonic

distortion and reduces intcrmodula-

tion distortion. Push-pull opera-

tion is particularly valuable in re-

ducing “ thump with large tran-

sients ; it also reduces any residual

ripple that may come through from

the rectifier. A further advantage

of push-pull operation is that cath-

ode and screen by-pass capacitors

•ic 16 ^

Fig. 16.9. Volume expander using negative

feedback ; {A) amplifier (B) circuit for supply-

ing control bias to the' amplifier {Refs. 22, 24).

K, - K, - K, F, ^ SP4\ ; V^ and K,
together 6H6.
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»»c »• *0 XX)000

Fig. 16.10. Volume expatider incorporating remote cut-off pentodes {Ref. 23).

Controls A ^ balance t B - volume , C ^ input level, D = expansion, E — time
constant.

may be omitted, thus eliminating time delay in the adjustment of electrode voltages.

Valves used in each push-pull pair must be very carefully matched for plate current and
mutual conductance at several points over the operating range of grid bias voltages.

Owing to the limited input-voltage which may be used, there should be one voluge
amplifier stage between the controlled stage and the pow'er amplifier.

An example of good design is Fig. 16.10 (Ref. 23). The minimum attack time is

about 10 milliseconds and the recovery time of the order of 1 second. The expansion
curve (db versus voltage) is approximately linear up to a d.c. control voltage of 20

volts, which gives 10 db expansion. The 6SC7 stage is common to both sections.

The 6SK7 push-pull stage is the controlled stage ; this is followed by the 6N7 voltage

amplifier stage which is coupled to the 6V6-GT power amplifier. The signal to feed

the rectifier is taken from the plate circuit of the 6SC7 stage, amplified in two stages

(6F8-G), the second being a cathode follower, and rectified by the 6H6. The direct

voltage from the 6H6 filter circuit is applied to the signal grids of the 6SK7 valves.

In any expander of this general type, whatever may be the method of controlling

the gain, it is necessary to prevent the transients in the output of the individual ex-

pander valves from becoming so large as to cut off the following stage. This can be

accomplished by transformer coupling, by a direct-coupled phase inverter (as in

Fig. 16.13) or by the use of low values of load resistances and coupling capacitances

(as Fig. 16.10). With the third method it is necessary to incorporate an equalizing

network to give a flat overall frequency response.

Refs. 22 (Pan 1), 23.

(v) Expanders incorporating remote cut-off triodes
Any remote cut-off pentode may be connected as a triode (screen, suppressor and

plate tied together) to form a triode which may be used in a similar manner to a pen-

tode, except that the gain will be lower. It has been stated that a single valve has

0.3T’^, toul harmonic distonion unexpanded, 0.64'\, expanded, predominately

second harmonic, when the output level is 25 db (i c. 0 056 volt). For further

details sec Refs. 1, 42.

(vi) Expanders incorporating suppressor-grid controlled pentodes
A sharp cut-off pentode of suitable design may be used for controlling the gain

—

the English Mazda AC/SPl and the American 6SJ7 arc typical examples. One
example of this application is Fig. 16.1 1 (Refs. 7, 10) which has an attack time of about

1 millisecond, and a variable recovery time of about 1 second maximum. Resistors
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Fig. 16.11. Volume expander incorporating push-pull suppr^sor-controlled pen-
todes (Ref. 7). V, MH,, F, - K, = AC SPl, V, KTA\, V, V. - AZ3.

R% and Pi© prevent the suppressor grids from being driven positive With the
moving contacts of P,, and Ry^^ at the chassis ends, Pj should be adjusted in con-
junction with the volume control of the main amplifier so that the latter will just be
fWy loaded with the loudest signal. P, ^ is then adjusted to give the desired expansion.

is advanced until the loudest signal just causes the suppressors to be at cathode
potential. Any further alteration in volume level should be made by R^. Some
suggested modifications are given in Refs. 10, 16.

A second example is Fig. 16.12 (Ref. 27) in which the need for push-pull operation

and for a transformer is avoided by an ingenious device. is the suppressor-
controlled stage while Fj is a “ dummy ** designed to balance the plate and screen

currents of Fj so that the current passing through each load resistor is constant. The
maximum signal input to the expander stage is about 0.25 volt, and the maximum
signal output of the expander is of the order of several volts, for low distortion. The
controlled range is about 15 db. The diode rectifier incorporated in the suppressor
circuit prevents the suppressor from being driven positive. The time constants

are such that 75'\j of final gain is achieved in the fast position in approximately 20
milliseconds, and in the slow position 60 milliseconds. The recovery times arc

about 0.5 and 1.2 seconds.

References 27, 46. fic 12

Fig. 16.12. Single-ended surgeless volume expander incorporating suppressor-grid
' control (Ref. 27).
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(vii) Expanders incorporating valves with five grids
(A) Incorporating type 6L7

This valve type has two signal input grids, grid No. 1 having a remote cut-off
characteristic, and grid No. 3 having a sharp cut-off characteristic. Normally the
signal is applied to No. 1 grid which operates at a fixed bias of about - 10 volts, grid
No. 3 is operated with a static bias of approximately -^18 volts, the screen is main-
tained at 100 volts and the static plate current is from 0.12 to 0.15 mA. The expan-
sion available is about 20 db, and the maximum input is 1 volt, or say 0.5 volt for

reasonably low distortion. There may be difficulty with hum, owing to the low signal

amplification with small input voltages. There must be a careful compromise be-
tween time of “ attack ” and suppression of the ripple voltage produced by the bias
rectifier. Particularly when the input level is low, the transient voltages on No. 3
grid become audible as clicks or thumps. These remarks apply to the old form of
single valve design (Refs. 13, 35, 55, 64;.

An improved form is shown in Fig. 16.13 (Ref. 21) which makes use of push-pull
6L7 control valves and direct-coupling to the following 6SI7 phase inverter. The
attack time is 12 milliseconds and the recovery time adjustable from 0.07 to 0.9 second.

References to 6L7 expanders : 19, 21, 35, 55, 64.

FIG *6 >3

Fig. 16.13. Volume expander incorporaiing push-pull bLl control valves {Ref. 21).

(B) Incorporating 6A8
The input signal is applied to Grid No. 1 (oscillator grid) and the amplified voltage

for control purposes is taken from a volume control in the plate circuit of Grid No. 2

(anode grid), ^etified by a separate rectifier and then applied to Grid No. 4 (control

grid). Ref. 14 ; also Ref. 56 (incorporaiing MX40).

(C) Incorporating triodc-hexode (8K8)

The input signal is applied both to Grid No. 1 of the hexode and to the grid of the

triode, and the amplified voltage for control pur|X)ses is taken from a volume control

in the triode plate circuit, rectified by a separate rectifier and then applied to Grid

No. 3 of the hexode Ref 14.

(D) Incorporating type 6SA7, 6BE8, or 7Q7
One possible application is Fig. 16.14 (Ref. 25) in which push-pull 7Q7 valves

form the controlled stage. The maximum expansion is 18 db, attack time 3 milli-

seconds and recovery time 0.5 second. The push-pull signal is applied from the phase

splitter to the No. 3 grids of the 7Q7 valves, while the control voltage is applied to the

No. 1 grids in parallel. In the original article this expansion circuit is incorporated
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16.14. Volume expander /compressor incorporating push-pulllQl { 6SA7 —
6BE6) control valves and 1N7 ( 65N7-G7') as phase splitter and control amplifier

with 1N34 germanium crystal diode rectifiers (Ref. 25).

in a complete 30 watt amplifier with total harmonic distortion at zero expansion

which is increased to 5.5‘^o with maximum expansion.

(viii) Exfsanders incorporat^g plate resistance control

The plate resistance of a valve may be varied either by’ varying the grid bias or by

applying feedback. In either case it may be used to shunt across a network and

thereby to control the overall gain.

Some possible applications arc described in Refs. 22 (Part 1 Fig. 3), 41, 43 and 55

(Fig. 6). A good design is Fig. 16.15 (Ref. 43) in which a rapid attack is combined
with a recovery time which may be varied from 0.5 to 10 seconds. The maximum
expansion is 12 db, and the intermodulation distortion is always less than 1.75^\).

The expansion characteristic (db versus db) is almost linear. The push-pull 6J5
valves form a Class A, amplifier with a normal load of 15 000 ohms across each valve.

The 6P5 ( 76) valves form the controlling sugc and place an additional shunt load

from a high value to 10 000 ohms per valve. The maximum input voltage is 3 volts

peak, grid to grid. If a high impedance input circuit is desired, transformer Ti
may be replaced by a phase splitter suge (Fig. 6 of Ref. 43). The close approach to

linearity in the expansion characteristic is obuined by arranging 6 db more expansion

than necessary, and then reducing the overall gain by 6 db through negative feedback.

Some alternative applications are discussed in Ref. 13.
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SECTION 5 : PUBLIC ADDRESS A.V.C.

Audio a.v.c. may be applied to an a-f amplifier so as to j)ermit the speaker to move

his head without causing a serious drop in sound output level from the loudspeaker.

The usual method is to incorporate into the amplifier a control valve, at such a level

that the input voltage to the control valve is about 0.5 volt for type 6L7 or 0.15 volt

for a remote cut-off pentode. Other methods of control can, of course, be used.

The control voltage may be derived from a suitable point on the main amplifier,

preferably through an isolating stage, with a full wave rectifier and filter in the usual

way. A typical example is Ref. 65.

References to public address a.v.c. : 39, 65, 92.

SECTION 6 : SPEECH CLIPPERS

In the case of speech it is practicable to clip the peaks without seriously affecting

the tonal qualities of the voice, and with a bearable degree of distortion. With a

suitably designed speech clipper it is possible to operate at a higher average level than

with a limiter, owing to the long recovery time which is necessary with the latter.

A speech clipper is practically instantaneous in its aaion.

When peaks have been dipped there should be a minimum of phase distortion in

the remainder of the amplifier, at least up to 8000 c/s. The response should be flat

from 200 to 4000 c/s, but there must be treble attenuation above 4000 c/s—at least

25 db at 10 000 c/s. The treble auenuation may be provided by a single constant

k section filter, since the harmonics arc attenuated suffidently before they are shifted
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far enough in phase to increase appreciably the peak amplitude of the wave. At the

bass end, satisfactory results are obtained if the response following the clipper stage

is attenuated 3 db or less.

The Plex amplifier (Ref. 37, Fig. 3) is capable of 20 db peak clipping before the

distortion becomes serious. The average increase in power level is about 12 db.

An alternative design of speech clipper incorporated in a speech amplifier is given

in Fig. 2 of Ref. 28.

FIG. I«.l«

Fig. 16.16. Simple form of speech clipper suitable for an amateur transmitter.

The 3.75H choke must have low d.c. resistance andgood a~f characteristics {Ref. 28).

A much simpler form of speech clipper, but one good enough for use with amateur
transmitters, is shown in Fig. 16.16 (Ref. 28).
“ Infinite ** peak clipping has been used successfully, giving articulation from 50

to 90^0* If preceded and followed by suitable frequency-tilting filters, the articu-

lation may reach 97®/, with a quality sounding very much like normal speech. See
Chapter 14 Sect. ll(ii)> also Ref. 71 of this chapter.

References to speech clippers : 28, 37, 63, 71.

SECTION 7 : NOISE PEAK AND OUTPUT UMITERS

(«) Instantaneous nchu peak limiters {Hi) Output limiters {iv)(i) Introduction

General remarks.

(i) Introduction
Limiters arc restrictive devices

turbances of an impulsive nature

such as static and ignition noise

on the output of an A-M re-

ceiver.

(U) Instantaneous noise*

peak limiters

(A) Series noise-peak limitcra

These are highly effective in

radio receivers. Fig. 16.17 is a

simple series limiter which only

requires four additional com-

ponents as shown inside the

dash-dash rectangle. Threshold

bias is derived from the rectified

to mitigate the effeetr of undcsired electrical dis-

FIG '617
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When a 6H6 valve is used for fig 16 is

both diodes, the hum may be re-

duced by earthing the end of the

heater which is closer to the

diode Dj. The hum may still

be troublesome even with this

precaution.

A circuit giving lower hum is

Fig. 16.18 ; if a limiter on/off

switch is used, two different

values of Cj will be required.

(B) Serie8-t3rpe noise limiter
with threshold adjust-

ment

In this form the limiter thres-

hold can be varied from about

65^
,j

modulation down to sub-

stantially zero, on half of the

modulation cycle (Fig. 16.19).

Diode Da may be added to buck

the thermionic potential of the

limiter diode and thereby im-

prove the effectiveness at low

carrier levels ; this is at the cost

of increased distortion.
Fig. 16.18. Hum-reduction version of simple series

limiter with equivalent circuit to show bridge con^
figuration (Ref. 30).

(C) Low-loss series-type noise limiter (Fig. 16.20)

This provides the a-f amplifier with a higher percentage of the a-f voltage across

the detector diode load (2 or 3 db improvement)

FfO 16 19

Fig. 16.19. Series-type noise limiter with threshold adjustment (Ref. 30).
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I* 20

Fig. 16.20.

limiter.

Low-loss series

{Ref. 30).

(D) Balanced-detector noise limiter (Fig. 16.21)

This functions as a balanced bridge arrangement for detector voltages above the

limiting threshold, with unbalance at all other times. It must be adjusted manually

for each carrier level. This is not a very satisfactory form of limiter.

Fig. 16.21. Balanced-detec-

tor noise limiter {Ref. 30).

(E) Automatic balanced-detector noise limiter (Fig. 16.22)

The additional diode is operated from a teniary winding on the final i-f transformer.

Limiting docs not take place at modulation depths below 100^*^,. This is an improve-
ment on Fig. 16.21 but it also is limited in p^ormance.

Fig. 16.22. Automatic
balanced-detector noise

limiter. {Ref. 30).
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FIG. 16. 24

St :

Fig. 16.23. Balancing-type noise limiter Fig. 16.24. Triode shunt-type noise

{Ref. 30). limiter {Ref. 30).

(F) Balancing-type noise limiter (Fig. 16.23)

This uses a limiter diode with reversed polarity, shunted across the detector diode.

The modulation distortion is quite high, even on relatively low modulation depths.

This circuit gives effective limiting of noise peaks. It provides about twice the

normally obtainable a.v.c. voltage when the direct potential across R^ is utilized.

(G) Triode shunt-type noise limiter (Fig. 16.24)

This circuit employs the plate resistance of a triode shunted across a portion of

detector diode load, the magnitude of the shunt resistance being controlled by the

grid and plate voltages, which act in conjunction with differential time-constants.

wxQ 16 as McoNo The percentage of modulation at
o€ tcTo« which distortion begins depends on

the triode used, the values of R^ Rt
and R?i the time-constants involved,

and the absolute carrier level. The
higher carrier levels produce no dis-

tortion and no limiting. Serious

distortion has been observed with

10^\, modulation at low signal levels.

Effective limiting action is restricted

to a narrow range of carrier input

Fig. 16.25. Diode shunt-type noise limiter levels, generally above 10 Mc/s in

{Ref. 30). carrier frequency.

(H) Simple diode shunt-type noise limiter (Fig. 16.25)

This is the simplest form of limiter, but the performance is not very good ; some

improvement is evident on pulse type interference on signals above 10 Mc/s.

FIC <6 26

^I) Modified shunt-type noise

limiter (Fig. 16.26)

This limiter begins to cause dis- __

tortion at about lOO^o modulation

for the values shown. This form is

much more effective than the simple

shunt limiter, although not so good

as the simple series-type limiter at

the lower carrier frequencies.

Fig

FIG. 16.23
0

R.O.N IS



698 (ii) (I) DEGENERATIVE NOISE-LIMITER 16.7

Fig, 16.27. Degenerative noise limitery acting between first and second i-f stages

(Ref. 30).

(J) Degenerative noise-limiter (Fig. 16.27)

Degenerative feed to the i-f amplifier prior to final detection is used in this circuit.

A portion of the output from the first i-f amplifier is amplified in the first and second

noise-limiter amplifiers, and the resulting i-f output is coupled into a full-wave recti-

fier having as a load resistance. The direct voltage developed across Ri provides

the bias for the grid of a 6L7 serving as second i-f amplifier. Front panel control

R 3 provides a positive delay voltage for the diode cathodes, to prevent rectification

until the signal or noise peaks exceed this bias. This limiter requires manual adjust-

ment of the threshold of operation, and is useless on fading signals. Modulation

distortion is determined by the delay bias obtained from /?3 or by an accessory a.v.c

bias if provision is made for automatic biasing.

(iii) Output limiters
(A) R-F output limiter

This method, using low voltages on r-f amplifier plates and screens, is mainly used

for telegraphy (Ref. 30).

(B) A-F saturation-type output limiter
This method gives control of the maximum output of the a-f power amplifier by

suitably adjusting the plate, screen and grid voltages. A low-pass filter filters out

distortion produced in the output stage. A similar result may also be achieved in

an a-f voltage amplifier by controlling the screen voltage of a pentode valve. These
are mainly used for modulated c-w (Ref. 30).

(C) Logarithmic compressor (Fig. 16.28)

This circuit is a two-stage a-f amplifier with negative feedback, having two diodes

connected in series with the feedback path in such a way as to provide a path for both

positive and negative half-cycles of the feedback voltage. Potentiometer /?, 0 provides

bias to the diodes for setting the limiting level.

Using the diodes in this manner is equivalent to varying the feedback percentage

from a low value to a maximum as the instantaneous feedback voltage rises, with

the reverse effect as the instantaneous feedback voltage falls. This circuit produces

considerable distortion on speech or music but does not destroy intelligibility. Noise

interference is reduced substantially, and almost as effectively in some cases as with a

series noise-peak limiter.
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'IG 16 26
V,(6SJ7) V2(6K6*GT)

A>PAMPUFiC6 A-F OUTPUT AMP

(iv) General remarks

Satisfactory protection against blocking may be provided by arranging for the stage

preceding the feal i-f amplifier to overload before the final i-f amplifier, then for each

preceding stage to overload in turn.

A linear detector (or second detector) is desirable when handling a high noise level.

It is desirable to have control of the a-f gain of the stage following an instantaneous

limiter—shunt limiters operate better with low following a-f gain. Ref. 30.
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SECTION 1 : INTRODUCTION TO DISC RECORDING

(j) Methods used in sound recording (iV) Principles of lateral recording (Hi) Fre-

quency range (iv) Surface noise and dynamic range (v) Processing (vi) Turntables

and driving mechanism (vii) Automatic record changers.

(i) Methods used in sound recording
There are many methods which have been used for sound recording, but these may

be arranged in the following principal groups :

1. Magnetic recording includes magnetic wire and magnetic tape. See Refs.

258 (Chapter 29), 272, 316, 318.

2. Sound on film finds its principal application in cinema films. The Philips-

Miller engraved film system is used to a limited extent for broadcast transcription.

Film is also used for embossed lateral recording for some special applications. The
high cost of the film precludes the use of this medium in most other fields. See

Ref. 258.

3. Mechanical groove recording is used in various forms including

(a) the cylinder (e.g. dictaphone)

(b) the disc, which is the only type of recording considered in this chapter.

Two methods of recording are used with discs :

1, Vertical recording (“ hill and dale ’*)> which has had only a limited field of

application, and appears unlikely to be used extensively in the future.

2. Lateral recording which is the method used most generally, and is the subject

of this chapter.

Lateral recording is used with five types of discs

—

(a) The 78 r.p.m. “ shellac ” pressings,

(b) The 33-1/3 r.p.m. fine groove, otherwise known as microgioove or long-

playing (LP) records,

(c) The 45 r.p.m. fine groove records,

(d) Lacquer discs used for direct playback -see Sect. 8,

(c) Discs used principally for broadcast transcription recording, usually operated

at 33-1/3 r.p.m. -see Sect. 9,

701
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The nominal speed of rotation is interpreted for recording as follows :

Supply frequency 50 c/s 60 c/s (R.M.A.)

78 r.p.m. nominal 77.92 78.26 r.p.m. (R.M.A.)

33-1/3 r.p.m. nominal 33-1/3 33-1/3 r.p.m. (R.M A.)

Tolerance in speed of rotation ± 0.5% ± 0.3% (N.A.B.)

The speed is usually checked by means of a stroboscope illuminated by a lamp

supplied from a.c. mains. The usual arrangement is :

Supply frequency 50 c/s 60 c/s (N.A.B.)

Number of bars on stroboscope 77 92 for 78 r.p.m.

180 216 for 33-1/3 r.p.m.

At either 78.26 or 33-1/3 r.p.m. not more than 21 dots per minute in either direaion

may drift past a reference point (N.A.B. for recording).

Sec Reference 89 for a Glossary of disk-recording terms.” See Reference 105

for a Bibliography of disc recording” (1921 to 1947).

See References 2, 87, 237 and 260 for American Recording Standards. See Sect. 2

for current English and American practice.

(ii) Principles of lateral recording
In lateral recording the groove forms a spiral either from the outside to the inside

(as with all commercial “ home ” recordings) or from the inside to the outside (as

with some transcription discs). The groove undulates horizontally from side to side

of the mean path so as to deflect the stylus (needle) and armature of the pickup in

accordance with the recorded sound (Fig. 17.1). The undulation of the groove is

called “ modulation ” and the movement to one side of the mean path at any instant

is called the amplitude of the modulation. The stylus is wedged in the groove by the

effective vertical pressure due to the weight of the pickup, and moves radially about

the pivot of the armature (Fig. 17.2).

FK;. 17. I FIG. >7. 2

Fig. 17.1. Unmodulated {left) and modulated (right) groove of lateral recording
Fig. 17.2. Motion of stylus tip with lateral recording.

If the recorded sound is of sine-wave form, the maximum transverse velocity of the

stylus tip will occur at O and zero velocity will occur at B and B', the two extremities

of travel. This is an example of simple harmonic motion (see Chapter 6 Sect. 4).

The maximum transverse velocity is IrrfA where / is the frequency in c/s and A is

the peak amplitude. The r.m.s. transverse velocity is given by 1.41 nfA.
The recorded level may be specified in terms of r.m.s. velocities at 1000 c/s,

or in decibels with a reference level 0 db 1 cm sec. lateral r.m.s. stylus velocity.

The following tables are based on this usage.

(A) 78 r.p.m.—Croat-over frequency 500 c/s

Velocity Peak Comments
Level r.m.s, amplitude*

•f 10 db 3.16 cm/sec 0.56 mil R.M.A. Frequency Test Record No. 1(A)

-h 16 db 6.31 cm/sec 1.1 mils \R.M.A. Frequency Test Record No. 1(B)

•f* 18 db 7.94 cm/sec 1.4 mils j max. velocity (1000 c/s).

-f 22 db 12,6 cm/sec 2.2 mils

-f 26.8 db 22 cm/sec 3.8 mils Max. instantaneous programme peak.
* Over QontUunt amplitude portion.
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(B) 78 r.p.m.—Cross-over frequency
Velocity Peak

Level r.m.s. amplitude*
-f- 10 db 3.16 cm/scc 1.1 mils

4- 12 db 3.98 cm/sec 1.4 mils

+ 15 db 5.62 cm/sec 2.0 mils

-f 18 db 7.94 cm/sec 2.8 mils

N.B. 1 mil - 0.001 inch.

250 c/s

Comments

Normal maximum level

(C) 45 r.p.m.

Level
+ 14.3 db
-h 22.9 db
-f 25.1 db

Velocity
r.m.s.

5.2 cm/sec
14.0 cm/sec
18.0 cm/sec

Comments
RCA Test record 12-5-31 (1000 c/s)

Max. instantaneous programme peak.

Max. level on R.C.A. Test Record 12-5-37.

(D) 33-1/3 r.p.m. (LP)
Velocity

Level r.m.8.

-f 7.5 db 2.4 cm/sec Columbia .Test record RD-103 (1000 c/s).

+ 22.9 db 14.0 cm/sec Max. instantaneous programme peak.

There are two basic methods of recording sounds of different frequencies—constant

velocity and constant amplitude. ** Constant velocity ** refers to the maximum
transverse velocity of the stylus tip at the zero axis, this being held constant as the

frequency changes. A diagrammatic representation of constant velocity recording

for two frequencies is given in Fig. 17.3.

FiC. 17. 3 FK;. 17. 4

Fig. 17.3. Diagram of constant velocity rccorditig for two frequencies f and 2f.
Fig. 17.4. Diagram of constant amplitude recording for two frequencies f and 2f.

It may be shown that constant velocity recording has the following characteristics

for constant power at all frequencies -

1. The peak amplitude is inversely proportional to the frequency.

2. The maximum slope of the curve is the same for all frequencies.

In the general case when the power is changing, the maximum velocity at any fre-

quency is proportional to the peak amplitude. With an “ ideal ” electro-magnetic

pickup, which inherently follows a constant velocity characteristic, the output voltage

for sine waveform is proportional to the maximum velocity at all frequencies.

Constant velocity recording is not suitable for use over a very wide frequency ratio,

owing to the large variation in peak amplitudes. For example, over a range of 8

octaves the ratio of maximum to minimum amplitude is 256 to 1

.

** Constant amplitude ’* recording indicates that the maximum amplitude is

held constant when the frequency changes, for constant power output (Fig. 17.4).

It may be shown that the maximum slope is proportional to the frequency.

Constant amplitude recording is very suitable for low frequencies, but is not satis-

factory with large amplitudes at the highest audio frequencies because the transverse

velocity of the needle tip becomes excessive, leading to distortion in recording and in

reproducing. On the other hand, constant velocity recording is satisfactory over a

•Over constant amplitude portion.
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limited frequency range of medium or high frequencies. Therefore most recording

systems employ an approximation to constant amplitude recording at low frequencies

and an approximation to constant velocity recording for at least part of the medium
and higher frequency range (see Sect. 5).

It may be shown (Ref. 146) that the minimum radius of curvature at the peak of

the curve is given by

P = 0.025 A (1)

where p = radius of curvature in inches

A — wavelength of sine-wave curve in inches

and A = peak amplitude of curve in inches.

Equadon (1) may also be put into the form
A = 0,025 AVp. (2)

Any stylus is unable to fit accurately an undulation in the groove with a radius of

curvature at the point of contact less than its own radius of curvature. We may there-

fore apply eqn. (2), taking p as the radius of curvature of the stylus, to give the maxi-
mum amplitude (called the cridcal amplitude) for correct operation,

A,r^^ - 0.025 AVp (3)

where p = radius of curvature of stylus, in inches.

But since the r.m.s. transverse velocity is equal to 1.41 n/A we can determine the

critical velocity in cm/sec.

Critical velocity r m.s ^ 11.3 fAcru cm/sec (4)

where A ent =- critical amplitude in inches.

(iii) Frequency range
The maximum recorded frequency in commercial shellac records manufactured

prior to 1940 was of the order of 6000 c/s. At the present time most new recordings

arc recorded up to at least 8000 c/s, while many manufaaurcrs record up to 10 000
or 15 000 c/s. Recordings up to ultrasonic frequencies (20 000 c/s) have been made,
and are claimed to provide improved fidelity even though the higher frequencies are

inaudible (Refs. 195, 271).

The lowest recorded frequency is of the order of 30 c 's, although some record

manufacturers do not publish their recording characteristics below 50 c/s.

(iv) Surface noise and dynamic range
Surface noise (needle scratch) is unavoidable with any method of disc recording,

but the maximum signal-to-noise ratio may be made quite high. The maximum
dynamic range will be greater than the measured signal-to-noise ratio on account of

the nature of the noise, which approaches the characteristics of random noise if there

are no resonances anywhere in the equipment—see Chapter 14 Sea. 7(v).

Surface noise is not really objeaionable if it is reasonably low in level and if it can
be described as ** silky.** This latter criterion can only be attained when the pickup
and loudspeaker both have smooth response throughout the whole frequency range.

If the pickup has a prominent resonance within the audible frequency range - even if

correaly equalized—the noise will not be “ silky ’* and will tend to become objection-

able.

In all cases the high frequency range of the equipment should be limited by a suit-

able filter giving a choice of cut-oflf frequencies. Filters with very rapid cut-off

charaaeristies are undesirable on account of distortion effects, but a combination
of a ** roll-off** charaaeristic and a filter with an ultimate attenuation of at least 12

db/octave appears to be satisfaaory. Any other method of achieving a “ rounded ’*

cut-off charaaeristic would probably also be satisfaaory.

The maximum signal to noise ratio of shellac pressings varies considerably. The
older shellac pressings had a maximum signal to noise ratio* of the order of 30 or

35 db. The most recent English shellac pressings have a maximum signal to noise

ratio* of 50 db (Ref. 88) for a new record. The best of recent American 78 r.p.m.

shellac recordings have a maximum signal to noise ratio* of 45 or 46 db when new

*Measured with flat frequency response.
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(Refs. 255, 254), The average post-war shellac record, taking into account all the

various types of records on the market, both English and American, has a maximum
signal to noise ratio* of about 38 db (Ref. 256).

A new vinyl fine groove record can have an average surface noise, measured on a

system whose response is flat on a velocity basis from 500 to 10 000 c/s, about 56 db
below the peak recording level ; if measured on a system whose response is the inverse

of the recording characteristic, the surface noise is approximately 62 db below peak
recording level. The B.B.C D Channel ** recording has a weighted signal to noise

ratio greater than 60 db (Ref. 297).

The surface noise increases with the use of the record. After 100 playings with a

2 ounce pickup some shellac records showed negligible increase in noise level while

others showed 5 db increase, the average being about 2.5 db (Ref. 181). After 200
playings of a fine groove vinyl record (LP) the surface noise increased by 2 db (Ref.

308).

The cost factor limits the use of polyethylene (Ref. 181) which has a scratch level

even lower than that of vinyl. See also Sect. Ofii) for the measurement of noise in

accordance with NAB standards for transcription records.

(v) Processing
The processing of shellac pressings is described in Refs. 7, 10 and 25. The pro-

cessing of vinyl (LP) records is described in Ref. 308.

(vi) Turntables and driving mechanism
Turntables should be strongly constructed, free from flexing, and should run true.

The typical home-type turntable and motor is unsatisfactory for good fidelity on
account of insufficient motor power, insufficient flywheel action and insufficient

mechanical rigidity ; it suffers from rumble, wow and (with some pickups) hum due
to the proximity of the motor. The motor should be as far as possible from an electro-

magnetic pickup. Motor and turntable vibrations are transmitted through the mount-
ing board and pickup arm to the pickup head and arc finally reproduced in the loud-

speaker as rumble. Steel turntables may be used without bad effcas with crystal

pickups and high level moving iron types, except that in the latter case the turntable

should be solid, without perforations. Steel turntables arc unsatisfactory with some
low-level pickups, panicularly moving coil types.

Either rim or centre drive may be used, and first class products using both methods
are available. In the moderate price class, it seems that (for the same price) the rim
drive is generally the more satisfactory arrangement.

The specification for a motor and turntable unit should include

—

1. Type of motor.

2. Voltage and frequency range.

3. Power consumption.

4. Torque to brake the turntable from the nominal speed to a lower speed

(e.g. 78 to 77 r.p.m.), the torque being expressed in oz-ins and the applied

voltage and frequency to be stated.

5. Turntable diameter.

6. Form of automatic stop.

(vii) Automatic record changers
With most record changers it is important to adjust the vertical angle between the

stylus and the record so that the deviation from normal is the same (although opposite

in direction) at both the top and bottom of a stack of records.

Care should be taken to minimize the impact of the stylus on to the record surface

when the arm is released by the changer mechanism.

There arc three types of trip mechanisms, one being the velocity trip in which the

changer mechanism is triggered by a sudden change in groove pitch. This system has

•Mcatun^ with flit frequency response.
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the advantage of not requiring adjustments for different inside diameters. It has the

disadvantage of requiring, in most designs, that the stylus, cartridge and arm operate a

spring tension as they move inwards. This presses the stylus against the outside wall

of the grooves and tends to produce differential wear as well as other undesirable

effects.

The second type of trip mechanism operates when the stylus reaches a specific inside

diameter, and the eccentricity of the inside groove has no effect. The disadvantage

of this arrangement is that there are large differences in the inside diameters of the

various types of records, so that an adjustable (preferably continuously-variable)

control is required. This method is used in 45 r.p.m. record changers, where there

is no eccentric inside groove.

The third type is the eccentric groove.

Difficulty is often experienced in an anempt to incorporate automatic record

changers in high fidelity equipment owing to rumble and, in some cases, hum pickup.

In addition, some high fidelity pickups are unsuitable for use on any automatic record

changers. The choice of a pickup for use with an automatic record changer is neces>

sarily a compromise, and many high fidelity enthusiasts prefer to use a good quality

turntable with manual operation.

Automatic record changers for 45 r.p.m.

The R.CA. record changer is described in Ref. 263. The tripping mechamsm
requires an extremely small lateral force from the pickup arm, since the work of put-

ting the mechanism into cycle is supplied by the moving turntable.

SECTION 2 : DISCS AND STYLI

(f) General information on discs (li) Dimensions of records and grooves (Hi) Styli

(iv) Pinch effect (v) Radius compensation (w) Record and stylus wear.

(i) General information on dies

Shellac discs are used only with 78 r.p.m. standard groove records. The material is

hard, and has no appreciable elastic deformation under pressure.

Vinyl* is used for all forms of fine groove discs, and has appreciable elastic de-

formation under pressure. As a consequence, high peak accelerations are reduced

as compared with the same recording in shellac. For the effects of elastic deformation

see Ref. 212. Vinyl has the defect that it becomes electrified and colleas a consider-

able amount of dust. The effect of dust collection on vinyl records through electro-

sutic attraction may be avoided by the use of a liquid anti-sutic agent which may be
sprayed or wiped on to the surface of the record.

(ii) Dimensions of records and grooves

(A) 78 r.p.m.

The usual nominal sizes of shellac pressings are 10 in. and 12 in. diameter. Dimen-
sions and tolerances as recommended by the American Radio Manufaaurers’ Associa-

tion and as used by English and American manufacturers are ubulated opposite.

European continenul records do not differ in any significant respect from English

practice. The outside diameters are 25 cm (9.85 in.) and 30 cm. (11.8 in.) and the

hole diameter is 0.284 inch.

On the basis of these dimensions, the ratio of maximum to minimum R.M.A.
groove diameter is 3.07 to 1 for a 12 inch record, providing a groove speed from
approximately 3.9 to 1.3 feet per second (47 to 15.3 inches per second).

name vmyl it a general name covering unfilled vinyl co^polymer retinst which may vary somewhat
in their physkal characteriatict.
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The wavelength for 78 r.p.m. is given by
A - {\3yrdD/f (5)

where A = wavelength in inches for 78 r.p.m.

d = groove diameter in inches

and / = frequency in c/s.

Equation (5) gives the following values

—

Frequency 50 250 500 10 000 c/s

Wavelength—outermost groove 0.94 0.19 0.094 0.0047 in.

Wavelength—innermost groove 0.31 0.061 0.031 0.0015 in.

The effective width of the stylus with dimensions as in Fig. 17.5B is about 4 mils,

giving a radius of curvature of 2 mils. Using eqn. (3) of Sect. 1,

A,rM = 0.025 AV0.002
and for 10 000 c/s the critical amplitude is

—

Actu = 0.000 28 in. for outermost groove

Acrit = 0.000 028 in for innermost groove.

The critical velocity is given by eqn. (4) of Sea. 1,

Critical velocity r.ro.s. = 31.6 cm^scc at outermost groove
3.16 cm/sec at innermost groove.

The critical velocity at the outermost groove is more than sufficient for the highest

level of recording, but as the groove diameter decreases a point will be reached where

the peak recorded velocity is greater than the critical velocity—thus leading to dis-

tortion and loss of high frequency response.

A slightly higher critical velocity could be obtained by the use of a somewhat smaller

stylus radius, since the two values are inversely proportional.*

The maximum instantaneous peak recorded velocity is about 15 cm /sec (American

practice) so that there is every likelihood that the critical velocity will sometimes be

exceeded on the smaller diameter grooves. The saving feature in praaice is that

maximum amplitude does not normally occur at 10 000 c/s with either speech or music,

except when cymbals are recorded at maximum amplitude.

(B) 45 r.p.m.*

The R.C.A, Viaor 45 r.p.m. fine groove records arc only made with a nominal

diameter of 7 inches, and are primarily intended for ready use in record changers.

The inner portion of the record forms a collar which is thicker than the playing area,

thus preventing the playing surfaces from touching. The groove dimensions are

Width across shoulders 3.0 mils -f 0 — 0.5

Angle 92" ± 3"

Radius at bottom of groove not greater than 0.25 mil.

The recommended vertical stylus force is 5 i 1 grams.

The grooves per inch vary from 178 to 274. The maximum instantaneous pro-

gramme peak recording velocity is 14 cm/second (about 4 db below 78 r.p.m. records).

Fig, 17.5A. Cross-

sectional vievtof R.C.A.
7 inch 45 r.p.m. record

{Ref. 254).

FIG. I7.5A foiKd portiofi rhon ot

The cross-sectional view of a record is shown in Fig. 17.5A. The outermost music
groove is 6| inch diameter, while the innermost music groove is 4.875 inches mini-
mum diameter—the Utter gives 10% intermoduUtion distonion and a groove velocity

of 11.5 inches per second.

The maximum pUying time is 51 minutes. A lead-in groove extends from the
edge of the record and makes from 1 to 1] turns before entering the first music pitch.

There are from 1 to 11 turns of unmodulated music pitch before the start of music.
There is from 0 to 1 turn of unmoduUted music pitch at the end of music. The

*For R.C.iV. 45 r.p.m. Extended PUy r^or^ tcc Suppl

• • •

Accord ro be ’ooo to >oo* tbicticr ot outer
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lead-out groove makes from J to 1 i turns from the music pitch to 1-15/16 inch radius^

beyond which it makes from 1 to 2 turns to the concentric circle (3-13/16 inch dia-

meter).

The central hole is 1.504 h 0.002 inches in diameter.

References 254, 263, 264, 265.

(C) 33-1/3 r.p.m. (LP)
The long-playing microgroovc records revolve at 33-1/3 r.p.m. and are made with

outside diameters of 12, 10 and 7* inches.

The R.C.A. Victor records are identical to the 45 r.p.m. records with respect to

groove shape, recording pitch, recorded level and recommended playback stylus.

Dimension
;

Columbia
;

R.C.A. Victor

Groove angle 87 3

Radius at bottom of groove less than ! 0.2 mil

Width across shoulders of groove

Maximum amplitude 0.9 mil

Max. instantaneous programme peak velocity

Lead-in groove pitch

Blank grooves (normal pitch)

Grooves per inch (normal pitch) 200 to 300
Grooves per inch (usual values) 224, 260
Lead-out groove

Thickness
Thickness depressed label area

Maximum diameter (12 in.'i

(10 in.)

Outer music groove dia. (12 in.)

(10 in.)

Inner music groove dia,

Nomin. dia of eccentric groove

Eccentric groove off-centre

Centre hole

Label diameter

Outer edge, included angle

edge radius

Maximum playing time 12 in.

10 in.

7 in.

Optimum stylus force

4-3 4

22- 1
,

2

15

5-1 2

/ ^

\ 0.21

i 92 - 3

0.25 mil
' 0 0025 in.

14 cm sec

35 to 40 lines in.

1 to 2

178 to 274

4 grooves in.

0.070 to 0.085 in.

0.060 in. min.
11-7 8 ;r 1/32 in,

9-7 8 1 1 32 in.

11-15 32

9-15 32

^ 0
- 3/64 in.

4- 0
— 3/64 in.

4-3 4 in.

4-7 16 in.

0.125 - 0.008 in.

0.286 in.

4-1 16 in.

80
1 64 in.

- mins.
- mins,

mins.
• 5 j 1 grams.

0.18 ounce

References to L-P microgroove ; 159, 166, 178, 170, 232, 236, 255, 262.

(iii) Styli

(A) Styli used with shellac pressings are in five principal groups :

(1) Ordinary steel needles which are ground to shape by the abrasive in the

record. The exact shape of the needle point when new is not so important as with

pernranent or semi-permanent styli. For examples of record wear sec Ref, 10 Part 4.

(2) Semi-permanent needles such as chromium plated steel. The needle shape

is important and “ shadow-graph ** needles arc recommended. For the best results

these should not be used for more than one playing of a 12 inch shellac record (for

photograph of wear sec Ref. 274). Alloys such as osmium are also used.

*Columbia only.
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(3)
“ Permanent *’ styli employ a jewel such as a diamond, sapphire or ruby,

usually in the form of a jewel tip. The tips of permanent needles should be accurately

ground to shape, and highly polished. Diamond tipped needles have a life of several

thousands of playings of shellac records for good fidelity. Tungsten carbide is also

used. For stylus wear see Sect. 2(vi).

(4) Fibre needles are used by some enthusiasts in the belief that they reduce

scratch and record wear. While it is true that they reduce scratch they do so by
attenuating all the higher frequencies, and they do this no more efficiently than an

electrical attenuator. The attenuation of a fibre needle at 4000 c s is 19 db down
as compared with a loud tone steel needle in a typical pickup (Ref. 7). After the first

few grooves they wear sufficiently to occupy the whole of the groove and thereby

spread the weight of a heavy, stiff pickup of old design. If such pickups are used,

contrary to all good advice, then fibre needles are possibly the best compromise be-

cause a soft needle damps down the pronounced high-frequency resonance of the

pickup. There is evidence to indicate that abrasive particles from the record become
embedded in the fibre and thereby cause wear, even though the fibre itself is softer

than the record. With modern pickups having light weight and high lateral and
venical compliance the wear from a well polished sapphire point is undoubtedly

less than that from a fibre needle.

For photographs of new and worn fibre needles see Ref. 274.

(5)

Thorn needles are very much harder than fibre, but the amount of needle

wear is very much dependent upon the pickup compliance and stylus force. With
suitable lightweight pickups, the needle wear is reasonable up to 6 playings (Ref 309),

but some loss of high frequency response is inevitable If sharpened with the use of

very fine glasspaper, there is risk of glass dust becoming embedded in the needle

this danger may be avoided by the use of a very fine rotary cutting wheel (Ref. 309,

April 1951).

Since thorn needles are normally in contact with the whole of the bottom of the

groove, they will tend to remove all dust from the groove. It therefore seems pro-

bable that the noise from a record which has been played exclusively with thorn

needles will be no greater at the bottom of the gr(x>ve than on the sides.

Fine point thorn needles have also been used with fine groove (LP) records

(Ref. 309).

The shape of the stylus tip to give optimum results with most English and
American recordings may be taken as (RTMA Standard REC-126-A, Ref. 260) :

Radius of tip Angle
Metal point 2.7 ( i 0.2 - 0.3) mils 40"' to 50

‘

Sapphire 3.0 ( i 0.2 - 0.3) mils 40 to 50

A cross-sectional view of a correct size of sapphire stylus point in a typical groove

is given in Fig. 17.5B. It will be seen that the stylus does not reach to the bottom of

the groove ; this is very important because the abrasive dust collects at the bottom
of the groove. In addition, there should be some allowance for the stylus to wear

on the sides without the hKJttom of the stylus coming too close to the bottom of the

groove.

FIG. 17 5B

Bottom of Vjiy

Croovt ho»

00015*’, _^ 0*00554 ^
Fig. n.5B. Cross-scctional

view of typical record groove

and needle tip.

In some modern records, as well as in trans

scription discs, a tip radius of 2 mils may be used,

but in other (and particularly older) recordings it is

likely to scrape the groove bottom and suffer from
“ groove skating ” and single point contact.

One interesting suggestion is to combine a 2 mil

radius with a ** flattened " extremity (actually a

3.5 mil radius). Although more expensive to pro-

duce it seems to have distinct advantages (Ref. 244).

Oval sapphire styli are available with a minor
axis of 1.5 to 2.0 mils and a major axis of 2.5 to 3.5

mils. These should be used with the major axis
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at right angles to the centre-line of the groove, and will permit better response to high-

amplitude high-frequency recordings.

The NA.B. “ secondary standard stylus (permanent point) has an angle of 40®

to 55'' and a bottom radius of 2.5 ±0.1 mils. It provides a compromise suitable

for the reproduction of both transcriptions and shellac discs.

The use of larger styli (radius 4 mils) is advocated by some engineers (Refs. 223, 225)

but it does not appear to be the best all-rovind compromise.
Needles are made in various sizes. The ordinary steel needles used in mechanical

reproducers are used in the stiff heavy weight pickups whose frequency response

does not exceed about 6000 c/s ; they are also used in some “ needle armature ”

pickups. For the best high frequency response the “ loud tone ” or “ full tone
*’

needles should be used, because of their smaller size and weight. “ Soft tone ” and
“ trailing ” needles (as used with acetate discs) cause severe treble attenuation when
used with typical pickups. Most light weight pickups with a frequency response

extending to 10 000 c/s or over use miniature needles to enable the armature resonance

to be at a high frequency. A typical example is the H.M.V. Silent Stylus or Columbia
99 (chromium-plated long-playing). Thom needles are also made of similar size.

Efforts have been made to develop a stylus tip suitable for both 78 r p.m and fine

groove (see Refs. 279, 281) but a considerable degree of compromise is necessary

and the best results are not obtainable from cither type of recording.

(B) Styli for fine groove records
With a few exceptions, all styli for fine groove records are permanent types—usually

jewels. Diamond tips are the only really satisfactory ones for long life, although

expensive to purchase in the first case. Sapphire tips are very common,
but wear rather rapidly—see Sect. 2(vi) for stylus wear. Other materials used are

tungsten carbide, osmium and other metal alloys.

Dimenaions of styli for fine groove records
(RTMA Standard REC-126-A, Ref. 260, for home phonographs)

Radius of tip 0.001 0.0001 — 0.0002 inch

Included angle of tip 40^ to 50 .

Note : With a 90® groove angle, a tip with a radius of 0.001 inch has an effective

radius of 0.0007 at the point of contact.

(C) Colour codes for styli

1. RTMA REC-126-A for home phonographs (Ref. 260). Needles with a 0.001

inch radius shall be colour coded red.

2. English Gramophone Equipment Panel of the Radio and Electronic Component
Manufacturers’ Federation (Jan. 1951). Red—0.0010 in. ; lemon—0.0020 in. ;

green—0.0025 in. ; french blue—0,0030 in. ; orange—0.0035 in ; violet—universal ;

sky blue —oval tip. Material (marked by band on shaft) black—hard metal ; white

—

diamond ; no colour —sapphire

(iv) Pinch effect

Owing to the fact that the cutting is done by a stylus having an effectively flat cutting

face, the width of the groove measured at right angles to the groove is narrower at two

places in each cycle (see Sect. 6). Asa result of this effect, the stylus tip should rise

and fall twice in each cycle —only a limited number of pickups, however, make ade-

quate provision for this movement.
The flexibility of the stylus, if mounted at an acute angle to the record, together

with that of the record itself, tends to prevent the needle from riding merely the peaks

of the vertical undulations. The pinch effect undoubtedly increases needle wear

and possibly also record wear (Ref. 212).

Various forms of “ bent shank ” needles have been developed to provide some
vertical compliance All “ bent shank ” needles tend to give a drooping high-fre-

quency response the amount of which varies considerably from one make to another ;

it may, of course, be compensated if desired.

(v) Radius compensation
Radius compensation does not appear to be used with shellac discs, although it

is used with LP discs (R.C A. Victor) and in transcription discs.
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(vi) Record and stylus wear
Record wear is a complicated effect depending upon many conditions of operation

including :

1. Vertical stylus force.

2. Lateral mechanical compliance at stylus tip.

3. Vertical mechanical compliance at stylus tip.

4. Lateral and vertical pivot friction in pickup arm, or lateral spring tension.

3. Mechanical resonances of pickup and arm.
6. Tracking error.

7. Shape, material and polish of stylus tip.

8. Maximum transverse velocity of record grooves.

9. Record material.

10,

Dust.

It is understood that the turntable is free from vibration and wobble and that the

record is neither eccentric nor warped ; if not, these are additional causes of record

and stylus wear.

The vertical stylus force for use on shellac records should preferably not exceed

about 1 oimce weight (28.35 grams) and it should be as light as possible to reduce

record and stylus wear to the minimum. However care should be taken to provide

sufficient force to ensure satisfactory tracking, otherwise the wear will increase. In-

creased force, say up to 2 ounces (about 60 grams), causes very little additional record

wear provided that a well-polished jewel point is used and the pickup has high lateral

compliance.

The stylus force with fine groove records is quite critical, but is a function of the

pickup. Forces approximating 6 grams weight are common, but it is safer to err

slightly on the high side than on the low side. Some manufacturers give a “ minimum
tracking weight ” and a normal value- the latter is the correct one to use.

If the required vertical pressure is not known, it may be determined by using an

intermodulation test record, decreasing the pressure until the distortion commences
to rise—and then increasing by a margin of, say, 50%.

High lateral compliance at the stylus tip is one of the most important require-

ments for low record and stylus wear. In general, high lateral compliance and light

weight go together.

Vertical compliance at the stylus tip permits the tip to maintain contact with the

groove in spite of the “ pinch effea.” Bent shank styli reduce record wear in cases

where the pickup has insufficient vertical compliance.

Mechanical resonances of the pickup are serious causes of record and stylus

wear. Both the “ arm resonance (if it comes within the recorded frequency range)

and the “ armature resonance ” affect the record and stylus wear, even if electrically

equalized.

Tracking error is discussed in Sect. 4 ; if reduced to the usual low values, record

and stylus wear from this cause are very slight.

The shape and polish of a jewel stylus tip arc of the utmost importance in regard

to record wear.

Wear of shellac records
One example is a record which had been played 1000 times with a 1.35 ounce (38

grams) pickup and a sapphire stylus and was then demonstrated as giving fidelity

virtually unaffected (Refs. 128, 131). It may be stated as a rough guide that the limit

of life of an average shellac record is about 4000 playings under good conditions.

Unmodulated grooves on shellac records will wear indefinitely with a jewel stylus

on which the vertical force does not exceed 1 ounce (30 grams). By far the most
significant cause of wear is the dynamic action of the stylus in the grooves. If the

dynamic force at any moment exceeds the elastic limit of the record material, the

shellac crumbles. This permits the stylus to drop down a little deeper in the groove,

eventually increasing the bearing area of the needle by contact with the bottom of
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the groove. At this point with a pickup having low stylus force, the wear apparently

stops. This wear does not produce any apparent change in quality of the reproduced
sound, although it can be seen as a light streak on the surface of the record. Both
lateral and vertical forcesjnust be considered in producing the wear (Ref. 155). Where-
ever there is excessive stylus wear, it is always accompanied by excessive record wear.

It is important to distinguish between visible wear and audible wear. Visible

wear does not necessarily cause any audible defect. It is possible that visible wear
may occur earlier with a diamond tip, but audible wear, which is caused by actual

widening of the groove at corners, will occur far more rapidly with a worn sapphire

or metal tip. The flats on the sides act as scrapers in attempting to negotiate sharp

bends in the record groove. A well polished spherical diamond or sapphire tip is

believed to cause less record wear than a metal alloy tip.

Wear of vinyl records
Wear of vinyl fine groove records is very slight, provided that the stylus force docs

not exceed about 7 grams, that a pickup of ample lateral and vertical compliance is

used, that the jewel tip is well polished, that there are no marked mechanical reson-
ances, and that dust is excluded. Dust is the most important cause of record and
stylus wear with vinyl records in the home, and care should be taken to reduce it to

a minimum—see Sect. 2(i). Wear in vinyl records shows itself principally in widen-
ing of the groove thus leading eventually to distortion and rattles (Ref. 155).

Wear of sapphire styli

The wear of sapphire styli is a function of the material of which the pressings arc

made, the lateral and venical compliance of the pickup at the stylus tip, the dynamic
mass of the pickup at the stylus tip, the characteristics of the armature (high frequency)
resonance and the pickup arm (low frequency) resonance, and the stylus force. Ad-
ditional wear may be caused by “ skating (due to the use of a tip radius which is too

small for the groove), by insufficient vertical force to maintain the stylus always in

contact with the groove, and by warped or eccentric records or turntables. When
using a pickup with high lateral and vertical compliance and low dynamic mass at the

stylus tip, an increase of stylus force has only a minor effect in increasing the wear on
the stylus tip. It has been shown (Ref. 282) that with such a pickup (GP20) on a

heavily modulated shellac record, an increase from 7.5 to 14.5 grams in stylus force

causes increased flats on the stylus tip resulting in a drop of only 3 db at 10 000 c s

on a test record. Such a stylus and pickup may be used for 800 playings of a 12 inch

shellac record with reasonably good fidelity, or 2000 playings with fair fidelity ( — 5

db at 10 000 c/s on a test record).

On the other hand a typical light-weight pickup with a stylus force of 1 ounce (28

grams) has been shown to produce wear on sapphire styli on shellac records as follows

(Ref. 59).

Wear just noticeable after 50 playings of 12 inch disc.

1 mil flats after 200 playings

2 mil flats after 750 playings

2.5 mil flats after 1500 playings

It is obvious that this pickup produces much greater wear than the one with high

lateral and vertical compliance (GP20) described earlier. It is probable that the

greater wear is due principally to the lower lateral and vertical compliance, although

the increased stylus force would also be a contributing factor.

Some excellent photographs of stylus wear are given in Refs. 274 and 290.

The use of a test record at, say, 10 000 c/s to indicate wear of the stylus tip requires

careful interpretation of the results. The level of recording of the test record is lower

than that which may be reached with music, while the effect of wear of the stylus tip

is shown less prominently towards the outer diameter of the record than it would be

with a smaller groove diameter.

It is wise to avoid using sapphire or other permanent stylus tips on records which

have been played previously with steel needles. For a photograph of wear after 20

playings under such conditions see Ref. 274.

}
The effect of flats on disLonion is covered

in Sect. 6(iv).
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Stylus wear with fine groove records
Apparently stylus wear is far more rapid on microgroovc than on standard groove

vinyl records ; a rough estimate is about three times faster (Ref. 290). For this

reason, diamond styli are much to be preferred to sapphire or osmium, even for home
use, where high fidelity is required.

In one case, when tested on 12 inch long playing records, with a GE RPX-041
pickup having 8 grams pressure, a diamond stylus showed a slight flat after 37 hours
playing time, whereas a sapphire under similar conditions was badly worn after

5J hours (15 playings)—see photographs Ref. 290.

There appear to be considerable variations on the hardness of the sapphires, which
are practically all made of synthetic sapphire (Ref. 302), so that it is impossible to

quote any figures of stylus wear which can be regarded as typical. In all cases the

stylus life is very much affected by the pickup.

Osmium lipped styli have a life only two fifths (Ref. 290) or one sixth (Shure) that

of sapphire. This makes the effective life with an osmium tipped stylus, for high

fidelity, extremely shon.
Method for giving positive indication of stylus condition

Obtain a lacquer disc with unmodulated grooves cut on both sides of it—one side for

a 3 mil stylus and the other for a 1 mil stylus. Both types of grooves may be on the

one side of the disc Whenever in doubt, play two or three grooves on this disc If

the stylus leaves the grooves unchanged in lustre and smoothness, it is in good con-

dition. If, however, the groove walls show score marks or any other difference when
compared with the unplayed grooves, the stylus needs replacement. An ordinary

magnifying glass will be of assistance (Ref. 298).

SECTION 3 : PICKUPS

(i) General survey (it) Electro- magnetic (moving iron) pickups (Hi) Dynamic
(moving coil) ptekups (iv) Piezo-electric (crystal) pickups (v) Magnetostriction pickups

(vi) Strain-sensitive pickups (vii) Ribbon pickups (viii) Capacitance pickups (ix)

Eddy-current pickups,

(i) General survey
The performance expected from good quality pickups includes

—

1. Wide frequency response with the minimum of equalizing. No sharp peaks
over 4 2 db. For most applications a slight droop in the high frequency response

is not undesirable as it may be used to compensate for the pre-emphasis in most
recordings.

2. Low stylus pressure.

3. High lateral compliance.

4. High vertical compliance at stylus tip.

5. Low effective vibrating mass of armature at high frequencies.

6. Fairly high output level.

7. Low distortion.

8. Freedom from major resonances over the useful frequency range (see below).

The low frequency (arm) resonance should be below 30 c/s so that it will have a negli-

gible effca on record wear. The high frequency (armature) resonance should be
as high as possible—certainly over 8000 c/s -and preferably above the useful frequency

range* Even so, the resonance should be effectively damped.
9. Minimum “ needle talk (direct acoustical radiation).

10. High signal to hum ratio.

11. Negligibly small voltage generation from vertical movement of the stylus tip.

12. General ruggedness.

13. Freedom from the effects of excessive humidity. Pickups having a restricted

frequency range fsay from 70 to 6000 c/s) should meet the same requirements as

good quality pickups, apart from frequency.
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Pickups which have sufficient vertical compliance are sometimes fitted with needle

guards to reduce or prevent damage to the pickup from accidentally dropping it.

Pickup manufacturers sometimes quote the minimum veirtical stylus force to pro-

vide perfect tracking. It is generally regarding as sound practice to adopt a stylus

force at least 1.5 times this minimum value, thus making some provision for warped
and eccentric records.

For styli, sec Sect. 2(iii).

Single purpose pickups for home use often incorporate a fixed spring counter-

balance. Dual purpose pickups usually apply a higher stylus pressure for 78 r.p.m.

than for fine groove records. In some cases the pickup head (or cartridge) includes

the additional weight for 78 r.p.m., in other cases this is provided by an adjustment
of spring tension or by a counterbalancing weight.

It is desirable in all cases to keep the moment of inertia about both vertical and hori-

zontal pivots to a minimum.

Where a spring counterbalance is used, it should be checked periodically for pres-

sure ; during weighing, the height of the stylus from the baseboard must be exactly

the same as the top of the record.

Up and down movements of the stylus tip, due to the pinch effect and small record

surface irregularities should be absorbed by the vertical compliance of the stylus,

without generating any output noise.

Pickups for 78 r.p.m.

A stylus force not more than 1 ounce (say 30 grams) is desirable, with 2 ounces as

the upper limit.

One of the difficult problems with permanent tipped styli is provision for changing

needles without adding seriously to the armature mass. Certain pickups are designed

for use with miniature needles pushed into place and gripped by a wedge against

which they arc held by the pressure from the record. There are two troubles which
may occur. The first is that the needle may rotate about its axis, thus placing its

“ flats ’* at some unknown angle to the groove -such a case is known to the author.

This may be eliminated by tightening the clutch or by using a little cement. The
second trouble is buzz,** which is more serious because there appears to be no cure ;

however it only seems to occur on deeply modulated recordings of complex wave-

form, and is only apparent when the frequency range is extended.

Nearly all high fidelity pickups have the stylus permanently fixed to the armature

—

this appears to be essential for the high frequency resonance to occur above 10 000 c/s.

Pickups for fine groove records
The maximum desirable needle pressure is 6 grams (0.21 ounce) and high lateral

compliance is essential. Pickups have been produced by many manufacturers,

mainly using diamond, sapphire or osmium tips.

Careful pickup arm design, specifically for fine groove recording, is of paramount

importance. It is inadvisable to use a fine groove pickup head or cartridge on an

arm other than that designed for it.

A very simple and effective test for the tracking efficiency of a pickup and arm for

fine groove records is known as the MeProud Test (Ref. 314). A 45 r.p.m. record

it placed on a standard tumuble running at 45 r.p.m. with the maximum possible

eccentricity (U inches swing), and the pickup is required to track the record satis-

factorily.

Dual purpose pickups have been designed which have two opposed needles 180’

apart, suitable for playing cither standard 78 r.p.m. or fine groove records.

Pickups employ many principles of operation, but most types arc basically either

constant velocity or constant amplitude. For example both electro-magnetic (moving

iron) and dynamic (moving coil) pickups arc basically constant velocity, while piezo-

electric (crystal) types are basically constant amplitude. Since the recording charac-

teristic includes both constant velocity and constant amplitude sections, cither group

is satisfactory although requiring different equalization.
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Resonances in pickups
Most pickups have two major resonances. The arm resonance occurs at some

frequency below 100 c/s, while the armature resonance occurs at some frequency

about 3000 c/s. Both resonances have deleterious effects in increasing record wear.

The arm resonance tends to cause the pickup to jump out of the groove when a high

amplitude is recorded at the frequency of resonance—the frequency of resonance

(if undamped) should be well below the lowest frequency for which acceptable track-

ing is required ; say from 15 to 25 c/s.

A recent development is the use of pickup arms with high viscosity oil or other

viscous fluid to diunp arm resonance. The damping may be applied as a viscous

film in a ball and socket (hemispherical) joint between the pickup arm and the mount-
ing socket, and gives damping in both horizontal and vertical directions. The arm
is pivoted at a point which is the centre of both ball and socket, and above the centre

of gravity of the arm. The clearance between the two surfaces is about 0.006 inch.

By this means the resonant force is greatly reduced, improved resistance to external

shock is obtained and protection against damage from accidental dropping of the pickup

head is achieved. The amount of mechanical resistance is not a critical value

the upper limit is reached when it interferes with the tracking of records having reason-

ably small values of eccentricity or warpage. With the usual values of suspension

compliance and mass, this would occur at several times theamount of resistance neces-

sary to give critical damping of the arm resonance. Even if the damping is con-

siderably below critical, it still has quite a beneficial effect. The viscosity of the fluid

is a function of temperature, but the variation does not seriously affect the performance
over a reasonable temperature range. Ref, 311.

The armature resonance has a serious effect on needle scratch (see Sect. 1).

“ During operation the needle is subjeaed to a continuous shower of blows, and
although highly damped by rubber buffers, it is in a state of perpetual oscillation at its

own resonance frequency ” (Ref. 229). In any quality pickup, the armature resonance

with the recommended needle should be over 8(XX) c/s ; many light-weight pickups

have the resonance at a frequency over 12()()0 c/s- in some cases over 18 OCX) c/s.

Pickups tend to be rich in harmonics at frequencies in the region of half the armature
resonance frequency. In all cases the armature resonance should be effectively

damped. Damping material used to obtain smooth response charaaeristies may
adversely affect the tracking capabilities of the pickup, and therefore should be in-

vestigated carefully and used judiciously (Ref. 285).

The frequency of the armature resonance is affected by the record material for

example, a change from a lacquer disc to a shellac pressing causes in one case an

increase in the resonant frequency in the ratio 1 ; 2 approximately (Ref. 276). A
pickup with an armature resonance well outside the a-f range on shellac discs, shows
a much lower resonance frequency on vinyl -usually inside the a-f range. This is

an unfortunate characteristic of vinyl. The only pickups known to the author with

armature resonances above 1 5 000 c/s on vinyl fine groove recordings are of the ribbon
armature type.

There is a third resonance caused by the pickup head and arm rotating about the

arm. With heavy pickups this resonance occurs at frequencies between 100 and 4(X)

c/s, but with light-weight pickups the frequency would be higher. This resonance
does not have any effect on the general tonal balance, and in any case should be very

slight with good mechanical design.

Crystal pickups have a fourth resonance which occurs at a high frequency- -the

resonance of the crystal itself.

References to resonances in pickups : 10 (Part 2), 17 (second letter), 276, 283, 285,

311, 331.

The testing of pickups
The testing of pickups for frequency response characteristics is covered by R.M.A.

REC-125-Awhich states that the test record shall be R.M.A. Frequency Test Record
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No. 1 when available. This is recorded on side A at a r.m.s. velocity of 3.16 cm/sec
(-r 10 db). Crystal pickups are terminated by a load resistance of 1 megohm (or

5 megohms for ammonium phosphate crystak) shunted by a capacitance of 100

Other types of pickups should be terminated as required. The response should be
stated in decibels (0 db ^ 1 volt).

Pickups should be tested under the same conditions with which they will operate

in normal service. Pickups intended to be used on shellac records should be tested

on shellac discs ; pickups intended for use on vinyl records should be tested on vinyl

discs, while those intended for use on either type of disc should be tested separately

on each. Pickups which are satisfactory on vinyl discs give, in some cases, quite

poor results on shellac discs owing to the increased stiffness of the material and the

reduction in damping by the record. This also applies to pickups with very limited

vertical compliance -while passable on vinyl, they are poor on shellac.

The variable speed turntable is sometimes used as an alternative to the standard

frequency records for the- calibration of pickups- see Refs. 273, 295.

In the design and production of pickups it is usual to supply some form of electro-

mechanical calibrator such as in Ref. 284.

For distortion in pickups and the procedure for determining the “ tracking
”

capabilities of a pickup sec Sect. 6(vi)

(ii) Electro-magnetic (moving iron) pickups

All “ moving iron ** pickups have a steady field supplied by a permanent magnet,
a coil wound over the magnetic circuit, and an iron armature in the magnet gap.

The old type of heavy pickup of this type used with shellac records weighed about

3i ounces (say 100 grams) and had low lateral compliance. It will not be funher
described.

The more recent light-weight models are capable of good fidelity, and some models
are among the best pickups available. The increased fidelity and higher compliance

arc obtained at the cost of lower output level —very much lower in some cases.

Electro-magnetic pickups may arbitrarily be divided into three groups, based on the

output voltage developed across the pickup with recorded velocity 3.16 cm/sec

( r 10 db).

(a) High level—output voltage above 100 millivolts.

(b) Medium level -output voltage from 20 to 100 millivolts.

(c) Low level - -output voltage below 20 millivolts.

Some typical representatives in each group arc described below. In most cases

the descriptions are based on published information supplied by the manufacturer.

The inclusion of certain models should not be taken as indicating their superiority

over types not included.

(a) High level pickups

Decca ffrr pickup type D (English) — standard groove

This pickup is of the needle armature type, having a hollow armature fitted with

a sapphire, tungsten carbide or diamond stylus. The armature suspension and damp-
ing arc of rubber ; the stylus, armature and rubber suspension arc replaceable as

one unit. The low frequency resonance is 25 c/s, while the armature resonance is

about 17 000 c/s. The impedance of the pickup is 4200 ohms at 1000 c/s and the

output 0.2 volt at the same frequency ; lower impedances arc also available. The
frequency response corresponds to the velocity characteristic of the ffrr record within

± 1 db. The whole armature including stylus and damping blocks is replaceable

by the user. The stylus tip is available in both round and oval shapes.

Lateral compliance LI x lO * cm/dync
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Impedance at arm resonance frequency (approx.)

Distortion in pickup
Stylus force

Load resistance

17 000 d3mes/8ec./cm.
less than 2%
22 to 24 grams (0.78 to

0.85 ounce).

100 000 ohms

(b) Medium and low level pickups

Connoisseur Super Lightweight pickup (English)—standard and microgroove

This is a high-fidelity pickup with interchangeable heads. Heads are available

with 1 mil, 2.5 mil and 3 mil radii sapphire tips. The frequency response is level

i 2 db from 25 to 15 000 c/s. The 25 ohm model gives 10 millivolts output, or

300 millivolts from a 1 : 50 transformer. The 400 ohm model gives 40 millivolts,

or 200 millivolts from a 1 : 6 transformer. The armiture miss is 20 milligrams,

and the dynamic mass* is 0.8 milligram. The stylus force is 8-10 grams (standard)

or 4-6 grams (microgroovc). The pressure is automatically corrected by weights

in the plug-in head.

Goldring Headmaster (English)—standard and microgroovc

This is a high-fidelity pickup with interchangeable heads. Heads are available

with 1 mil, 2 mil, 2.5 mil and 3.5 mil radii sapphire tips. The frequency response

with 2.5 mil needle is level to 7000 c/s, — 1 db at 10 000 c/s, -f- 1 db at 16 000 c/s,

0 db at 17 000 c/s and — 5 db at 20 000 c/s ; at the other end it rises smoothly from
100 to 30 c/s where it is 4 3 db. The output is 40 millivolts (from the pickup itself)

and stylus force 20 grams (0.7 ounce). It has high lateral stylus compliance, low

inertia, and high vertical compliance. This is a good-all-round pickup for home
gramophones.

Pickering cartridges (American) sundard and microgroove

Model S-120M (sapphire stylus), or D-120M (diamond), is for sundard record-

ings, and has a 2.7 mil radius tip. A stylus force of 15 grams is sufficient for tracking.

Model S-140S (sapphire), or D-140S (diamond), is for microgroove recordings,

and has a 1 .0 mil radius tip. A stylus force of 6 grams is recommended.

Both models give an output of 70 millivolts with a recorded velocity of 10 cm /sec.

The frequency response with a load resisunce of 27 000 ohms is level from 30 to

9000 c/s, + 2db at 20 c/s, + 2.5 db at 12 000 c/s and falling above that frequency.

A lower load resistance attenuates the higher frequencies, while a higher load re-

sistance reduces the damping on the pickup, decreases the signal-to-noise ratio, and
is generally undesirable.

Constants of moving system

Lateral moment of inertia 11 mg cm*

Lateral compliance of stylus 1.0 ^ lO"* cm/dyne

Vcnical compliance of stylus 0.2 x 10“* cm /dyne

Pickering Turn-over pickup (American)- all records

This model 260 pickup may be turned over for either 78 r.p.m. or microgroove
operation. It has an output of 30 millivolts at a recorded velocity of 10 cm/scc.

It is available with diamond stylus only.

* Dynamic mass (also known as equivalent mass or effective mass) Is that mass whichi if concentraud
at tlic stylus point, would possess the same inerunce as that of the moving system.

See also Refs. 24a, 293.
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G.E. variable reluctance pickup (American)—standard and fine groove
This is a magnetic pickup having almost ideal characteristics except that the output

voltage is low (10 millivolts at 4.8 cm/sec.). It has no “ needle talk and has con-
siderable resistance to shock. It has a large degree of vertical compliance, while
vertical movement does not cause any electrical output. The suspension is free from
any deleterious effeas such as standing waves or cross-modulation, and the con-
struction is designed to reduce hum pickup. The frequency response is from 30 to

15.000 c/s. i 2 db. The inductance is 520 mH for the home type, and 250 mH for

the broadcast types (RPX-046 and RPX-047) which also have a lower output (8 mV).
The normal stylus force is from J to U oz. (1 oz. on home type) with 78 r.p.m., or

6-8 grams on microgroove.

Dynamic mass of stylus 8 milligrams
Suspension compliance (lateral) 0.87 x 10"® cm/dyne
Load impedance, normal 6800 ohms.

The cartridge is fitted with interchangeable styli, including 1 mil, both diamond
and sapphire. For a suitable pre-amplifier see Fig. 17.26.

References 93, 106, 187, 234, Catalogues.

R.C.A. Light weight pickup—transcription and fine groove
Model MI-11874 pickup, MI-11875 arm. See Refs. 296, 313 and R.C.A. cata-

logues.

A plug-in pickup head is used, permitting immediate change from 1.0 to 2.5 mils

without necessitating any adjustment of arm balance. Stylus force is 8 grams for

1.0 mil and 12 grams for 2.5 mil. Diamond styli are used. Tone arm resonances

are outside of the operating frequency range The vertical and horizontal pivots

have very low friction. Frequency response (10 mil) at output from filter 50 to

12 000 c/s i: 1 db, 40 c/s at ~ 4 db. Voltage output at 1000 c/s on open circuit

= 11 mV with 6.1 cm/sec. test record. Output from filler — 64 dbm. Test record

460625-6. Hum level — 139 dbm with magnetic flux density 1 milligauss. Output
pickup impedance 135 ohms at 1000 c;'s. Filter output should be connected to

unloaded input transformer of amplifier designed to operate from 250 ohm source.

Intermodulation distortion is low to the point where it is not possible to determine
accurately whether the distortion is in the record or the pickup.

E.M.L Unipivot transcription pickup (English) standard and microgroove

This Model 17 pickup has interchangeable styli for standard^ and microgroove,

and the arm has an oil damping system. Its impedance is 1 ohm at 1000 c s, and the

output at the secondary of the transformer is 30 millivolts (high ratio), or 4 milli-

volts (600 ohms), or 2.25 millivolts (200 ohms). The frequency response is sensibly

level from 30 to 12 000 c s with standard stylus (armature resonance above 15 000

c/s). Total harmonic distortion at 400 c s is less than 5^\> for a recorded level of

j- 20 db (0 db 1 cm sec). The stylus force is 6 grams.

Audak Polyphase (American) —two styli

This has two separate styli, each with its own vibrating armature. One stylus force

(6-8 grams) is used for all records. Either sapphire or diamond styli may be used,

and may readily be replaced. Output is about 20 millivolts, and frequency response

30 to 10 000 c/s, level / 1 db from 80 c s upw^ards, with gradual rise to 4 2 db at

30 c/s. Armature resonance is at 9000 c/s.

(iii) Dynamic (moving-coil) pickups
A dynamic pickup has a coil, with a stylus attached to cause movement of the coil,

mounted in a magnetic field and operating as a generator.

With good design this construction is virtually distortionless at low frequencies,

but the output voltage is very low and a high-ratio transformer is always used in con-

junction with it. One possible difficulty is hum which may arise either through

induction from tne turntable motor to the moving coil, or through hum picked up
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by the transformer ; special mu-metal shielded transformers may be necessary to

obviate the latter trouble.

Fairchild dynamic pickup (American)—^transcription

The low frequency resonance is at 18 c/s and the armature resonance is over 12 000
c/s with only 2 db rise at the latter frequency. Tracking may be obtained on a fiat

and true tecord with a needle pressure of only 5 grams (say 0.2 ounce) but the normal
needle pressure has been increased to 25 grams (say 0.9 ounce) for best performance

under all conditions. The moving coil is supported by two plastic vanes, and a

diamond point is used. Ref. 57.

Leak dynamic pickup (English)—home type

A diamond stylus is standard in the latest moving coil pickup developed by
H. J. Leak. The height of the pickup is adjusuble. The turntable should be non-
magnetic. Spring loading is used without any counterweight. Gimbal mounting
is used, with hardened steel pivots. This pickup cannot be used with automatic

record changers. The frequency response is level ^ 1 db 40-20,000 c/s, the high

frequency resonance being above 27,000 c/s (21,000 ± 2000 for LP). The low fre-

quency resonance is 20 i; 5 c/s. The output is 1 1 mV per cm/sec. recorded r.m.s.

velocity. The playing weights are 5-6 gm. on 78 r.p.m. and 2-3 gm. on long-playing

records.

(iv) Piczo-clcctric (crystal) pickups
A piezo-electric crystal is one which, when strained, produces electric charges on

certain of its faces, the magnitude of these charges being direaly proportional to the

strain. In practice, two slabs of a suitable piezo-electric material are usually cemented
together with one electrode between the slabs and another in contact with both outer

faces. The slabs arc cut in such a manner that a torque (in the case of a “ twister
”

crystal) or a flexure (in the case of a “ bender ** crystal) will produce a potential

difference across the electrodes. This assembly is known as a “ bimorph,” the tor-

sional variety being used in most crystal pickups. The output from a crystal pickup

is directly proportional to the amplitude of the stylus displacement.

The most commonly used crystal is sodium potassium tartrate (Rochelle salt).

This is seriously affected by both high temperamres (over 125°F) and high humidity ;

some units are protected from humidity by a water-tight casing.

Other materials include anunonium dihydrogen phosphate (Ref. 158) which is not

affected by high temperature or humidity, and ceramic piezo materials (barium

titanate etc.). The latter is described on page 721.

The equivalent circuit of a crystal pickup is a capacitance in series with a generator

of zero impedance. At 1000 c/s the impedance of many typical pickups is about

0.5 megohm, indicating a capacitance of about 0.0003 /xF. One manufaaurer (W.E.)

produces pickups with impedances from 0.08 to 0.2 megohm, indicating capacitances

from 0.002 to 0.0007 /xF respeaively.

Some crystal pickups are fitted with bent styli to provide vertical compliance for

the “ pinch effect ” and to reduce “ needle talk,” while others make provision for

vertical compliance inside the pickup.

Crystal pickups may be divided into general-purpose types and light-weight high-

fidelity types, although there arc some with intermediate charaaeristics. General-

purpose crystal pickups have fairly high output, about 1 volt at 1000 c/s, with both

arm and armature resonances within the working frequency range. A simple equal-

izer circuit is Fig. 17.29, although these pickups are frequently used without any
equalizer. The stylus force of modem types is usually less than 2.5 ounces (70

grams). Some crystal pickups are available—both standard and fine groove—^with

a highly compliant drive and capable of tracking with a stylus force of about 8 grams
(e.g. Shure “ vertical drive ”).

The output from a crystal pickup, which may be 1 volt at 1000 c/s, may rise to

more than 3 volts r.m.s. at frequencies arotind 100 to 250 c/s—if no equalizing is used,

there is danger of overloading the first valve in the amplifier. A resistance attenuator

may be used to reduce the voluge to any desired value.
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One manufacturer (Electro-Voice) produces a torque-drive pickup in which vertical

movement of the needle produces no output voltage> thereby reducing noise and rumble
(Refs. 142, 158).

High fidelity crystal pickups have outputs between 0.5 and 1 volt at 1000 c/s and
stylus forces between 0.5 and 1.5 ounces (14-42 grams). The frequency response,

when equalized, is approximately flat from a low limit of 25, 30, 40 or 50 c/s to a top

limit of 8000, 10 000 or 12 000 c/s. Suitable equalizer circuits are given in Figs.

17.31, 17.32, 17.33. The lateral needle tip impedance of a typical model (Acos
GP12) is 1300 grams per centimetre (compliance = 0.8 x 10' • cm. per dyne).

References to crystal pickups : 81, 106, 120, 142, 158, 301.

The ceramic pickup described in Ref. 178 uses barium titanate in the form of a

ceramic. It is free from any appreciable effects from temperature from — 70^ to

-f 70°C, and is also independent of humidity cffcas. The output obtained from the

pickup is 0.75 volt at 1000 c/s and the stylus force is 22 grams (0.8 ounce). The
dynamic mass at the stylus point is 4 milligrams at 10 000 c/s. The lateral com-
pliance at the stylus point is 0.5 x 10~* cm. per dyne or better. The equivalent

capacitance of the pickup is about 900 and the optimum load impedaxm is one
megohm. The unequalized output voltage curve is free from sharp peaks and extends

from 50 to 10 000 c^, maximum output occurring at 200 to 400 c/s and falling by
6 db at 50 c/s and 15 db at 10 000 c/s.

A ceramic pickup has been developed for fine groove reproduction with a needle

pressure of 6 grams, an output voltage of 0.25 volt at 1000 c/s on a standard test

record, and a lateral compliance of 0.75 x 10~* cm/dyne (Ref. 178).

(v) Magnetostriction pickups
Magnetostriction is that property of certain ferro-magnetic metals, such as nickel,

iron, cobalt and manganese alloys which causes them to shrink or expand when placed

in a magnetic field. Conversely, if subjected to compression or tension, the magnetic

reluctance changes, thus making it possible for a magnetostrictive wire or rod to vary

a magnetic field in which it may be placed. This is true for lateral as well as for

longitudinal strains, and on this principle the magnetostriction pickup works.

In the pickup a permanent stylus is fastened at right angles to the centre of a piece

of nickel wire. Two pickup coils are placed over the magnetostriction wire on each

side of the stylus, and the wire is given a slight twist and placed between the poles of

a permanent magnet. This effectively gives a push-pull output.

The TM pickup described (Ref. 82) has an output of 0.086 volt from the secondary

of the step-up transformer loaded by 0.1 megohm. The stylus force is 0.7 ounce

(20 grams). The frequency response (Ref. 76) is level within ± 2 db from 200 to

8000 c/s and - 8 db at 15 000 c/s ; it rises to

-f 5 db at 100 c/s and -f 6 db at 50 c/s. The
design is such that magnetic fields cause very little

hum pickup.

References 76, 82.

(vi) Strain-sensitive pickups

This pickup is based on the principle that the

resistance of a conductor changes when the con-

ductor is strained. Direct current is passed

through the conductor while in operation. Some
low impedance designs are described in Ref. 234 ;

these all require a step-up transformer.

A recent high-impedance commercial type is

the Pfanstiehl which has a resistance of about

250 000 ohms, giving an output of about 10 to

15 millivolts and a noise level of about 5 micro-

Fig. 17.6. Pre-amplifier for use

xoith strain-sensitive pickup (Ref,

336).
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volts. Since the pickup is a constant-amplitude device, special methods are required

for frequency compensation. The pre-amplifier of Fig. 17.6 gives the required fre-

quency compensation with continuously-variable controls (see Ref. 336 for settings

for some American records) and an output of about 2 volts with types 6AU6 and 12AU7.
The final stage is a cathode follower. Refs. 96, 303, 336.

A later model of the pickup has a resistance of 125,000 ohms, an output of 5

to 10 milhvolts, and a compliance of 1.2 v 10 * cm/dyne.

(vii) Ribbon pickups

Ribbon pickups operate on the same general principle as the ribbon microphone,
and the output is necessarily very low. For this reason a high ratio step-up trans-

former, magnetically shielded, and a high gain pre-amplifier are required. One
design is described below.

Brierley ribbon pickup (English)—home type (Type 4)

This bickup has two gold ribbons backed by a material selected for its self-

damping properties. There is, in consequence, no measurable high frequency reson-

ance and this is largely responsible for an extremely low level of buzz. For vibrations

in the direction of the groove the damping is independently controlled and very high,

but for lateral movements the restoring force is extremely low—lower than that of
any other pickup known to the author. The vertical compliance is high, although

only half that of the Pickering transcription pickup. The pickup is supplied with
a transformer in a mu-metal case, the secondary being loaded by a 0. 1 or 0.25 megohm
resistance. This pickup may be used on any type of record, including microgroove,
without changing tracking force. However the force on microgroove can be

halved.

Normal tracking pressure 1/8 ounce (3.5 grams)
Lateral compliance 13 x 10 * cm/dyne
Vertical compliance 0.09 x 10 • cm/dyne
Arm resonance 5 c/s

Armature resonance not less than 32 000 c/s.

Frequency response flat from 30 to 20 000 c s, rising to f 2 db at 20 c s.

Voltage output (across secondary) 10 millivolts

Dynamic mass about 2 milligrams.

Stylus tips are either diamond or tungsten carbide, the life of the latter being claimed
to be much longer than that of sapphire under similar conditions (Refs. 157, 277).

Stylus tip radii are 1 mil and 2.5 mils.

It seems likely that the signal to hum ratio of the pickup itself is approximately
the same as that of a multi-turn moving coil pickup—however see Ref. 312. The hum
introduced in the pickup leads and the hum introduced by the transformer are more
significant with the ribbon pickup, but may be reduced to very low values by good
design.

(viii) Oipacitance pickups

A capacitance pickup, in which the movement of the stylus causes a change of

capacitance, provides such a small output voltage that it normally requires a very

high gain pre-amplifier. However, when it is used to change the frequency of an

oscillator, and the output from the oscillator is applied to some form of F-M detector,

the output voltage is ample to operate the usual 2-stage amplifier in a radio receiver.

In the case of a F-M receiver, the output from the oscillator may be coupled directly

to the aerial terminal or to some convenient point in the circuit. Care must be taken

to avoid radiation on any band used for radio communication

A simplified arrangement is shown in Fig. 17.7 in which Vi is used as an oscillator

tuned to resonance by LiCi. The inductor La in the grid circuit is made self-resonant

at a frequency near that of the plate circuit. Conventional grid-resistor biasing is
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Fig. 11.1. Using a capacitance
pickup to provide audio frequency
output from an oscillator (Ref. 119).

provided by RxC.,. The capacitance pickup is connected between grid and plate,

and any variation in capacitance will affect the amount of feedback and therefore also

the amplitude of oscillation and the voltage drop across R^. The latter, filtered by
RFC and Cj, provides the a-f output which is of the order of 1 volt (Ref. 119).

References to capacitance pickups : 14, 45, 50, 119.

(ix) Eddy-current pickups
In this type of pickup the stylus moves a high-resistance vane in proximity to the

inductor of a resonant circuit in an oscillator. The motion of the vane changes the

resistance reflected into the tuned circuit and thereby produces amplitude modulation

of the oscillator by varying the losses. The amplitude modulation is detected to

provide the a-f output voltage. In the Zenith “ Cobra ** the total harmonic distortion

docs not exceed 2% and the frequency range extends from 50 to nearly 4000 c/s,

with a sharp cut-off at 4000. The level from 1500 to 3500 c/s is 8 db below that at

500 c/s (Ref. 65).

SECTION 4 : TRACKING

(i) General survey of the problem {ti) How to design for minimum distortion (in)

The influence of stylus friction.

(i) General survey of the problem
With any pivoted pickup arm it is obvious that the angle between the axis of the

pickup and the tangent to the unmodulated groove must change as the pickup moves
across the record. This results in (1) harmonic and inharmonic spurious frequencies

caused by frequency modulation ; (2) side thrust on the record grooves ; (3) increased

record wear (in extreme cases only).

It is therefore advisable to take steps to reduce these effects to satisfactorily small

values. The condition for minimum angular tracking error does not provide mini-

mum distortion, because the tracking angle is most critical at the innermost groove.

As a matter of interest, it is possible to design a pickup with an angular tracking error

not exceeding 2i^ with a length of about 71 inches, but this is not the optimum design.

References to methods for minimizing angular tracking error : 54 (correaion in

Ref. 55), 56, 85.

The following summary is based on the detailed analysis by Baerwald (Ref. 228).

The subject has also been dealt with in more popular'form by Bauer (Ref. 52). The
frequency modulation effect is a frequency modulation of the signal by itself, which

produces “ side band ** frequencies. When the signal is a pure sine-wave of frequency

/, the dominant “ side band ** frequency is 2/, which is the same as the second har-

monic. The distortion may therefore be treated as second harmonic distortion, the

value being given by :

Percentage 2nd harmonic = (cjAol/V) \ 100

- iVoOi/V) X 100
( 1 )

(2)
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where a* 2tr/

A = maximum groove amplitude in inches

a — tracking error expressed in radians ( - angle in degrees divided by 57.3)

V == longitudinal groove velocity in inches per second,

and Vo — maximum transverse velocity in inches per second o>A,

Equations (1) and (2) indicate that

(1) Distortion is directly proportional to the maximum transverse velocity.

(2) Distortion is directly proportional to the maximum groove amplitude at any

one frequency.

(3) Distortion is directly proportional to the tracking angle.

(4) Distortion is inversely proportional to the revolutions per minute. For equal

distortion, more careful tracking angle correction is required with 33*1/3 r.p.m, than

with 78 r.p.m., other conditions being the same

(5) Distortion is constant over the “ constant velocity ” portion of a recording

charaaeristic, other conditions being unaltered

(6) The angular tracking error may be increased in the same proportion that the

radius is increased, for the same distortion (roughly 3 : 1 ratio over a 12 inch record).

Example of distortion

Consider the distortion with a 12 inch 78 r.p.m. record having 2 angular tracking

at the innermost groove, recorded with a sine wave having a peak amplitude of 0.002

inch at a frequency of 250 c/s (this being the cross-over frequency), the r.m.s. velocity

being 6.31 cm/sec.

Here a -- 2/57.3 radians ; A - 0.002 ; w 27r 250 ;
r 1.875 inches ;

V = 27rr(78/60) ^ 15.3 inches/second.

From equation (1)

27r . 250 0.002 2 * 100 ^
Percentage 2nd harmonic —

^ ^5 3
~ ' 0,72%.

If the cross-over frequency had been 500 c/s, with the same recorded velocity

(i.e. half the amplitude), the distortion would have been the same. Some frequency

test records arc recorded with a velocity less than 6.31 cm/sec, so that the distortion

due to tracking error would be less than the value stated above. The harmonic

distortion as determined for sinusoidal signals gives a fair estimate of the relative

tracking distortion produced by complex signals over the constant velocity
"

portion of the characteristic.

Fig. 17.9. Constant velocity recording characteristics showing relative variation of
groove amplitude with frequency.

Fig. 17.10. Frequency characteristic of ideal constant velocity pickups for constant

amplitude of needle point.

The constant velocity recording characteristic provides a groove amplitude which is

inversely proportional to frequency (Fig. 17.9). The ideal constant velocity pickup

(a high-fidelity electro-magnetic type is a close approximation) provides an output

voltage which is proportional to the frequency, for constant amplitude at the stylus

point. It follows that with tracking distortion (or any other form of distortion caused

by the groove, needle, or pickup) the harmonics are accentuated in proportion to

their frequencies. This effect has been taken into account in the derivation of equa-

tions (1) and (2).
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It has been proposed (Ref. 228) that a suitable upper limit for tracking distortion

is 2% with 0.001 inch peak amplitude as for transcriptions or 4% with 0.002 inch

peak amplitude as for shellac discs ; it seems that is a preferable limiting value

for good fidelity. On this* latter basis the maximum tracking error for 12 inch discs

will be 2.8 for 250 c. s cross-over frequency, or 1.4 for 500 c s crossover frequency,

both measured at the innennost groove, or three times these values at the outermost

groove.

No additional record wear occurs due to tracking error with permanent needles

having spherical tips Additional record wear may occur with steel needles or with
worn sapphire tips if the tracking error is serious.

(ii) How to design for minimum distortion
A straight-arm pickup (not offset) is shown in Fig. 17.11 where D represents the

distance from the centre of the record to the pivot of the pickup arm, L represents

the length of the arm measured from the pivot to the needle point while and
represent the radii of the outermost and innermost grooves In this example the

pickup is mounted so that the needle point will pass over the centre of the record,

but this is not the position giving the best results. It is obvious that the axis of the

pickup is not a tangent to the groove.

Minimum distortion is always obtained from a straight-arm pickup when it is

“ underhung,” that is w'hen the needle point comes short of the centre of the record

by a small distance the optimum value of which is given below.

Fig, 17.11. Straight-arm pickup
on record.

Straight-arm - not offset (Fig 17.11)

r ^r ^

Optimum underhang d^pt
+“7J)

For 10 inch discs 3.04 /L.

For 12 inch discs d„pt ^.IS/L,

These are based on the values *

For 10 inch discs r, 4.75 r. - 1.875 inches.

For 12 inch discs r, 5.75 r.. 1.875 inches.

With L 8 inches, dar,t 0.380 inch for 10 inch discs

0.397 inch for 12 inch discs.
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These values for do,n are critical, and should be measured accurately. It is safer

to keep below than to go above the optimum overhang.

The angular tracking error a at any position on the record is the angle between
the axis of the pickup and the tangent to the groove at the needle point. (Figs. 17.1

1

and 17.12).

With a straight arm, using any value of underhang (Fig. 17.11),

, ^ 57.3(2^ ) (4)

with an error less than I '.

The optimum value of underhang is given by eqn. (3) ; using this value and also

the values of r, and as for 12 inch discs, with r — r* (innermost groove) and L S

inches, the corresponding value of tracking error is approximately 18.6 . The dis-

tortion is therefore approximately 6.7% at this point, on the constant velocity charac-

teristic.

Fig. 17.12 shows a pickup with an offset arm for the purpose of reducing dis-

tortion due to tracking error. This differs from the straight arm in that there is an
offset angle p between the axis of the pickup and the straight line joining the pivot

to the needle point. Note that this angle ^ is not equal to the angle of the bend in

the arm. In this case minimum distortion is always obtained when the pickup is

“ overhung,” that is when the needle point passes beyond the centre of the record

by a distance — </, the optimum value oT which is given below, on the assumption

that the optimum value of offset angle is used.

When a pickup is mounted to provide minimum tracking distortion when used

with ordinary needles, the use of bent-shank or trailing type needles will seriously

affect the tracking distortion. In cases where either type of needle may be used, a

compromise may be necessary. When bent-shank needles only will be used, the

increased length of arm should be allowed for.

Offset arm (optimum offset angle) (Fig. 17.12)

Optimum overhang - -

For 10 inch discs --d„,, 3.99 L.

For 12 inch discs 4.60 L.

When L - 8 inches :

For 10 inch discs " do pi 0.499 inch.

For 12 inch discs - do pt 0.575 inch.

The optimum offset angle (8 in Fig. 17.12) is given by

(5)

sin (6)

rir^('’i r,)

r,)* * r.r,

For 10 inch discs sin 2.96 L
For 12 inch discs sin Port 3.26/L.

When L - 8 inches :

For 10 inch discs P„pt 2141'.

For 12 inch discs po,,, - 24 3'.

The harmonic distortion with optimum overhang and offset angle is given for 12

inch discs approximately by
5.5

Percentage 2nd harmonic distortion

IfL ~ 8 inches, 2nd harmonic distortion < s; 0.76”;,.

11.6

(iii) The influence of stylus friction

llie stylus fnaion gives rise to an imdesirable excess pressure on the inner groove

wall when the optimum offset angle is used. A moderate amount of side-thrust is

not detrimental, because it helps to overcome pivot bearing friction, but unduly large

values of side-thrust tend to pull the pickup and needle out of the groove towards the

centre of the ret^d ; this effect is most pronounced towards the inner groove of the
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record. In automatic record changers it is sometimes necessary to use an offset

angle smaller than the optimum value, accompanied by a reduaion in “ overhang,”

and to put up with the increased distortion. With light-weight pickups, manually

operated, the side-thrust is harmless when the design is based on minimum distortion.

References to tracking : 52, 53, 54, 55, 56, 85, 228, 249.

SECTION 5 : RECORDING CHARACTERISTICS, EQUALIZERS
AND AMPLIFIERS

(i) Recording characteristics (ii) Pre-amplifiers for use with pickups {Hi) Intro-

duction to equalizers (iv) High-frequency attenuation {scratch filter) (v) Equalizers

for electro-magnetic pickups {vi) Equalizers for crystal pickups {vii) Equalizers

applying negative feedback to the pickup {zdii) Miscellaneous details regarding equal-

izing amplifiers {ix) Complete amplifiers (x) Pickups for connection to radio re-

ceivers (xi) Frequency test records.

(i) Recording characteristics
If a constant input voltage is applied to a recording amplifier, the curve relating

frequency and the r.m.s. velocities recorded is known as the recording characteristic

Some ideal theoretical recording characteristics are shown in Fig. 17.13.

Fig. 17.13. Ideal recording characteristics.

The recording characteristic is usually regarded as having three sections -

1. A constant amplitude characteristic from the lowest recorded frequencies to

the cross-over frequency. This has a slope of 6 db per octave.

2. A flat characteristic (constant velocity) from the cross-over frequency to the

frequency at which high-frequency pre-emphasis commences.

3. A high-frequency pre-emphasis section.

When examining recording characteristics it is helpful to be able to convert readily

from db per octave to db for a frequency ratio of 10* :

6 db/octave 20 db/lO times frequency ratio.

3 db/octave 10 db/ 10 times frequency ratio.

The recorded velocity is proportional to the output voltage from an “ ideal ” electro-

magnetic pickup. When using such a pickup it is necessary to boost the output

voltage at frequencies below the cross-ovcr frequency, and to attenuate at frequencies

covered by the pre-emphasis. This frequency selective amplification is called equal-

izing.

A table of frequency ratio*, octave* and decadet is given in Chapter 7 Sect. 3(v), page 368.
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Cross-over frequency
The most popular cross-over frequencies arc 250, 300, 350 and 500 c/s, and these

are compared in Fig. 17.13 on the basis of equal peak amplitude in the constant

amplitude sections. For convenience the 250 c/s cross-over point has been taken as

0 db The constant velocity section of the characteristic with 300 c, s cross-over

frequency is at a level of f 1.5 db, while that of the characteristic with 500 c/s cross-

over frequency is at a level of f 6 db relative to the characteristic with a 250 c/s

cross-over frequency.

Thus it is possible to increase the level of recording of the constant velocity section

of the characteristic without increasing the maximum amplitude, provided that the

cross-over frequency is increased. This appears very attractive at first sight since it

increases the signal-to-noise ratio, but for an increase of 6 db above the cross-over

frequency it involves

(a) Twice the recorded velocity,

(b) Twice the tracking distortion,

(c) At least twice the harmonic distortion from a given pickup,

(d) An additional 6 db of “ equalizing ** amplification of low frequencies, tending

to cause trouble with hum and rumble.

There is no “ optimum *’ cross-over frequency because the choice is necessarily

a compromise, ^^ere distonion is the principal criterion, a low cross-over fre-

quency from 250 to 350 c/s will be adopted for standard groove 78 r.p.m. Where
needle scratch is troublesome with 78 r.p.m. a high cross-over frequency of say 500

c/s -may be adopted. With fine groove recordings a cross-ovcr frequency of 400 or

500 c/s is about the optimum choice.

In practice the sharp knee between sections 1 and 2 is rounded off ; the cross-over

frequency is then defined as the frequency of intersection of the two asymptotes,

provided that the recording characteristic at this frequency is not more than 3 db below

the point of interseaion of the asymptotes.

If the recording charaaeristic includes high-frequency pre-emphasis, it is neccs.sary

to re-draw the curve for the condition without high-frequency pre-emphasis before

determining the cross-over frequency as described above

High-frequency pre-emphasis
The third section of the recording characteristic is the high-frequency pre-emphasis

curve. This may, in the ideal case, be taken as a straight line with a slope of, say,

3 or 6 db/octave as in Fig. 17,13. Of course in praaice the sharp junaion is rounded
off and the recording charaaeristic gradually approaches the “ ideal ’* straight line.

Alternatively the pre-emphasis may be specified in the form of a time constant such
as, say, 100 microsecond pre-emphasis. The latter method is covered in Chapter 15

Sea. l(vi); it is rcstriaed to an asymptotic slope of 6 db/octave, but the time constant

determines the frequency which it becomes effeaive as tabulated below :

Time constant 40 50 75 100 150 ^secs.

Rise of 3 db at 4000 3220 2150 1610 1075 c/s.

All modem American and some English records use some degree of high-frequency

pre-emphasis^, although they differ in degree. Assuming that in each case the am-
plifier is equalized* to provide a level-play-back charaaeristic, the greater the pre-

emphasis the greater the possible dynamic range and the lower the scratch level.

However there are two faaors which place a limit on the amount of pre-emphasis
which may be used. The first of these faaors is the radius of curvature of the groove

which at high frequencies and high amplitudes, especially towards the inner portion

of the record, cannot be tracked accurately. The radius of curvature is inversely

proportional to the maximum amplitude of recording. If the maximum amplitude

is reduced, the high frequency pre-emphasis may be inaeased and in the extreme
case constant amplitude recording may be used throughout (Ref. 240).

Mny equalizing which is sMKesssry to correct defidendet of any of the components of the retwi^ii^
tyttem is corrective equalization, not pre-equalization. The distonion of the freauency characteristic
from flat (from air to record tnurk) to tome other characteristic is pre-equalization or pre-emphaaia
(Ref. 247).

There is reason to believe that some record manufacturers who nominally adopt 16 db pre-emphaaia
at 10 (XX) c/s use pan of this for corrective equalization for defldendes of thdr equipment at high
f^uendcs, and only the balance for true pre-emphaais (Rcfa. 247, 296 ; 199 diacuaalon by B. w.
Kdlo^.
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The second factor is the peak frequency spectrum characteristic of the music being
recorded. The effect of the decreased amplitudes at high frequencies in speech and
music has been investigated (notably Ref. 42) but there is insufficient information
available concerning the instantaneous distribution of energy within the recorded
spectrum. Curves based on the work of Sivian, Dunn and White indicate that “ no
large increase in distonion occurs in reproducing the 16db pre-emphasized continuous

spectrum . . .yet the addition of a few prominent tones to this spectrum in the

region above 2000 cycles will result in intolerable distortion ** (Ref. 42).

Pre-emphasia on shellac discs

If the tracking* difficulty could be overcome, it is possible that the N.A.B. pre-

emphasis characteristic would not be excessive (Ref. 193) but unfortunately it is the

tracking* problem which is the stumbling block. In one test, three records were cut
simultaneously with different values of pre-emphasis and played back on a system with
the maximum de-emphasis. The record with the 6 db pre-emphasis “ reproduced
more highs and cleaner highs than the one with the 15, indicating that the overload on
the latter was so bad that it was not being tracked* ** (Ref. 193, discussion by J. P.

Maxficld).

The use of the full N.A.B. pre-emphasis (16 db at 10 000 c/s) on standard shellac

discs has come in for much criticism. It is claimed that the cymbals and certain

brass instruments will overload the system at high frequencies, although this could be
taken care of by the use of a limiting amplifier which reduces the gain for the short

period required (Ref. 197). Another writer states that trouble had been experienced

through overmodulation by second and third harmonics of the soprano voice when a

rising characteristic between 1000 and 5000 c/s had been introduced (Ref. 174).

Another writer refers to the “ muddiness ** and “ smearing ** in the high level, full-

orchestra passages of many records (Ref. 117). Still another writer states that the

present N.A.B. pre-emphasis curve effectively guarantees excessive distortion and
he refers to the insufficient attention which is paid to the difference between transient

response tests and the steady state (Ref. 257). Another refers to the fact that the

N.A.B. characteristic unduly weights the importance of the signal to noise ratio and
produces the undesirable condition of signals having high velocity with high amplitude
(Ref. 189). Another again states “ since the pickup stylus can track* the recorded

high frequencies more clearly without excessive pre-emphasis, the high frequency
reproduction from such records is notable for its clarity (Ref. 241). Other criticisms

have also been published (Refs. 155, 174).

It is interesting to note that one leading American manufacturer, R. C. A. Victor,

limits the high-frequency pre-emphasis on home records to a maximum value of

12.5 db at 10 000 c/s in place of 16 db as with the N.A.B. characteristic, while the

AES Standard Playback Curve provides for 12 db pre-emphasis at 10 000 c/s.

Pre-emphasis with fine groove recordings
Owing to the lower recording level, smaller radius stylus tip and more elastic

material with fine groove records, a higher value of high frequency pre-emphasis

may be used than with 78 r.p.m. shellac discs, for the same distortion in both cases.

Measurement of recorded velocities

The recorded velocities may be measured either by the light-pattem method (sec

(v) below) or by the use of a special high-fidelity pickup. These two methods do

not give the same result, owing partly to the mechanical characteristics of the record

material and partly to the finite needle size which causes tracing distortion (see Sect. 6).

It is current practice to use the special pickup at low frequencies and the light-pattem

method at high frequencies ; the latter may be checked by the pickup after allowing

for the loss caused by tracing distortion. It has been stated that the mechanical

impedance limits the reproducing point should be included in any standardization

of frequency characteristic (Ref. 131).

•It "if unfortunate that the word “ tracking *' should be used both here (meaning that the stylus tip

is capable of following the modulations in the groove) and also in “ tracking distortion ** which is due
to the angle between the axis of the pickup and the ungent to the unmodulated groove (see Sect. 4).

No dtemative nomenclatuxe seems to be in cunent use.

n.D.N.
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Practical recording characteristics

There does not appear to be any generally accepted definition of published recording

characteristics. In most cases, however, it is fairly safe to assume that the user is

expected to provide an equalizer amplifier characteristic which is the inverse of the

recording characteristic. Of course, some discretion is required in using full equaliza-

tion for extreme high and low frequencies—this may be provided in the form of tone

controls.

The recording characteristics used by English, Australian and the majority of Euro-

pean manufacturers are shown in Fig. 17.14. Curve 1 is that used by the E.M.I.

group of companies for all normal 78 r.p.m. recordings. Curve 2 is that used by the

Special Recordings Department of E.M.I. Studios Ltd. and is notable in that it

extends to 20 000 c/s. Curve 3 is that used by Decca ffrr (1949). Curve 4 that used

by the B.B.C. for transcriptions (Ref. 294).

The Decca (London) LP characteristic is not shown on the curves, but is — 17.5

db at 30 c/s, — 14 db at 50 c/s, — 9 db at 100 c/s, — 3 db at 300 c/s, 0 at 1000 c/s,

-f 14 db at 10 000 c/s and 4- 16 db at 15 000 c/s (Jan. 1951).

The recording characteristics used by most American record manufacturers are

shown in Fig. 17.15. Curve 1 is that used in the Columbia long playing micro-groove

Fig. 17.14. Recording characteristics used by all English, Australian and the majority

of European record manufacturers for 78 r.p.m., together with B.B.C. transcriptions.

Frc^ntncy c/» FIC. 17.15

Fig. 17.15. Recording characterurics used by most American record manufactwren.
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records. Curve 2 is the N.A.B. (lateral 1949) standard for transcriptions. Curve 3
is that used by R.C.A Victor for 78 r.p.m. shellac discs, 45 r.p.m. and 33-1/3 r.p.m.

fine groove. Curve 4 is that used by Columbia for 78 r.p.m. shellac discs—the cross-

over frequency is 300 c/s. Curve 5 is that used for Orthacoustic transcription re-

cording—it follows very closely the N.A.B. curve from 60 to 10 000 c/s but is ex-

tended down to 30 c/s (— 20 db) and up to 15 000 c/s.

Standard Playback Curve
For many reasons it has been impossible to achieve a standard recording character-

istic, even in a single country and for a specified cross-over frequency. An entirely

different approach has been made by the Audio Engineering Society of U.S.A. which
has put forward a Standard Playback Curve with the idea of getting this adopted by
all designers of equipment for reproduction from records (Ref. 307). The onus would
then be on the record manufacturers to produce records which sound well when
played with such equipment. The curve ^Fig. 17.15A) is based on the frequency
of 1000 c/s as a reference point, and the de-emphasis at 10 000 c/s is 12 db, being
less than the N.A.B. de-emphasis at this frequency. However the AES playback
curve is extended to 15 000 c/s with a de-emphasis of 15.5 db. Both the straight

portions of the curve have slopes of 6 db/octave, and the intersections of the extensions

of these straight portions with the reference axis occur at 400 c/s (the cross-over

frequency) and 2500 c/s.

This playback curve may be duplicated on a flat amplifier with two sections of RC
equalization, as shown in Fig. 17.15B, which is one possible arrangement. Alter-

natively the network of Fig. 17.15C may be used.

FREQUENCY — CYCLES PER SECOND
FIG. I7.ISA

Fig. 17.15A. AES Standard Playback Curve {Ref, 307).

Sec Supplement for new Standard Playback Curve.

Fig. 17.15B. High impedance netxvork to

provide standard playback curve in grid

circuit of amplifier stage {Rrf. 307).

FIG. I7.ISB
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It seems that this Standard Playback Curve is what is really needed by the designers
of equipment for reproduction from records. Even if record manufacturers do
not accept it, the error for any cross-over frequency from 325 to 500 c/s is not more
than 2 db, and no problems will be encoimtered in the reproduaion ofNAB recording,
all fine groove records and most 78 r.p m. discs except those with a cross-over fre-

quency of 250 c/s and without any high frequency pre-emphasis. The latter may be
covered by a separate network.
The C.C.I.R. (Geneva, June 1951) proposed a compromise characteristic with a 450

/xsec. ctirve below 1000 c/s and a 50 ^iscc. curve above 1000 c/s, giving turnover
frequencies of 360 and 2800 c/s, for radio programmes for international exchange.

z

(Ohmi) (H)
C3
(h»^) (Ohms)

/

**2

(Ohms)

ISO 0-54S 24-08 127* mm
250 0-910 14.44 204 so 1

SOO 7-22 408 IQII
600 2-18 6-02 491

-liiJ
FlC. 17. ISC

Fig, 17.15C. Low impedance network to provide close approximation to standard
playback curvcy with total insertion loss 20 db at 1000 c/s (Ref. 307).

General comments
It has been shown that the choice of recording characteristic is necessarily a com-

promise between many factors.

By careful attention to all aspects of record manufacture, particularly the material
used for the pressings, it is possible to produce records having extremely fine per-
formance.

The best of the fine groove records have demonstrated by results that the per-
formance obtainable is equal to that from the best shellac discs, and superior as re-

gards noise. The fact that there are many mediocre recordings of all kinds proves
nothing from the technical angle.

Reference to recording characteristics : 62, 63, 88, 131, 155, 156, 174, 197,214,
240, 247, 307.

(H) Pre-amplifiers for use with pickups
Pickups may be divided into three groups, those of the high impedance type (e.g.

crystal) normally always used with direct connection to a grid circuit, those of the low
impedance type normally always used with a step-up transformer, and those which
may be cither used with or without a transformer.

In all cases, pickups should be loaded by a substantially resistive load of the value
specified by the manufacturer, or determined experimentally —sec also Sect. 3. A
change in load resistance usually results in a change of frequency characteristic.

The equalizer may be incorporated into the first stage of the pre-amplifier—sec
Sect. 5 : 2(iii), (v), (vi) and (vii)—or it may follow a normal pre-amplifier stage. In
the latter case its design is quite straight forward and follows the general principles
of r.c.c. amplifiers - -sec Chapter 12 Sect. 2 for triodcs and Sect. 3 for pentodes ; also

Chapter 18 Sect. 2 for microphone pre-amplifiers.

Pre-amplifiers for pickups with high output level (e.g. crystal) may usually be
designed without special regard to hum or noise. In other cases the pre-amplifier
should be designed as for a microphone pre-amplifier -see Chapter 18 Sect. 2.

A modified cathode follower for use as a low-noise input stage for a crystal micro-
phone or pickup js described in Chapter 18 Sect. 2(vi)D and Fig. 18.6B.

(iii) Introduction to equalizers
(A) Low-frcquency equalizers
The amount of t^ss boosting required by various ** ideal *’ recording characteris-

tics is given below. It is assumed that a constant amplitude characteristic is main-
tained below the cross-over frequency.
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Cro88»ovcr frequency 250 300
Ba88 boost at 70 c/s 1 1 .0 12.6
Bass boost at 50 c/s 14.0 15.6
Bass boost at 30 c/s 18.4 2o!o

350
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21.2

400
15.1

18.0

22.5

500
17.1

20.0
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28.5 dbu ^ 21.2 22.5 24 5

somehow
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^ fQt^hzer having total boost of 20 cOf

C^endonal reaUtance-capacltance equaUzlng dreuiu
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,,
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the extreme bass^ due to coupling condensers. In the case of a cross-over frequency

of 500 c/s> however^ the error is ~ 3 db at 50 c/s and — 4 db at 40 c/s, here again

increased by the effect of coupling condensers. Some designers adopt a total boost

of as much as 40 db to provide a satisfaaory characteristic for use with high cross-

over frequencies such as 800 c/s. In either case, it is good practice for the amplifier

to include a bass tone control which will permit an adjustment to suit the circumstances.

If no tone control is fitted, it is usually desirable to attenuate the extremely low fre-

quencies ; a value of coupling capacitance may be chosen to give, for example, an
additional 3 db attenuation at 70 c/s and 5 db at 50 c/s.

In the circuit of Fig. 15.3 suitable values of components would be :

Vi = 6J5 (half 6SN7-GT) ; = 50 000 ohms ; R, == 20 000 ohms ; R, -
1 megohm ;

= 2800 ohms ; C = 0.25 /iF for very good bass response or

0.05 fiF for bass auenuation. Voltage gain at 1000 c/s =1.5 times = -h 3.5 db.

Total boost = 20 db. C, = 0.2 ^F for cross-over 250 c/s or 0 1 /iF for 500 c/s.

Alternatively the total boost of 20 db could be obtained in two separate atagea

each having a total boost of 1.1 db at the cross-over frequency. By this means a

maximum slope of 6 db is obtained at a frequency of 100 or 200 c/s with a cross-over

frequency of 250 or 500 c/s and more accurate equalizing is possible. The frequency

characteristic obtained is shown with a broken line (C) in Fig. 17.16, and the circuit

diagram is given in Fig. 17.17.

Fig. 17.17. Circuit diagram

of two stage bass equalizing

amplifier with bass boosting

in each stage. Pin 4 of the

6SN7-GT should be used for

the input circuit. Total boost

is 20 db and max. slope 6

dbIoctave. C — 0.25 fiP

for good bass response or 0.1

fiF for some bass attenuation ;

C, O.l^F for cross-over

250 c/s or 0.05 fiFfor 500 c/s.

Voltage gain at 1000 c/s — 22
times = 26.8 dbvg.

Instead of having two networks separated by a valve, the complete two-section

equalizer may be incorporated into a single network as in Fig. 17.18. The maximum
slope is 7 db/ocuve which is adjusuble down to 3 db/octave by means of control R,,

which should be upered ; maximum slope is obuined with maximum value of Rf.

The plate load resistors may be increased if it is desired to increase the gain. This
circuit provides 25 db bass boosting with a very close approach to the true 6 db octave

slope (when R^ is correctly adjusted) and has the additional merit of incorporating

a tone control providing a total control of 13 db in the region 20 to 50 c/s depending

on the cross-over frequency. With an input voltage of about 50 millivolts, the output

will be about 1 volt.

Frequency-aelecdve feedback to provide equalizing

A resistance-capacitance network may be used in the feedback loop of an amplifier

to provide bass basting which gives a close approximation to the correct degree of

17.18. Two section

equalizer to provide for

3 values of cross-over

frequency and adjust-

able slope of characteris-

tic {Ref. \21). V, -f

K, = tSLl or 6SC1 or

IFl or any high-mu

modes.
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Fig. 17.19A. Circuit diagram of equalizing qntplifier using negative feedback to

provide bass equalizing (1) 250 c s (2) 300 c s (3) ^Ob c s (4) 750 c s (5) 1200 c s cross-

over frequency. A choice of four high-freqiihncy dc-emphasis circuits is provided

(1) fiat (2) f^rr (3) R.C.A. (4) S.A B. (Ref. 239'.

Fig. 17.19B. Frequency characteristics of

circuit of Fig. 17.19A \vtth high frequency

control in "'fiat'' position {Ref. 239).

Fig. 17.19C. High frequency
de-emphasis characteristics of
the circuit of Fig. 17.19A

{Ref. 239).

equalizing. The principle is demonstrated in the circuit of Fig. 15.11 and the fre-

quency characteristics of Fig. 14.12, which are limited to a maximum boost of 12 db.

Increased bass boosting could, of course, be \^>btained by increasing the feedback.

With the value of capacitance used in Fig. 15.11 (0.005 ^F) a satisfactory compromise

is obtained for a cross-over frequency of 250 c s ; half this capacitance would be

suitable for 500 c s.

This same principle is used in the circuit of Fig. 17.19A to produce the low fre-

quency characteristics of Fig. 17.19B (Ref. 239). The low-frequency control is a

shorting type, while the 10 megohm resistors are click suppressors. This circuit also

provides four values of high frequency de-emphasis (curves^ Fig. 17. 19C).

Another variation of the same general principle is incorporated in Fig. 17.20 (Ref.

144). It is suitable for use with the GE variable reluctance pickup, or any other low

level electro-magnetic pickup which has been equalized to give a constant-velocity

charaaeristic. The values of components are designed for a cross-over frequency

of 500 c/s and a high-frequency hinge frequency of 2000 c/s with a slope of

6 db/ocuve.
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Fig. 17.20. Circuit diagram of equalizing amplifier for low-level electromagnetic

pickup using negativefeedback over the second stage to accomplish equalization i^Ref. 144).

A different form of frequency-seleaive feedback is used in Fig. 17.21 which pro-

vides correct equalizing for English (H.M.V.) records from 25 to 8500 c/s within

2.5 db. Ki is the first pre-amplifier valve having a series tuned circuit L^Cx (with a

minimum impedance below 25 c/s) in its cathode circuit so that at higher frequencies

an increasing proportion of the input signal is fed back. The condenser €% in series

with Rj serves to flatten the response above 1000 c/s ; no provision is made for

de-emphasis. The level between 250 and 1000 c/s is flattened by the network LtC^R^
in which L, and Cs are tuned to 250 c/s. R^ and Lj carry the plate current of the

valve, and the value of Rx primarily determines the degree of feedback at 10(X) c/s.

Ff;^. 17 21. Frequency selective rugaiive feedback fjg 17.22. Bass equalizer
used to provide equalizing for English records. incorporating L, C and R
(Ref. 199). Vx - Af//4 (/x - 40, r, - 1 1 000 (Ref, 188).
ohms)j load resistance -- 50 000 ohms.

Bass equalizers incorporatiiig L, C and R
A network incorporating L, C and R may be used to provide a very close approach

to the 6 db/octave ideal charaacristic, or even higher values if desired. The simpli-

fied circuit is shown in Fig. 17.22 in which L, is tuned by C| to the cross-over fre-

quency, Rf controls the shape of the band and R* controls the slope of the characteris-

tic.

Suggested values for a cross-over frequency of 400 c/s are—Lx ^ 2.9 henrys ;

C| “ 0.07 fiF ; C, “ 1.0 /xF ; R, 6800 ohms ; R, — 2200 ohms.
For a slight change in cross-over frequency only Cx and R, need be altered (Ref. 188).

References to equalizers (general) : 15, 54, 106, 108, 109, 113, 117, 120, 126, 127,

133, 144, 187, 188, 197, 198, 199, 209, 220, 226, 239, 240.

(B) High-frequency equaUzert (de-emphaait)
A shunt capacitance provides for attenuation at the nominal rate of 6 db/octave

(see Chapter 15 Sect. 6). The attenuation is 3 db when the reactance of the shunt

condenser is equal to the resistance of the circuit across which it is connected, that

is when
C - l/(2ofJD ( 1 )
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or capacitance in microfarads == 157 000/(/©R) (2)

where C = shunt capacitance in farads

/o = frequency at which the attenuation is 3 db (it is also the “ hinge point
**

of the ideal 6 db/octave line)

and R = resistance of circuit across which C is connected, in ohms.
If it is desired to limit the attenuation to a specified value, while approaching the

nominal slope of 6 db/octave, the circuit of Fig. 17.23A may be used. Here Ri
represents the resistance of the input circuit ; R^ should be as high as is practicable

—

it is assumed to be very much greater than Rf. The maximum attenuation in decibels

will be given by
max. attenuation (x db) ^ 20 log,o[Rs/(Ri + Rt)] (3)

Eqns (1) and (2) may be used with reasonable accuracy for maximum attenuations

not less than 10 db—at lower values the attenuation at the “ hinge point ” frequency

fo will be less than 3 db (the actual values are 2.4 db for 10 db total brost, 2 db for 6 db
total boost, 1.2 db for 3 db total boost). The frequency characteristic is indicated

in Fig. 17.23B.

Fig. \7.23. (A) Circuit providing high-frequency attenuation with a specified limit to

the attenuation (B) Frequency characteristics.

If the maximum attenuation is 10 db, the maximum slope (which occurs at half

maximum attenuation) is 3 db/octave. This may therefore be used to provide a

3 db/octave de-emphasis characteristic within the limitations of its range.

High frequency equalizers are incorporated in the circuits of Figs. 17.19, 17.20,

17.27.

For general treatment of equalizers see Ref. 258.

(iv) High-frequency attenuation (scratch filter)

In addition to the normal manual tone control it is advisable in good amplifiers

to incorporate a filter which provides very rapid attenuation above a certain frequency,

say 7000 c/s, so that the upper scratch frequencies on old or noisy records may be

rendered inaudible. This is provided by the circuit of Fig. 17.24A (Ref. 15) which

has negligible attenuation at 7000 c/s, ~ 60 db at 8700 c/s and over 36 db attenuation

at all frequencies above 8000 c/s. The filter is designed for an impedance of 24 000

Fig. 17.24A, Amplifier

stage incorporating filter

with 7000 c/s pass-band

and very rapid attenuation

at higher frequencies {Ref.

15). Ki - A1//4, /X -
40, fp 15 000 ohms.
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Fig, 17.24B. Circuit of pre-amplifier and filter circuit with high attenuation at 10 000
c/s (Ref, 113).

ohms ; the plate resistance of Vi is increased

to this value by means of a partially un-

bypassed cathode resistor, while the out-

put end is loaded directly. See reference

for coil winding and other details.

An alternative method is used in the pre-

amplifier circuit of Fig. 17.24B to produce

the response charaaeristic of Fig. 17.24C

This is suitable for use with low level

electro-magnetic pickups. The 10.6 Kc/s
parallel-T network provides a maximum
attenuation of 34 db, while the 6 Kc/s
parallel-T network in the feedback loop re-

moves the attenuation which would other-

wise occur at this, frequency and thus give

a sharper knee (Ref. 113).

There appears to be substantial evidence

that too sharp a knee on the attenuation

charaaeristic gives an unpleasant effect to

the listener. If the knee is initially too

sharp, it may be slightly rounded by the

addition of a “roll-off” charaaeristic at some
suitable point—e.g. in the preceding stage.

Fig. 17.24C. Response curve of am-
plifier and filter shown in Fig. 17.24B

(Ref. 113).

(v) Equalizers for electro-magnetic pickups
The general principles of equalizing have been covered in the earlier portion of

this section, and may be applied direaly to elearo-magnetic pickups (Figs. 17.17,

17.18, 17.19, 17.21, 17.22, togaher with high-frequency de-emphasis). Fig. 17.24B

is directly applicable.

With any form of elearo-magnetic or dynamic pickup the pickup itself has an
impedance which, above about 1000 c/s, is almost entirely inductive reaaancc. If a

capacitance is conneaed in shunt with the pick-up, or across the secondary of the

transformer, this capacitive reaaance will resonate with the induaive reactance of

the pickup at some frequency determined by L and C. As a result, the output voltage

is b«)sted at the frequency of resonance and falls rapidly at higher frequencies. If,

now, a variable resistance is also conneaed in shunt with the pickup or across the

secondary of the transformer, there will be found a value at which the resonance peak
just disappears—this value of shunt resistance is the maximum which can be used to

permit the condenser to aa purely as an attenuator. For an analysis of this effect

on the E.M.I. No 12 pickup sec Ref. 109 and for that on the Pickering and G.E.
variable reluctance pickups see Ref. 117. The inductance of the E.M.I. No. 12

pickup is of the order of 1 mH. The inductance of the Pickering pickup is approxi-
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mately 100 mH and that of the G.E. pickup 120 mH* The correct value of shunt-

resistance is given by
R (ohms) 1.2 fc for the Pickering pickup

and R (ohms) ^ 0.9 fr for the G.E. pickup
where fc is the frequency at which the attenuation is 3 db. Beyond this frequency
the rate of attenuation is approximately 15 db/ocuve.
The shunt capacitance required for various values of the cut-off frequency is :

Frequency 4000 5000 6000 7000 c/s

Capacitance Pickering 0.02 .013 .009 .0065 /xF

G.E. 0.03 .019 .013 .0095 mF

Fig. 17.25. Equalizer for
use with E.M.I. and Mar-
coniphone Model \2A
pickup. Output as shown
is 200 ohms ; tvith link

closedy output is 600 ohms.
For English E.M.I. re-

cords join terminals 1 and
2> also 3 and 4 ; for

N.A.B. and American records leave unjoined. {E.M.I. Australia).

Pre-amplifier for E.M.I. and Marconiphone Model 12A
A suitable equalizer is shown in Fig. 17.25 which gives the following output levels

at 1000 c s with Decca Z718 frequency record.

Termination Equalizer English Equalizer N.A.B
200 ohms 49 dbm — 50 dbm
600 ohms - 54 dbm — 55 dbm

Pre-amplifier for use with G.E. variable reluctance pickup
The circuit of Fig. 17.26 is suitable for use with the G.E. variable reluctance pickup.

This pickup gives an output of about 10 mV (with recorded velocity of 4 8 cm sec.),

the amplifier has a voltage gain of 35 db at 1000 c s, so that the output voltage is

about 0 6 volt. The input shunt resistor of 6800 ohms (which is suitable for the N.A.B.
characteristic) may be varied to control the frequency response, a higher value in-

creasing the high frequency response. A low plate voltage is desirable. A slight

improvement in response may be effected by shunting the 0.01 /xF condenser by a

resistance of 180 000 ohms (Ref. 187). See also Fig. 17.34 for input transformer
arrangement and Fig. 17.24B as an alternative pre-amplifier.

Fig. 17.26. Pre-amplifier and equalizer

for use with the G.E. pickup {Ref. 187).

Continuously-variable equalizing pre-amplifier

If a sufficiently flexible equalizer is used, it docs not require any additional tone

control. Such a circuit is shown in Fig. 17.27A in which the additive method of

equalization is employed. This has three transmission channels, one channel having

a characteristic which is essentially flat below 1000 c s, falling off at the rate of 12

db/octavc at higher frequencies ; a second channel having 40 db more gain than the

basic channel at very low frequencies but with its gain falling off at the rate of 12 db/

octave above about 50 c/s ; and a third channel whose gain rises at the rate of 12 db/

octave up to 15 000 c/s, above which frequency its gain is 40 db more than the basic

•Later modeli of G.E. pickups have inductances of 250 mH (Broadcast type RPX-046) and 520 mH
(Home type).
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tion in high frequency con-

trol {Ref. 246).

channel. Outputs from the three channels are added in a single valve feedback sum-
ming amplifier ; potentiometers which add fiat loss in the auxiliary channels permit

control of the restiltant transmission charaaeristic. The input allows for the con-

nection of two G.E. variable reluctance pick-ups simultaneously. The maximum
output is of the order of 1 volt> and the pre-amplifier may be used at a moderately

remote location, owing to the cathode follower output.

The frequency characteristics are given in Figs. 17.27B and C (Ref. 246).
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Equalizers applying feedback to the first pre-amplifier stage
It has been demonstrated by Ellis (Ref. 209) that the feedback circuit may be made

frequency-seleaive to give a close approach to the required equalizing characteristic

for an electro-magnetic pickup, as in Fig. 17.28. This circuit does not apply any
appreciable feedback to the pickup itself, owing to the isolating resistor Ri. The
cross-over frequency may be adjusted by changing either C or /?*, but changing JR,

without making a similar change in Ri affects the gain. This arrangement is said to

be “ the quietest and most stable ** (Ref. 287), and a very low hum level is possible

if the cathode is well by-passed. The inpummpedance of the stage is low, owing to

the feedback circuit. The resistor R^ should be at least 10 times the nominal im-
pedance of the pickup. The normal gain, above the cross-over frequency, is approxi-

mately (R-i/Ry), so that unity gain is obtained when R^ = R^. By maldng iR, > Ri
this circuit can provide gain as well as bass boosting, but this reduces the available

increase for low frequencies, since the upper limit of gain is the normal gain of the

valve without feedback.

Fig. 17.28. Equalizer which applies negative feedback
to an electron-magnetic pickup (Ref. 209). Original
values were K, ™ EF36y R^ ^ R^ I MQy R, = 0.22
MQy - 2.2 MQy C ----- 600 ^/xF, F,, - 250 voltsy

unity gain.
Suggested adaptation for 19 db gain and bass boost of
26 db is : F, - 6J7 or 1620, R^ - 0.1 MQy F, - 1 MQy
Rj^ - 0.47 MQy R^ - 3.0 MQy C 330 /x^F for
500 c/Sy or 510 /x/xF for 300 ejsy or 620 fx^iF for 250 c/s.

Vi may also be replaced by a high-mu triode (6AT6)
where F, - 0.1 MQy F, - 0.33 MQy Rj - 0.22 MQy
F, omittedy C - 1200 ft/xF for 500 c/r, 2000 ^^F for

300 c/s or 2400 /xfiF for 250 c/Sy giving gain of 8 db and bass boost of 26 db (see

Ref. 287).

A modification of the circuit of Fig. 17.28 is described in Ref. 280 which gives both
bass boosting (with a “ very low frequency roll-off *’) and high frequency de-emphasis.

Values of components are : Ri 0.33 megohm, F, ^ 1.0 megohm, F^ = 0.22

megohm, C 600 /x^F approx, (adjustable), 25 fi/xF approx, (adjustable)

shunted across F,, and Vi EF37.

A different modification of this circuit is given in Fig. 15.13 ; see Chapter 15

Sect. 2(iv)C This modified circuit enables adjustment to be made for any cross-

over frequency by means of a continuously variable potentiometer ; unfortunately

no measured frequency characteristics have been published but this circuit seems to

be close to the ideal for simplicity and to provide a response characteristic as good as

that of any other RC feedback amplifier.

(vi) Equalizers for crystal pickups
A crystal pickup, when working into a high load resistance of the order of 2 to 5

megohms gives a practically level response characteristic over the constant amplitude

section of a gliding-tone frequency test record (A in Fig. 17.30). If the load resistance

is decreased to 0.5 megohm (Curve B) the output at 50 c/s may fall in a typical case

by 6 db, the attenuation ratio at other frequencies being inversely proportional to the

frequency.

High temperatures cause a reduaion in bass response ; an increase from 68°F to

104°F causing a decrease of about 5 db at 50 c/s in a typic^ case (Curve B).

The output from a crystal pickup is so high that, if it is not attenuated between the

pickup and the first amplifier stage, it may overload the valve. Unless the equalizer

provides heavy attenuation, it is advisable to place the volume control between the

pickup and the first grid.

Above the cross-over frequency the output voltage from an unequalized high-

fidelity crystal pickup tends to fall at the rate of 6 db/octave. In popular types there

is usu^ly a resonance peak which gives some additional lift to the top end of the charac-

teristic, thiu decreasing the amount of equalization required.
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A simple equalizer for use with crystal pickups is

shown in Fig. 17.29. If R, = 0.5 megohm, Rj may
be taken as lOR, or 5 megohms. This gives an attenua-

tion at very low frequencies of 20.8 db. The effect of

variation of Cj is shown in curve C Fig. 17.30 ; these

response curves are only satisfactory when considerable

high-frequency de-emphasis is required.

Better equalization is obtained when Ri ~ 40Rt,

thus giving a maximum attenuation of 32 db. Suitable

values are : Ri = 5 megohms, R* 0.125 megohm, Ci -= 100 /x/xF. The resultant

response curve is shown in curve D.

A more flexible equalizer suitable for use with a high-fidelity crystal pickup is

shown in Fig. 17 31 (Ref. 127). This gives a choice of three load resistors, thus giv-

ing some control of the bass, and three values of capacitance suitable for three cross-

over frequencies.

An improved equalizing circuit suitable for use with the Acos GP12 high-fidelity

pickup is shown in Fig. 17.32 (Ref. 120). This gives correct equalization for H.M.V.

records within 4- 2.5 db, — 3.5 db from 30 to 8000 c/s.

An equalizer suitable for use with the Brush high-fidelity pickup is shown in Fig.

17.33 (Ref. 106), Position (1) is for quiet shellac records with a 500 c/s cross-over

Fig, 17.29. Simple equal-

izer circuit for a crystal

pickup.

data for Astatic FP- 18.
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Fig. 17.31. Flexible equalizer for high-fidelity crystal pickups {Ref. 127).

Fig. 17.32. Equalizer for Acos GP\2 high fidelity crystal pickups for 250 c/s cross-over

frequency {Ref. 120).

frequency ; (2) for scratchy and noisy shellac records ; (3) good Orthacoustic trans-

criptions and (4) noisy transcriptions. The low frequency filter reduces rumble and

hum.
See also Sect. 5(x).

I
,

Fig. 17.33. Equalizer for use with Brush high-fidelity crystal pickup {Ref. 106).

(vii) Equalizers applying negative feedback to the pickup
It is advantageous in all cases to apply negative feedback to the pickup, whether

electro-magnetic or crystal. This may be accomplished in any conventional manner
and the feedback reduces non-linear distortion and the effects of mechanical reson-

ances.

Various possible combinations of CR and LCR in the feedback network of both

crystal and electro-magnetic pickups are described in Ref. 220. Most of these apply

a very limited amount of feedback,.but the same principle could be applied to a high-

gain pre-amplifier stage with increased feedback. It is evident that any type of

pickup may be equalized by this method, with the additional advantages of increased

damping on the pickup. It seems that more detailed investigation of the subjea

is well merited.

(viii) Miscellaneous details regarding equalizing amplifiers

Position of equalizer

In general it is preferable to place the equalizer following the first stage of the pre-

amplifier in the case of low level pickups. With high level pickups it may be possible

to incorporate the equalizer in the -main amplifier.

Input transformers
Although input transformers arc not necessary with electro-magnetic pickups,

they have some distinct advantages. The step-up ratio provides useful gain, while

they permit the use of a balanced-to-earth input line which gives improved signal-
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ToGrM

Cotho4«

Fig. 17.34. Low impedance pickup

with halanced-to^earth input to step-up

transformer.

to-noisc ratio (Fig. 17.34). With low

level pickups the transformer improves

the signal-to-hum and signal-to-noise

ratios.

Rumble
Rumble may be reduced, if necessary,

by a filter which cuts off sharply below,

say, 50 c/s. The cut-off frequency and
attenuation necessary are dependent

upon the motor, turntable and amount

of bass boosting in the equalizer and

tone control. One example is incor-

porated in Fig. 17.35B.

(ix) Complete amplifiers
Q)mplete amplifiers for the repro-

duction of sound from records may in-

clude

—

1. A suitable pickup.

2. An equalizer to provide constant

velocity output (only required for elec-

tro-magnetic pickups, and even then

only when not provided as part of the

main equalizer).

3. A first stage pre-amplifier (only

required in the case of a low level pick-

up).

4. A main equalizer, preferably pro-

vided with adjusuble cross-over fre-

quencies and variable high-frequency

de-emphasis.

5. A tone control, preferably com-
prising separate bass and treble controls.

If the main equalizer has flexible adjust-

ments of its characteristics, it may be

used in place of a separate tone control.

6. A rumble filter, preferably with

switch to cut in or out (may be omitted

if response is anenuated below 70 c/s).

(Continued on page 748)

Pig, 17.35A. Circuit of 25 watt ampli-

fier using O.E, variable reluctance or

Pickering 120Af pickup (Ref, 240).
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Type
j

Rating Tolerance

R..
1

Value to suit tram-

1
former

0.1 MQ
High-Stability carbon

1

R„ High-stability carbon iw 20%
R*, 0 68 Ma High-Stability carbon *07 20%
R*i 0.22 MQ High-stability carbon *07 20%
Ru 4700 Q High-stability carbon 20%
R„ 0.22 MQ Composition 10%

20 000 X? Composition
R» 22 000 Q High-stability carbon 1 *07 20%
Ru 0.22 MQ Composition 10%
R., 0.20 MQ^ Composition
R» 4.7 MQ Composition 5%
R» 1.0 MQ Composition *07 20%
R70 0.22 MQ Composition 20%
Ru 2200 Q Composition 20%
R„ 2.0 MQ Composition

1

1% or
matehtd

R„ 2.0 MQ Composition 1% or
matched

R,4 , 1.0 MQ Composition 1% or
matched

R» 10 MQ Composition 5%
Ru 47 000 Q Composition 10%
Ru 1000 Q Composition 20%

47 000 Q Composition ivr 20%
^Tf 0.22 MQ Composition 20%
Ru 10 000 Q Composition 107 20%
R,i 0.22 MX? *ir

R,» 0.22 AfX? iw
Ru 47 000 X?

Ru 100 X?

AH rnistors may b€ {W ratings tol€rance 20% utdess otherwise specified.

^Mey rtquifc •djustmeot.

(K d.c.

working)

0.5 pp Paper 250 20%
50 pP Electrolytic 12
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C» 1 16 fiF
1

Electrolytic

Csa 0.02 pF 1 Paper

j

4000 /i/iF Silvered mica
i 100 tifiF : Silvered mica
50 /xF

! Electrolytic
C57 I

50 fiF
1

Electrolytic

CsK
i

0.01 ^lF
j

Silvered mica

C» 0.25 fiF Paper
C*o

1

5000 fifiF
1

Silvered mica

C.. 5000 /x/xF Silvered mica

C» : 7000 fxfiF 1 Silvered mica
C„ 0.5 ^lF Paper
C„ 16 fxF Electrolytic

C„ 4 /xF

C„ 2 ^lF

C„ 0.1 /xF

S5 single pole single throw
S% single pole single throw

450
350
350
350
12
12

350

500
350

j

350
i

: 350
1 500

450
I 250

350
350

10%
10%
10%

I

1% or

;
matched

I

20%
1%
matched
1%
matched
10%
20%

Fig. 17.35C. Williamson tone compensation and filter umt {Ref. 270). In the original
amplifier K, K,o ~ V x\ type EF37. All may be replaced by type 9002, or by
type 6AU6 with a slight increase in gain, or by type 6J7 {or 6J5 triodc) with a slight

decrease in gain.

I

1

1

Rating

R„ . 0.25 MU log.

, 47 000 Q IW I

R,» 47 000 a \w
1

R,t i
3300 U 1

R,o
^

0.25 MU log.
i

«4. I 100 000 I?
j

R„ 1 6800 U
I

R» I 10000 U 1

I

R„ 1 0.1 MQ linear
1

Tolerance
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R
R
R
R
R
R
R
R
R
R
R
R
R

60

100 000 \W
2200 Q
0.1 MO 10%
0.47 MQ 10%
0.47 MQ 10%
33 000 \W
100000 Q \W
3300 Q
1 MQ
0.1 MQ 1% or matched
0.1 MQ 1% or matched
50 000 12 1% or matched
100 Q !

!

All resistors may be ratingy tolerance 20% unless otherwise specified.

!

Type
Rating
{V d.c.

working)
Tolerance

C., ’ 50 /iF Electrolytic 12

^1* 8 mF ! Electrolytic 450
C.,
C|o

0.25 fiF
i 150 max.

;
Paper
Preset

500 20%
C., ,

0.01 Paper 250 20%
0.05 /xF Paper

;

250 20%
C’is i 1000 ft/xF Silvered mica 1 20%
Cti 50 /xF* Electrolytic

i
12

C.. 0.05 ^F ' Paper
i

500 20%
C,.

i

100 /x^F Silvered ndca
j

5%
C;7 200 /x/xF Silvered mica 5%
c.. 300 /i/xF Silvered mica 5%
C,. 500 ^ifiF ' Silvered mica 5%
Cjo 50 /x^F Silvered mica 5%
C., 100 Silvered mica 5%
Csj 250 ^i^iF 1 Silvered mica 5%
C„ 50 m/*' Electrolytic 12 20%
C,. 0 05 /xF

\

Paper 500

C.. 8 m/*' ;

Electrolytic 450

40 75 n^iF
j

Silvered mica
1

1% or

matched
C37 , ,,

1 100 ^.^.F ' Silvered mica 1% or

matched

4 , 150 /x/xF Silvered mica
1

1% or
1 matched

^»»» 4 , 200 ^x^lF
1

!

Silvered mica
1

1% or

matched

C., 150 ^l^lF
1

Silvered mica 1% or

matched
C46

j

200 nfiF Silvered mica 1% or

matched

Cl,

;

300 ^l^lF

;

400 pfiF

Silvered mica

Silvered mica
450

1% or

matched

C|6
;
16 pF Electrolytic

Co
i

16 fxF
!

i

Electrolytic 500

Choke : C//i 50 H at 20 mA, Resistance about 1500 Q.

Mains Transformer -

ternary : 200-220-240 K, 50 c/s.

Secondaries : 1. 325-0-325 Vy 20 mA d.c.

2. 6.3 Vy 0.6/1.

3. 6.3 Vy 1.5/f.
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Switches—
Si Single pole single throw,

St Double pole single throw.

St Siffgle pole single throw.
Sj, 5 hanky 5 position selector switch.

7. A high frequency attenuator or filter for worn or noisy records (may be omitted

if a sufficiently flexible tone control is fitted). One very effeaive form of filter is a

capacitance connected across the secondary of the output transformer - see page 214.

An example of a complete amplifier is given in Fig. 17.35A. This is a 25 watt

amplifier suitable for operation from a G.E. variable reluctance pickup, or Pickering

120M. The total harmonic distonion is under 1%. The pre-amplifier consists of

a triode with proper compensation in the output circuit. Bass boosting is obtained

by the use of frequency-scleaive negative feedback in the second and third stages.

Hum from the heater is reduced to the vanishing point by making the heaters of

the first two twin triodes part of the cathode resistor of the output stage. The output

stage draws approximately 300 mA, which is the correct current for the heaters of

the 6SL7 valves, and the additional bias required for the output valves is obtained

by a resistor (Ref. 240).

Another example of a complete amplifier is that due to D. T. N. Williamson (Ref.

270) shown in Figs. 17.35 B, C, D, E, F and G. The main amplifier (Fig. 17.35F)

is a new version of the earlier Williamson amplifier of which one adaptation is Fig. 7.44.

The circuit differs in minor details only from Fig. 7.44 ; the balancing adjustment

on Vi and Vx has been omitted as unnecessary, provided that Rn and R^t have

the specified values and tolerances, while a transitional phase-shift network RttCm
has been added to increase the margin of stability at high frequencies.

Output transformer specifications (3.6 ohm secondaries)—Williamson Amplifier :

Core : 1} in. stack of 28A Super Silcor laminations (M. and E.A.). The winding
consists of two identical interleaved coils each 1} in wide on paxolin formers U in.

X 1} in. inside dimensions. On each former is wound :

5 primary sections, each consisting of 440 turns (5 layers, 88 turns per layer)

of 30 S.W.G. enamelled copper wire interleaved with 2 mil. paper,

alternating with
4 secondary sections, each consisting of 84 turns (2 layers, 42 mms per layer)

of 22 S.W.G. enamelled copper wire interleaved with 2 mil. paper.

Each section is insulated from its neighbours by 3 layers of 5 mil. Empire upe. All

connections are brought out on one side of the winding, but the primary sections may
be connected in scries when winding, two primary connections only per bobbin being

brought out. Windings to be assembled on core with one bobbin reversed, and with

insulating cheeks and a centre spacer.

Curves showing the loop gain and phase-shift characteristics of the main amplifier

arc shown in Fig. 17.35G.

The pre-amplifier Fig. 17.35B has a voltage gain of 250 times from the grid of the

first valve to the voltage across the output terminals. The input grid voltage must
not be less than 0.8 mV ; this minimum voltage can readily be provided by a suitable

transformer from any pickup. Care should be taken to avoid overloading the pre-

amplifier by too high an input voltage. The overall frequency response, when
tested with an ideal “ velocity ** pickup on an English Decca disc is level within

1 db from 20 to 14 000 c/s ; below 20 c/s there is attenuation at the rate of 30 db/
octave to eliminate rumble. For the English E.M.I. charaaeristic, switch Si should

be opened. Other recording charaaeristics can be handled by the use of the tone

compensation unit.

This overall frequency characteristic, which provides bass boosting and high-

frequency de-emphMis to suit the recording characteristic, together with a rumble
filter, is provided by a careful combination of

(1) bass boosting by Vtt together with the feedback network C«4 Cn Rtt R%v
(2) Attenuation produced by the combined inter-valve couplings.
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(3) Feedback over K14, through the parallel-T network. This provides a peak at

20 c/s which is used to give a sharp knee to the frequency charaaeristic instead of

the gradual attenuation produced by the inter-valve couplings. (Note that the

recording charaaeristic contributes 6 db/ooave to the slope below 20 c/s).

The final stage is merely a cathode follower to permit the use of long leads

between the pre-amplifier and the tone-compensation unit.

If a high-impedance output is permissible, and an attenuation of 8 db at 10 c/s is

sufficient to reduce the rumble, stage Ku may be used as a single stage pre-amplifier

with a gain of 11 times. Under these circumstances = 0.05 fxFy C = 4000
22 000 ohms, R^c ^ 2.2 Mf?, R*? is omitted, and the output is taken from

the jimction of and /?««.

In the cathode circuit of K13, closing the switch reduces the gain to zero in about
1 second for use while changing records.

The noise level, with adjusted for minimum hum, is about 3 to 5 /*V at

grid, excluding the noise due to the pickup transformer and auxiliaries. The total

harmonic distortion of the pre-amplifier and tone compensation units combined, is

considerably less than 0.1%.
The tone compensation and filter unit Fig. 17.35C provides

—

Fig. 17.35D. Meastdred overall response of low-pass filter {stage Vn in Fig. 17.35C

together with network controlled hy switch S^). Ref. 270.

Fig, 17.35B. Response curves of the tone compensation circuit following in Fig.

17.35C. Curves are limiting positions for continuously-variable controls (Rrf, 270).
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(1) A universal tone control (switches and controls RioR^) with frequency

characteristics as Fig. 17.35E. The curves may be shifted bodily along the hori-

zontal axis by modifying the capacitance values shown by the arrows in Fig. 17.35E.

(2) A low-pass filter with nominal cut-off values of 5000, 7000, 10 000 and 13 000

c/s, together with a flat position (switch. S^) providing response charaaeristics as

Fig. 17.35D. This characteristic is provided by a parallel-T network in the feed-

back loop of Vii which gives a symmetrical valley at the frequency of resonance.

A capacitor from the grid of Vn to earth introduces a lagging phase shift which gives

I FlC.»7.Mr

Fig. 17.35F. Williamson main amplifier -new version (Ref. 270). Voltages under-

lined are peak signal voltages at 15 watts output.

1 MQ i watt .! 20°o
33 000 Q 1 watt :

20^0
47 000 Q 1 watt : 20^0
470 iJ i watt L lO'^o

22 000 Q 1 watt 5^;,

(or matched)
22 000 Q 1 watt :r 20%
0.47 MQ 1 watt i 20%
390 Q i watt :t 10%
41000 Q 2 watt : 5%

(or matched)
0.1 MQ 1 watt 1 10%
1000 Q J watt t 20%
100 Q 1 watt t 20%
100 Q 2 watt wirewound variable

150 Q 3 watt :r 20%
1200 Q X \/speech coil impedance

1 watt
4700 Q J watt } 20%
8 mF 500F wkg.
0.05 mF 350V wkg.
0.25 mF 350V wkg.
8 u-F 600V w^.
200 ^l^lF 350V wkg.
30H at 20 mA
lOH at 150 mA
Power transformer

Secondary 425-0-425V, 150 mAt 51^, 3Ay 6.3 F, 4Ay centre-tapped
V,y K, 2 X L63 6J5, 6SN1 or B65
V^y V, do. do.

y.y KT(s6y V, Conor 53KVy 5K4.
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Fr«4«c*Ky (c/«) FIG. 17. 3$C

Fig, 17.35G. Loop gain and phase-shift characteristics of Williamson main amplifier

{Ref. 270).

positive feedback below resonance and negative feedback above resonance, thereby

unbalancing the characteristic and giving a sharp knee before the attenuation com-
mences. The addition of an independent RC network controlled by ^4^ gives

further treble attenuation and leads to the final result in Fig. 17.35D.

(x) Pickups for connection to radio receivers
When a separate pickup and. turntable unit is used in conjunction with a radio

receiver, it is often most convenient for the user to operate the device at some distance

(say up to 15 feet) from the receiver. The most desirable arrangement is a Record

Player in the form of a small cabinet enclosing the motor, turntable, pickup, and

(possibly) volume control, pre-amplifier and equalizer, with the top of the cabinet

about 20 inches from the floor so as to be accessible from an easy chair.

The design problem hinges on the use or otherwise of a pre-amplifier. If no pre-

amplifier is permissible, on account of cost or other factors, it is necessary to

employ a pickup delivering a high output voltage or whose output voltage is capable

of being stepped up by a high ratio transformer.

When pickup terminals are fitted to receivers, they usually provide a resistive load

of the order of 0.5 megohm, w'ith some capacitive shunting. The input voltage

required to give full power output is usually about 0.25 volt, although some receivers

require a higher voltage. If a receiver is being designed specially for good perform-

ance with a pickup, full power output should be obtained with an input voltage

not exceeding 0.1 volt. This usually demands a pentode first a-f amplifier, especially

if negative feedback is used.

If bass equalization of 20 db is required for use with an electro-magnetic pickup,

the available voltage must be at least 10 times the input voltage to the amplifier, e.g.

1 volt and 0.1 volt respectively There is a strong temptation to use a popular pickup

which provides at least part of the bass boosting by arm resonance, but this is very

undesirable on account of record wear, distortion and heavy stylus force required.

There are electro-magnetic pickups capable of providing an output of about 1 volt

from the secondary of a transformer, which do not employ arm resonance in the vicinity

of 100 c /s ; these arc much to be preferred to those employing arm resonance. How-

ever, the high cost of a good quality transformer, and the hum and poor frequency

response with a cheaper transformer, make this a rather unsatisfactory arrangement.

The necessary bass boosting may be provided by a resistor and capacitor in series,

connected across the secondary of the transformer A choice of cross-over frequency

may be provided by a tapping switch and several values of capacitance. High-fre-

quency de-emphasis may be provided by one or more values of shunt capacitance,
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Although there is danger of pickup resonance unless an isolating resistor is

used, with consequential loss of gain. Volume control may be provided by a potentio-

meter having a total resistance preferably not exceeding 50 000 ohms. A screened

cable may be used to link the record player to the pickup terminals of the receiver.

If a crystal pickup is used, it is quite satisfactory to incorporate the equalizer

and volume control in the Record Player. In this case there is no danger of hum from
the pickup or transformer. With a general-purpose crystal pickup the arrangement

of Fig. 17.29 may be used in which Ri = 2 megohms, R, ^ 0.5 megohm and Ci ~
0.000 25 /uF for a cross-over frequency of 250 c/s or half this value for 500 c/s. Some
measure of tone control may be provided by a variable resistance of 1 megohm in

series with Ci,

With a high fidelity crystal pickup, the circuit of Fig. 17 31 or any similar equalizer

may be used.

In aU cases it is advisable for the listener, if possible, to set the volume control on
the record player to about half-way, then to adjust the volume control on the receiver

for satisfaaory operation under normal conditions, and to make all adjustments

(during listening) with the control on the record player.

There will be some inevitable loss of the higher frequencies due to the screened

cable. This may be kept within reason by arranging that the total effective impedance
of the line, under operating conditions, is of the order of 50 000 ohms or less. For
example, the equalizer of Fig. 17.32 may be modified by changing the 0.1 megohm
fixed resistor into a volume control.

If a pre-amplifier ia used, both it and the equalizer will normally be incorporated

into the receiver chassis. A volume control may readily be fitted across the pickup,

and shunt capacitances may be used in conjunaion with a tapping switch for high

frequency de-emphasis, with due precautions against resonance. With this arrange-

ment it is difticult to make any adjustment for cross-over frequency in the record

player.

AUematively the pre-amplifier and equalizer may be incorporated into the record

player, thus giving the maximum flexibility of control. The final stage in the record

player may be either a cathode follower, or a general-purpose triode with a low ratio

transformer in its plate circuit. The record player may incorporate a power trans-

former, rectifier and filter, or it may obtain its plate supply from the receiver. Trouble
may be experienced with hum owing to the proximity of the motor, transformer and
pre-amplifier, particularly if a low level pickup is used. However, in spite of these

design problems, the arrangement is practicable.

(xi) Frequency test records
Frequency test records are of two general types—banded tone and gliding tone.

Banded tone records arc recorded with a number of constant frequencies which may
be played in sequence ; they are generally used when measurements are being made.
Gliding tone records are useful when it is desired to check for peaks but may also be
used for frequency response measurements by appropriate timing. These normally
commence at a high frequency /i, maintain constant velocity characteristics down to

the cross-over frequency /«, then follow the recording charaaeristic down to the final

frequency /, (approximately at the rate of 6 db/octavc). In some cases the high-

frequency response follows the recording characteristic- -details are given in the table.

The frequency response may be checked to a fair degree of accuracy by the optical

method (see below). Over the “ constant velocity ” range the width of the light pattern

should constant, while over the ** constant amplitude *' range the width should
taper downwards in proportion to the frequency.

References to frequency test records : Refs. 161, 254, 260 ; record catalogues.

The opdcel method of teadng frequency teat records
A firequency test record, either of the stepped-frequency or gliding-tone type,

may be checked optically to indicate the amplitude at all pans of the record, with a
possible error of a^ut 1 or 2 db. The lamp should have a concentrated flhunent and
clear bulb ; it should be at least 8 feet from the record and only high enough above
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the plane of flie record to give a brilliant pattern. The eye should be directed vertic-

ally downwards on to the side of the record nearer to the lamp, and should be as far

above the record as possible.

A pair of dividers may be used to measure the width of the reflected light pattern

for each frequency ; the width of the light pattern is proportional to the voltage

output from a perfect constant-velocity picinip. This method becomes increasingly

less accurate below the cross-over frequency, ^though it is very satisfactory at higher

frequencies.

The theoretical analysis and calculation of errors is given by Ref. 243.

References 25 (Pan 5), 99, 219, 243, 258, 293.

TABLE 1 : GLIDING FREQUENCY RECORDS

Record /. /o (cross-over) ft

English
Decca ffrr K1802 14 000 c/s 10 c/s

K1803 14 000 c/s 300 c/s 10 c/s

American
R.C.A. 12 in. (12-5-5) 10 000 c/s 500 c/s (-1.5 db) 30 c/s

London (album LA-32)
T-4996 12 in. 78r.p.m. 14 000 c/s ( + 8 db) 250c/s(-l db) 100c/s(-5db)
T-4997 12in. 78r.p.m.

|

14 000 c/s ( 4-8 db) 250c/s(-ldb)
j

10 c/s (-33 db)

Universal D61B Band 1 |10 000c/s (0 db) 500 c/s (0 db)

Band 2 1500 c/s (-7 db) 200 c/s(~7db)
Band 3 1,200 c/s (- 14 db) 50c/s(-14db)

Columbia XERD281 12

in. ilOOOOc/s 1500 c/s
1

1

50 c/s

TABLE 2 : COMBINED GLIDING FREQUENCY AND BANDED FRE-
QUENCY RECORDS

/. /o"(cross-ovcr) ft

R.MA. Standard REC-128 78 r.p.m.

No. 1 Side A 10 000 c/s
j

j

500 c/s 30 c/s

No. 1 Side B

Constant frequencies 1000 (-4- 10 db),

;

10 000, 9000, 8000, 7000, 6000, 500D,

4500, 4000, 3500, 3000, 2500, 2000, 1500,

1000, 700, 500, 400, 300, 250, 200, 180,

160, 140, 120, 100, 90, 80, 70, 60, 50,

40, 30.

Voice announcements.
I Constant frequency 1000 c/s at levels

+ 10, +12, +14, +16, +18 db.

Then alternate gliding and constant fre-

quencies from 3000 to 30 c/s at level

+ 16 to +18 db (1000 c/s).
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TABLE 3 : BANDED FREQUENCY RECORDS

17^

Eogllsh and Australian

(78 r.pjn.)

E.M.I. Australia (EDI 189) 20 000, 18 000, 16 000, 14 000, 12 000, 10 000, 8000,

6000, 4500, 3500, 2000, (arbitrary 0 db) ; 500 (-1),

160 (-5.5), 70 (-12 db). 19 000, 17 000, 15 000,

13 000, 11000, 9000, 7000, 5000, 4000, 3000, 1000

(arbitrary 0 db) ; 250 ( - 3), 100 ( -8.5), 50 (
- 14 db).

EiA.I. Australia (ED1190) 1 13000 (-1.2 db), 12000 ( -1.3), 11 000 (-0.4),

I

10 000 ( -0.2), 9000 (
- 0.2), 8000 ( 0.2), 7000 ( +0.4),

6000 (+0.2), 5000 (+0.2), 4000 (+0.7), 3000 ( + 1.2),

! 2000 (+0.6), 1000 (0 db arbitrary level), 500 (+0.2),
i 250 (- 2.9), 140 ( 6), 100 ( 8.9), 70 (-10.4), 50

1 (-12.8), 35 c/s (-14 db).

E.M.I. Studios JG449 (!>' 20 Kc/s, 18, 16, 14, 12, 10, 8, 6, 4.5, 3.5, 2 Kc/s (0 db) ;

500 c/s (-1), 160 c/s ( -5.5), 70 c/s ( -12 db).

(2) 19 Kc/s, 17, 15, 13, 11, 9, 7, 5, 4, 3, 1 Kc/s (0 db) ;

250 c s (-3), 100 c /s ( 8.5), 50 c/s ( 14 db).

Columbia LOX-650 ' 1000 (0 db), 10 000 ( 1), 9000 ( 1.6), 8000 ( 1.6),

:
7000 ( -1), 6000 ( 0.8), 5000 ( 0.8), 4000 ( 0.8),

: 3000 ( -0.8), 2000 ( 0.8), 1500 ( 1), 800 ( 0.8),

500 ( 0.8), 300 ( 3.4), 200 ( 5 2), 150 ( -7.1),

100 ( 9.4), 70 ( 11.2), 50 ( 13.6 db).

Dccca Z718 f 50, 70, 100, 160, 250, 500, 1000, 2000, c/s

\ 14 11 -8 4 0 0 0 0 db

/ 3000, 3500, 4000, 4500, 5000, 6000 c/s10 0 0 0 0 Odb

Decca K1804 14 000 to 400 c/s (constant velocity) 250 to 30 c/s

(constant amplitude); in steps. Level +10 db at

1000 c/s.

American
R.M.AvStandard^ No, 2(A)

REC-128 y
78 r.p.m. J No. 2(B)

R.C.A. (12-5-19) 12 in-l
|

78 r.p.m. S-j

Unfilled vinyl, SF J !

R.C.A. (12-5-25)
:

(-460625-6) 12 in. 33-1/3

r.p.m. Unfilled vinyl, SF
|

R.C.A. (12-5-31) 7 in. 45

r.p.m.

Unfilled vinyl, D.F.

(Opposite side of 12-5-29)

Constant frequency bands at same frequencies as

No. 1 Side A without announcements.

8000, 6000, 4000, 2000 ( + 10 db) ; alternate gliding

and constant frequencies 3000 to 30 c/s ( + 16 to 18

db) ; 8000, 6000, 4000, 2000 ( + 10 db).

Approx, const, vel. 10 0(X) ; 9000 ; 8000 ; 7000 ;

6000 ; 5000 ; 4000 ; 3000 ; 2000, 1000 ; (0 db -
8.6 cm/sec. approx.) 800 c/s ; 500 ( 1.5 db) ; Const,

ampl. 300; 200; 100; 50; 1000 ( 2 db) ; 10 000.

12000 ( 2.5 db) ; 11 000 ( 3); 10000 ( 1.5);

approx, const, vel. down to 700 ( 0.5 db) ; 400 (1.2

db below const, ampl.) ; 300 (0.6 db below const,

ampl.). Also 400 and 4000 c/s tone for intermodula-

lion testing. Groove has bottom radius less than 0.5

mil. Max. stylus radius 3 mils.

Approx, const vel 10 000 ( 0.5 db) ; 9000 ; 8000 ;

7000 ( -1); 6000; 5000 ( 1.3); 4000 ; 3000

(-1); 2000; 1000 (0 db - 5.2 cm /sec.) ; 700
(—0.5); 400 (- 1.5); approx, const, ampl. 400;
300 ; 200 ; 100 ; 50 ; 1000. Velocity at 1000 c/s

5.2 cm/sec.
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Columbia
TL-1 LP microgroovc

33-1/3 r.p.m.

TL-2 LP microgroovc

33-1/3 r.p.m.

RD-103 LP microgroovc

33-1/3 r.p.m.

12 in. Bands

RD-103A LP microgroovc

33-1/3 r.p.m.

12 in. Bands

(10003-M) 78 r.p.m.

12 in. shellac

(10004-M) 78 r.p.m.

12 in. shellac

Audiotonc
78-1 78 r.p.m.

London Gramophone
T49^8 12 in. 78 r.p.m.

Oarkatan
(2000S) 78 r.p.m.

(20002S) LP microgroovc

CcMk
Series 10, 10 in. Plastic

DF. Side A 78 r.p.m.

10 000 ( + 12 db); 9000 ( + 12); 8000 (+ 11.5); 7000

( + 11); 6000 ( + 11); 5000 ( + 10); 4000 (+7.5)

;

3000( + 5.5); 2000( + 3); 1500 (+2); 1000(0db-
1 cm/scc. r.m.s.) ; 800 (-1); 500 (-2.5); 400 (-4);
300 (-6); 200 (-8.5); 150 (-10); 100 (-11);
70 (

— 12); 50 (
— 13). This record is cut with the

microgroovc recording characteristic including high-

frequency pre-emphasis.

10 000 ( + 5.5 db) ; 9000 ( + 5.5); 8000 (+5); 7000

( + 5.5); 6000 ( + 5); 5000 ( + 7); 4000 ( + 7.5) ; 3000

( + 7); 2000 (44.5); 1500 ( + 6.5) ; 1000 ( + 7.5);

800 ( + 7.5); 500 ( + 7.5); 400 ( + 6) ; 300 (+3.5)

;

200 (-0.5) ; 150 (-3.0) ; 100 (-6) ; 70 (-7.5) ;

50 ( -10.5) , 30 (
— 12 db). 0 db = 1 cm/scc. r.m.s.

10 000 ( + 5 db) ; 9000 ; 8000 ; 7000 ; 6000 (+5);
5000; 4000 (+7); 3000; 2000 ( + 5) ; 1500; 1000

( +7.5) ; 800 ; 500 ( + 7.5) ; 400 ; 300 ; 200 (0 db) ;

150; 100 (-6); 70; 50; 30 c/s (-12) ; 0 db =
1 cm/scc. Essentially flat over constant-velocity

portion, with cross-over 5(X) c/s.

10000 ( + 12 db) ; 9000 ; 8000; 7000 ; 6000 ( + 10

db); 5000; 4000 ; 3000 (-r 5); 2000; 1000 (0 db) ;

800; 500(-2.5); 400; 300(-6); 200; lOO(-ll);
70 ; 50 c s (13 db). 0 db — 1 cm/scc. Levels

arranged to reproduce ir 2 db of “ flat ” on correctly

equalized LP reproduemg system.

1000 c/s; 10000 (-7 db); 9000 ; 8000 ; 7000;
6000 ; 5000; 4000 ; 3000; 2000; 1500; 1000

( 1 db) ; 800 ; 500 ; 300 ; 200 ; 150 ; 100 ; 70 ;

50 ( 17 db). Cross-over 300 c/s. Level approx.

4.8 cm sec. at 1(XX) c s.

As (1(X)03-M) but with cross-over frequency 5(X) c/s.

50 to 250 c s (peak amplitude 0.0017 inch) ; 250 c s

upwards (constant velocity).

14 000c/s(0db) ; 13 000; 12 000; 11 000; 10 000;
9000 ; 8000 ; 7000 ; 6000 ; 5000 ; 4000 ; 3000 ;

2000 ; 1000 ; 400 (0 db) ; 250 (
- 2) ; 100 (-6) ;

55 ; 30 c s ( 16 db).

50 to 5(X) (constant amplitude) 500 to 10 (XK) c/s

(constant velocity) in 17 steps.

One side recorded flat, other side with NAB curve.

Constant velocity (9 cm /sec.) above 500 c/s. with 3 db
knee at crossover. Bands 1000 c/s ; 20 000 ; 17 000 ;

15 000; 12 000; 10 000 ; 9000; 8000 ; 7000;
6000 ; 5000 ; 4000 ; 3000 ; 2000 ; 1500 ; 1000 ;

700 ; 500 ; 350 ; 250 ; 125 ; 62.5 ; 40 ; 35 ; 1000

c/s.

Side B : 33-1/3 r.p.m. ; Band 1-LP spot check for

i
standard LP pre-emphasis -100 ; 1000 ; 3000 ; 6000 ;

10 000 c/s. Band 2—100 and 7000 c/s intermodula-

tion test, with 7000 c/s 12 db lower than 1(X) c/s, on
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fiat basis. No pre-emphasis. Band 3—slow sweep
frequencies from 1000 c/s to 35 c/s with 350 c/s

crossover. Both sides cut for use with 1 or 3 mil
reproducer stylus.

TABLE 4 : SPECIAL TEST RECORDS

Victor
(12-5-1) 10 in. 78 r.p.m.

Shellac DF
(12-5-3) 12 in, 78 r.p.m.

Shellac DF
(12-5-7) 12 in. 78 and
33-1/3 r.p.m. Shellac

DF
(12-5-9) 12 in. 78 r.p.m.

Shellac SF

(12-5-11) 12 in. 78 r.p.m.

Shellac DF

(12-5-13) 10 in. 78 r.p.m

Shellac DF
(12-5-15) 12 in. 78 r.pjn.

Unfilled vinyl DF

(12-5-17) 10 in. 78 r.pjn.

Shellac DF
(12-5-21) 12 in, 78 r.pjn.

Unfilled vinyl DF

(12-5-23) 12 in, 78 r.p.m.

Unfilled vinyl DF

(12-5-29) 7 in. 45 r.p.m.

Unfilled vinyl DF
(12-5-35) 7 in. 45 r.p.m.

Unfilled vinyl DF

(12-5-37) 7 in. 45 r.p.m.

Unfilled vinyl DF (RL-
419)

(12-5-39) 12 in. 78 r.pjn.

Unfilled vinyl DF (RL-
420)

Unmodulated grooves at normal recording pitch with
lead out and eccentric. Same both sides.

Unmodulated grooves at normal recording pitch with

lead out and eccentric. Same both sides.

On 78 r.p.m. bands 2300 ; 1000 c/s. On 33-1/3 r.p.m.

1000 ; 433 c/s. Frequencies constant within 0.2%
instantaneous (12-5-5 on opposite side).

Band 1—silent ;
2

—

400 c/s at 5.9 cm/scc. ;
3

—

1000

c/s at 9.6 cm/scc ; 4“Silcnt. Frequencies constant

within 0.2% instantaneous.

Landing area with no , lead-in spiral ; at least one un-
modulated normal pitch groove ; steep blank spiral

;

normal pitch inside groove ; lead out and eccentric

Same both sides.

As for (12-5-11). Same both sides.

Warble frequency bands, sweep rate 5.5 c/s. Band
(l)50a -2500 c/s ; (2) 750—1250 c/s ; (3) 1250—1750
c/s ; (4) 1800—26<X) c/s. Same both sides.

As (12-5-15). Same both sides.

For checking automatic record changers. Three
modulated bands with large eccentric groove. Bands
define standard 10 and 12 in. landing areas without

lead in grooves. Inner band 936 c/s (1 minute) for

checking wow.
Various modulated bands joined by spiral grooves to

indicate limits of standard recording dimensions
(12-5-21 on other side).

For checking landing and tripping action of changer
mechanisms. Bands 1000 ; 400 ; 1000 c/s.

For checking landing and tripping action of changer
mechanisms ; for checking pickup sensitivity, turn-

table fiutter and rumble.

Bands of 400 and 4000 c/s signals combined, the

4000 c/s being 12 db below the 400 c/s level. Peak
velocities from 3.8 to 18 cm/sec. in approx. 2 db steps.

0 db — 6 cm/sec. Intennodulation distortion in the

record is less than 4%. For testing pickup “ track-

ing** at various levels and stylus forces (Ref. 285).

Bands of 400 and 4000 c/s signals combined, the 4(XX)

c/s being 12 db below the 400 c/s level. Peak re-

corded velocities run from 27 to 4.4 cm/sec. in approx.

2 db steps. 0 db » 9.1 cm/sec. Intennodulation

distortion in the record is less than 3%. Groove has

small bottom radius suittble for testing with 1.0 or

3 0milttyU. Same use as 12-5-37.
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(12-5-41) 12 in. 33.3 or 78 For routine testing of record changer operation with
r.p.m. Unfilled vinyl DF 1.0 or 3.0 mil styli. Standard R.M.A. landing areas

for 10 and 12 inch records are defined by short inter-

rupted tones. Short bands of 400 and 1000 c/s tones

are included for routine pickup sensitivity measure-
ments.

Clarkttan
1000 A 12 in. 78 r.p.m.

vinylite SF

1000 D 12 in .78 r.p.m.

vinylite SF.

Sweep frequency record for oscillographic observation

of equipment response. Frequency range 70 to

10 000 c/s, flat within ± 1 db. Sweep frequency rate

20 times/sec. Crossover 500 c/s.

Sweep frequency record as lOOOA but covering range
from 5000 to 15 000 c/s.

E.MJ. Studios
I

JH138 10 in. 78 r.p.m. !

for use with 2.5 mil !

radius stylus.

i

i

Side 1 : 400 c/s (+ 22.5 db) with approx. 4000 c/s

( + 10.5 db) superimposed additively for I.M. testing of
pickups. Peak lateral velocity of combined wave is

equal to that of a sine wave at a level +24.5 db. The
succeeding 10 bands have levels of both tones reduced
2 db below those of the foregoing band.

Side 2 : 60 c/s ( + 8.6 db) with 2000 c/s (+ 10.3 db)
superimposed additively. When the 2000 c/s is

reduced in the pickup bass correction equalizer by the

correct amount relative to 60 c/s (i.e. 13.7 db), its

effective level will be —3.4 db, i.e. 12 db below the

60 c s tone. On a velocity basis, the peak lateral

velocity of the combined wave is equal to that of

a sine wave at a level +15.5 db. The peak combined
amplitude is equivalent to that of a 60 c s sine wave
having a level of +10 db. The succeeding 10 bands
each have the level of both tones reduced by 2 db below
those of the foregoing band. 0 db — 1 cm sec. r.m.s.

(Ref. 310).

See Supplement for additional Frequency Test Records.

SECTION 6 : DISTORTION * AND UNDESIRABLE EFFECTS

(i) Tracing distortion and pinch effect (ii) Playback loss (in) Wowy and the effects

of record warping (iv) Distortion due to stylus wear {v) Noise modulation (vi)

Pickup distortion (ni) Acoustical radiation (viii) Distortion in recording.

(i) Tracing distortion and pinch effect

Tracing distortion (also known as playback distortion) is non-linearity introduced

in the reproduction of records because of the fact that the curve traced by the centre

of the tip of the reproducing stylus is not an exact replica of the modulated groove.

Detailed mathematical analyses of tracing distortion have been made (Refs. 41 and

213, 42, 224, 264) and some popular articles have been wrinen (Refs. 40, 146). The

distortion arises from the shape of the cutter, which has a chisel edge, so that a spherical

tipped needle follows a different path -in other vwrds it introduces harmonic dis-

tortion. Odd harmonics are shown up in the lateral movement of the needle, while

even harmonics make their presence felt through vertical movement of the needle—

the “ pinch effect.”

1 (Vi) N for l.R.B. lettt on phoaognph combiiuitioiis.
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Harmonic tracing distortion

It had earlier been believed (Ref. 42) that the dominant harmonic was the third>

but a more recent analysis (Ref. 264) has proved that the higher harmonics also should

be considered. The ^ues of the fundamental and harmonics up to the seventh may
be calculated from the equations below. The harmonic distortion, when reproducing

with a constant velocity pickup, is given by the ratio of the harmonic to the fimda-

mental, multiplied by the harmonic number (e.g. 3 for third harmonic).

Fundamental amplitude — A — 1 — iA* -f ^A* —
. . .\-f

Third harmonic amplitude ~ 1 — M* -f ^A* —
• • -f

- M* + .

Fifth harmonic amplitude = + . . .}

25 f 5
4- . . > - - • •

•]

Seventh harmonic amplitude --

where A — 2na/ A

R - 2trr/A

(2)

(3)

(4)

a — amplitude of lateral modulation of groove, measured in the plane of

the record

r = stylus radius

and A - wavelength of sinusoidal modulation measured in the direction of an

unmodulated groove. ^
These formulae only hold when RA does not exceed V2.

Ejmsnplc : Groove velocity 10 inches/sec., lateral groove velocity 2 inches/sec

for / = 4000 c/s,

r — 2.3 mils.

Wavelength = A == 10/4000 - 0.0025 inch.

Amplitude — a - 2/2w(4000) = l/4000Tf inch.

A -- 2n a/X - 0.2.

R = 2ir(0.0023X400) - 1.84tr.

From (1) : Fundamental amplitude -= 0.1839 (this is 91 9% of the groove ampli-

tude).

From (2) : Third harmonic amplitude = — 0.0113.

Percenuge third harmonic with constant velocity pickup —
3 X 0.0113 X 100/0.1839 - 18.4%.

From (3) : Fifth harmonic amplitude -h 0.0035.

Percentage fifth harmonic with constant velocity pickup »
5 X 0.0035 X 100/0.1839 - 9%.

Total rjn.s. distortitm «== 20%.

Intermodtilnlioft tracing distortion

The harmonic distortion so far discussed implies the existence of intermoduladon

distortion which causes the most distressing effects on the listener and is still audible

when the offending harmonics are inaudible. The ratio of intermodulation distortion
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to total harmonic distortion may be as high as 10 times (Ref. 1 10). Intermodulation
distortion may, in severe cases, be audible as a buzz.

Since the higher order harmonics are substantial, the tnost convenient method of
comparison for different conditions is given by intermodulation distortion (Ref. 264)
and four curves for selected operating conditions are given in Fig. 17.37A. Under
these operating conditions the upper limit for good reproduction is 10% intermodula-
tion—this does not hold for other conditions.

The minimum groove diameters for reasonable fidelity (less thim 10% calculated

intermodulation distortion as given by Fig. 7.37A) are :

R.P.M. Stylus radius Min. groove diameter
78 3.0 mils 6.1 inches
45 1.0 4.9

33-1/3 1.0 6.5

33-1/3 2.3 10.1

Fortunately, owing to the smaller amplituces which usually occur in both speech
and music at the higher frequencies, the actual distortion under the prevalent listening

conditions is usually less than the values given above. In addition, the yield of the

record material reduces the distortion (Ref. 265) ; this is appreciable with vinyl,

but negligible on shellac records. A further effect is the translation loss which may be
about 6 to 8 db at 10 000 c/s at

the inner radius with 78 r.p.m.

standard groove, whereby both

fundamental and harmonics are

reduced. All these subsidiary

effects tend to decrease the actual

tracing distonion.

However, the deterioration in

both frequency response and

fidelity is plainly audible to a

critical listener as the groove

radius decreases towards the end
of a record ; this applies to 78

r.p.m., transcriptions and all

types of fine groove recording.

The effect of recording char-
acterittica on tracing dis-

tortion
Over the range of constant

velocity recording, the tracing

distortion is proportional to the

square of the frequency

With high-frequency pre-em-
phasis followed by the correct

amount of de-emphasis, at the

rate of 6 db/octave above a

“ hinge frequency /, (P in Fig

17.37B) the third harmonic trac-

ing distortion at a recorded fre-

quency /, will be one third of the

value calculated by the procedure

outlined above provided the con-

stants are the same in both cases.

This relationship will, however,
not hold at any other point. For

eiMmple. at frequency /, where 17.37A. Variation of calculated inter-

ft “ 2/i, the amplitude at Q' modulation tracing distortion toith record diameter
will be twice that at Q and the (based on Ref. 292).
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Fig. 17.37B. Ideal recording char^
acteristic for calculating tracing

distortion.

distortion will therefore be four times as great with pre-emphasis : de-emphasts
as at point P. This may be etpressed in the general fonn

f/,% (constant amplitude) m*

//,% (constant velocity) 3
^ '

where ifi = /,//,

/, *= recorded frequency

/i hinge frequency of pre-emphasis
mod the pre-emphasis and de-emphasis are both at the rate of 6 db/octave above /i

If/t ==* A m = 1 Ratio of //,% « 1/3

A « 2fi HI « 2 Ratio of //,% - 4/3

A - 4A m = 4 Ratio of //,% = 16/3
Other diatordon dfecta

In the foregoing treatment it is assumed that the pickup stylus and armature are

able to follow ideally all the sharp and sudden changes in the modulation of the groove

which occur with complex sounds. In many cases this is obviously not the case» so

that additional causes of spurious intermodulatioo products (mainly inharmonic)
arise. These are reduced by the use of a really good pickup but in most cases it is

probably true that the best available pickup will intr^uce distortioa additional to

the theoretical tracing distortion.

The distortion arising from ovennodulation at high frequencies dxie to a high value

of pre-emphasis has already been covered in Sect. 5(i). Similar effects may occur
at 1^ frequexides with organ music, but may be avoid^ by the use of a low jfe^uency
limiter in the recording ampliher.

The effea of finite size of needle tip on the reproduction of the ftmdamental re-
corded frequency is covered in Sea. 2(i)» also translation lots.

The frfn^ elTect has already been mendoned. It causes increased oombination
products, forced vibration of tl^ armature at its high resonant frequency, increased

nosae in the output voltage and needle talk. Fortunately these bad tSttm may be
considerably reduced by the introduction of vertical compliance cither in the needle
(bent shank or trailer type) or in the pickup itself.

References to tracing distortion, intermodulation distortion and pinch effea :

11, 40, 41, 42, 47, 110, 146, 193, 212, 213, 223, 224, 225, 246, 264, 265, 285

(11) PlaylMick loM
Playback loss has been defined as the difference between the recorded and the re-

produced level at the very same point od a record. It is due to the physical properties

of the record material, being evident as a lou of the higher frequi^es. A com-
paratively stiff and hard material such as is used with shellac pressings has very little

playback loss ; vinyl and lacquer are very much more flexible and exhibit appredable
playback lots. It is also a fimetion of the pickup used. Reference 227.

(ill) Wow and the effects of record wnrpiiif
Wow is a low-frequency modulation effea caused by spurious variations in groove

velocity, either in reoordi^ or in reproductioo. In recording, the American N.A.B.
recommends that the maximum inatantaneout deviation ftom tha maan spaad of tba
recording turntable shall not exceed ± 0.1% of the nwan speed. The BJ9.C. ** D
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channel limit is =b 0.05% (Ref. 297). In reproduction, most turntables used in

combination sets suffer from an appreciable slowing down on heavily recorded pas-

sages. This effect is reduced by the use of a light-weight pickup with high lateral

compliance. The effect may be noticed, in severe cases, by a tnovement in the pattern
produced on a stroboscopic disc at the commencement and end of a heavily recorded
passage.

A warped disc or wobbling tumuble will produce greater wear and eventually

greater scratch level on the high portions of the record. This is much less with well-

designed light-weight pickups than with older models. However, it is important
that the stylus force should be considerably more than the minimum for correct

tracking on a perfectly flat record. A record with warp in excess of 1/16 inch is

likely to cause trouble.

An eccentric disc or turntable will tend to cause wow ; a very small amotmt of eccen-
tricity is sufficient to be noticeable in recording (max. ± 0.002 inch N.A.B .

;

also

English—Ref. 235). This will produce a tonal pitch variation of 0.1% on reproduc-
tion (10 or 12 inc^ records).

Flutter is similar to wow but at a high frequency ; the ear is very sensitive to this

form of distortion. This also may occur both in recording and in reproduction.
References to wow etc. in recording : 84, 90, 193, 231.

Reference to tests on wow in phonograph combinations : 267.

See also Chapter 37 Sect. 1 (vi) N for I.R.E. tests on phonograph combinations,

(iv) Distordon due to stylus wear
All theoretical work on disc reproduction assumes that the needle point is perfectly

spherical. A iewel or other form of permanent tip suffers Wear on two opposite fiMxs.

The wear is usually measured in terms of the width of the nearly flat portion. The
distortion arising from the worn stylus is independent of amplitude, and consists

principally of odd harmonics. The distortion is a function of d/I

where d — width of flat on needle

and / = wavelength of recorded tone.

The following table has been calculated from published data (Ref. 59) for standard

groove constant velocity recording :

d/i

i

fundamental Ht H.
at innermost groove

/ = 1000 c/s / = 10 000 c/s

0.16 - 1 db 1 4.8% 6.6% d = 1.5 mil d = 0.15 mil
OJ22 - 2 db 10% 12% d = 2.4 mil d = 0.24 mil

0.275 - 3 db 20% 17% d = 3.3 mil d - 033 mil

0J6 - 5 db 44% — d = 4.1 mil d = 0.41 mil

0.5 -10 db — — —

The distortion becomes very severe before there is any appreciable attenuation of

the frmdamental caused by the needle wear. Although the harmonics of the higher

frequencies may be outside the frequency range of the equipment, the intermoduladon

products will be apparent.

If the recording characteristic is constant amplitude (6 db/octtve high frequency

pre-emphasis followed by de-emphasis) the values of distortion in the table should

be divided by 3 and 5 for Ha and Hg respectively. In this case pre-emphasis : de-

emphasis shows to considerable advantage over constant velocity, in that styli last

longer before requiring replacement, for the same distortion.

It is obvious that, for high fidelity, no observable stylus flat is permissible. This
seriously limits the life of sapphire st^, even when using a good quality pickup widi

hi|^ lateral and vertical compliance—see Sect. 2(vi).

() Noise moduUitioii
The noise level is usually measured as the high-firequency noise developed by an

s S.N.
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unmodulated groove. When a high degree of noise is present and the groove is

modulated by a single-frequency signal^ it is found that the signal tends to modulate

the noise. The noise modulation reaches a maximum twice each cycle, and the peak

amplitude may be over ten times the peak amplitude of the measured noise in an

unmodulated groove. The use of pre-emphasis : de-emphasis is to reduce the noise

itself but to increase noise modulation. This effect is not apparent when the inter-

modulation is less than 4%.
This effect may be minimized during recording, by special means suggested in the

article.

Reference 145. See also Ref, 193 (proposed standards).

(vi) Pickup distortion
Non-linear distortion in a pickup may vary from practically hil in the best high-

fidelity types to over 5% total hairnonics in some types. The total harmonic dis-

tortion with a well designed crystal pickup is well under 2% (Ref. 120).

The usual method to test harmonic distortion is to use a suitable frequency

test record, check it for distortion with a pickup which is known to have very low

distortion, then measure the distortion with a wave analyzer. A simple test is to use

a C.R.O., but this is not capable of indicating less than about 2% or 3% total har-

monic distortion. The distortion is always a function of frequency, so that it should

be checked at all praaicable frequencies. “ The minimum stylus force for a given

pickup to track a given frequency recorded at a given level can be determined . .

by the observation of waveform on an oscilloscope. The waveform produced by
failure to track has a characteristic ‘ spiked * appearance, and a very small trace of

this form of distortion is easily detectable -Ref. 310(b).

Intermoduladoii distortion is preferable to total harmonic distortion as a general

indication of pickup performance. Recommended test frequencies arc 400 and 4000
c/s, with the latter 12 db lower than the former. Test records arc available with bands
recorded at different levels, from below normal level, increasing by 2 db steps to

-f 10 db (c.g. R. C. A. Viaor RL-419, RL-420, E.M.I. JH 138).

In most cases the intermodulation distortion of a pickup increases very gradually

up to a certain level, and then rises very rapidly as the level is further increased.

This “ knee ” should occur at a level of about r 6 db, on record RL-420, that is at

about 18.2 cm /sec. A high fidelity pickup, tested on record RL-420 shows about

2.5% intermodulation distonion at a level of t 6 db ; most of this distortion is due
to the record (Ref. 291). Other modem lightweight pickups give up to 8”o inter-

modulation at 0 db (9,1 cm/sec.).

The “ tracking ** capability of a pickup may be checked by plotting a curve of inter-

modulation distonion against recorded level, for selcaed values of vertical stylus

force (for details see Ref. 285).

Intermodulation distortion may be measured either as the r m.s. sum or as the

arithmetical peak sum —see Chapter 14 Sect. 3(ii) and (v). An intermexiuiation

analyser using the peak sum method is described in Ref. 291.

(vii) Acoustical radiation
Acoustical radiation or needle chatter varies considerably among pickups. Some

pickups have no audible radiation. In other cases the radiation may be reduced,

if desired, by the use of a bent-shank needle or trailer type (Ref. 225).

(viii) Distortion in recording
If the distortion in the cutter head includes, say, 1% third harmonic distortion, this

will result in 4% third harmonic distortion if both the fundamental and the harmonic
frequencies are recorded and reproduced at constant velocity. On the other hand
pre-emphasis followed by de-emphasis will reduce this form of harmonic distortion,

although intermodulation products will still be present (Ref. 189).

See also Sect. 9(i) for distortion on original recordings.

Proposed stsndsrds for the meoettrenieiit ofdlstordon In sound recording :

Ref. 193.
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SECTION 7 : NOISE REDUCTION

(0 Analysis of hoise (ii) High-freguency attenuation (m) High-frequency pre-

emphasis and de-emphasis (fv) Volume expansion (v) Olson noise suppressor (vi)

Scott dynamic noise Suppressor (vij) Price balanced clipper noise suppressor.

(i) Analysis of noise
Noise in the reproduction of sound from records may be divided into two distinct

groups, low frequency noise such as hum and rumble, which has already been dealt

with, and surface noise (scratch) which is the subject of this section.

Surface noile, when reproduced with a high fidelity pickup, covers the whole
audible frequency range and beyond, but is most distressing to the ear at frequencies

from about 1500 to 15 000 c/s. The surface noise per 1 c/s increases with increasing

frequency.

^Hien a pickup is used which has a pronounced peak in the region of 3000 to 6000
c/s, the noise in the output appears to have a peak at this frequency. This effect is

due partly to the increased response of the pickup at the frequency in question (which
could be removed by equalization) and partly to shock excitation of the pickup arma-
ture. The remedy is to use a better quality pickup.

References 15, 21.

(ii) High-frequency attenuation
The distressing effects of surface noise on the listener may be reduced by any form

of high-frequency attentiation. Soft needles, such as fibre, thorn, bent shank or

trailer type, introduce attenuation of this kind but it is not controllable and, in the

case of fibre and thorn needles, variable.

Electrical attenuation is to be preferred, although it may be combined with the

use of, say, a bent shank needle. Best results are obtained with a combination of

two attenuation charaaeristies

—

1. A very rapid attenuation above a fixed frequency (say 7000 c /s, or a choice be-

tween 45(X), 7000 or 10 OCX) c/s) for use with old or noisy records. A suitable circuit

is Fig. 17.24A.

2. A gradual anenuation characteristic with a hinge point at about 1500 c/s with

variable rate of anenuation up to at least 6 db/octave, in addition to any de-emphasis

as sudi. Some possible circuits are described in Chapter 15 Sect. 6. See also

Figs. 17.19, 17.23 and 17.27. Crystal pickups used without an equalizer give an

attenuation approaching 6 db/octave.
If it is not practicable to have two independent attenuation characteristics, a single

characteristic may be used provided that it is capable of giving an anenuation of at

least 30 db at 7000 c/s, for use with worn records

(iii) High-frequency pre-emphasis and de-emphasis
Tliis method has already been described, and reduces the noise by approximately

half the amount of pre-emphasis at 10 000 c/s (for characteristics which follow the

time-constant roll-off)

(Iv) Volume expansion
Volume expansion provides an increase in the dynamic range and, effectively,

reduces the surface noise level with reference to the maximum power output. Full

details are given in Chapter 16. On account of the limitations of available types of

volume expanders, a maximum expansion of 8 db is suggested as a satisfactory com-

promise.

A combined volume expander and scratch suppressor is described in Ref. 211.

(v) Olson noise suppressor
The Olson noise suppressor works on the principle of the threshold effect. If the

noise is below a certain low threshold value it is not amplified. The output versus
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input voltage characteristic is approximately horizontal for an input up to> say> 0.5

volt ; this may be accomplished by means of a network incorporating voltage-delayed

diodes (such as 6H6) or germanium crystal diodes. The distortion products (all

harmonic and most of the intermodulation) are eliminated b^ splitting the high f^-
quency part of the amplifier into channels each covering only one octave. Some
possible combinations are

1. 0-3000 c/s ; 3000-6000 c/s (2 channels).

2. 0-2000 c/s ; 2000-4000 c/s ; 4000-8000 c/s (3 channels).

3. 0-1500 c/s ; 1500-3000 c/s ; 3000-6000 c/s ; 6000-12 000 c/s (4 channels).

Filters are used which provide attenuation at the rate of approximately 30 db/octave

at both ends of each chaimel, except the low frequency end of the first channel. A
filter network for two channels is given in Ref. 115, while one for four channels is

given in Ref. 138.

The only known defects are that signals below the threshold value are lost, and
that there are some intermodulation products.

(vi) Scott djrnamic noise suppressor
Tlie Scott dynamic noise suppressor controls the bandwidth of the amplifier by

of separate high-frequency and low-frequency tone controls which are auto-

matically controlled by the signal. Fig. 17.38 shows one simple application suitable

for home use (Ref. 251 based on Ref. 114). l^i is an amplifying suge which also

provides the voltage for application to both high-^quency and low-frequency control

circuits which in turn control the grid voltages of Vt and F,. The parcel resonance

between Li and Ci provides an attenuation at high frequencies and a high attenuation

above the normal operating range ; it may also be used as a whistle filter. Vg is

used as a reactance valve providing variable capacitive reactance which, together with

Ct and its companion series condenser, forms a series resonant circuit with £«. The
low-frequency gate including F, is quite readily understood. Switch St allows the

suppressor to be opened, providing maximum fiequency range when no suppression

is desired. When Si is closed, Rt controls the amount of suppression. For bad
records, switch allows restriction of the maximum frequency range. Switch Sg

closes the high-fr^uency gate and leaves the low-frequency gate open.

The frequency characteristics of an experimental model built in our Applications

Laboratory is given in Fig. 17.39 (Ref. 251). Scott recommends that C| should be

IN^UT AMn.iriCa MtCM-saCQUCMCy CATS LOW-raeOUtNCV SATt
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adjusted for minimum output at 9000 c/s, but it was found preferable to tune Ci and
Li for minimum output at 7500 c/s to avoid too great a rise in output between the two
frequencies of maximum attenuation. This simple circuit cannot provide a response

extending above about 6000 c/s.

A more recent model with minimum output at 10 000 c/s is described in Ref. 184.

Performance data of a more flexible dynamic noise suppressor built into a complete
amplifier arc given in Ref. 173.

Fig. 17.39. Frequency characteristics of circuit of Fig. 17.37 {Ref. 251).

A modified circuit for home use is that used in the Goodell radio-phonographs
(Ref. 133 Fig. 1). This includes provision for a switch to short-circuit the high-

frequency filter (LiC| in Fig. 17.38) ; the sharp cut-off is at a frequency from 10 000
to 16 000 c/s. This and the Scott amplifier (Ref. 173), arc to be preferred to the earlier

circuit of Fig. 17.38.

A more elaborate circuit, which also includes a pre-amplifier suitable for use with
a low-level electromagnetic pickup, a 3 stage power amplifier, frequency-compensated
volume control and bass and treble tone controls, is described in detail in Ref. 250.

See also Ref. 188 for further information.

A simpler modification is described in Ref. 165 in which a combined equalizer

suitable only for use with low-level electro-magnetic pickups (such as G.E. or Picker-

ing). This uses one 1 2SG7 valve and two 12SL7 twin modes, with d.c. heater supply.

Much more elaborate dynamic noise suppressors for use in broadcast stations are

described in Refs 114, 133, 275.

An analysis of the filter characteristics for the dynamic noise suppressor are given

in Ref. 140.

References to Scott dynamic noise suppressor : 83, 114, 133, 165, 173, 184, 188,

250, 275.

To obtain the best results from the dynamic noise suppressor requires intelligent

attention from the operator, using the minimum degree of suppression rather than

the maximum. The level should be controlled at some point after the suppressor

(sec comments. Ref. 149).

A comparison between the Scott, Fisher and Goodell versions of the dynamic noise

suppressor is given in Ref. 182.

(vii) Price balanced clipper noise suppressor
This is a modification of the Olson noise suppressor described above. It differs

from the Olson design in that a push-pull clipper is used in order to eliminate second

harmonic distortion and thus permit an increase in the frequency coverage of each
high-frequency channel. Possible arrangements arc 0-3500 ; 3500-8000 c/s or

0-3000; 3000-7000 ; 7000-15 000 c/s (Ref. 150).

The principle of operation is open to the objection that it will respond to certain

intermc^ulation products, more so than the Olson design.
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SECTION 8 : LACQUER DISC HOME RECORDING (DIRECT
PLAYBACK)

(0 General description (ii) Recording characteristic (Hi) Cutting stylus (iv)

Cutter head (v) Equalization of cutter (vi) Motor and tUrntable (vii) Amplifier

(viii) Pickups far use on lacquer discs (ix) Recording with embossed groove.

(i) General description
Lacquer discs for home recording usually consist of a thin coating of cellulose

nitrate on an aluminium disc, but other coating and disc materials are also used.

There arc considerable differences in the performance obtained with the best quality

discs as compared with others.

The principal dcfcas shown by some lacquer discs arc

1. High noise level.

2. Loss of high frequencies on play>back.

3. Distortion, particularly due to drying out after cutting.

Lacquer discs can be used either with a standard stylus or a fine groove stylus. The
following details apply to the standard stylus except where otherwise indicated.

With a suitable light-weight pickup, as many as 100 playings are possible. The
discs may be processed for making a large number of pressings (for studio use). The
signal to noise ratio with the best lacquer discs under the best conditions with a

standard stylus may be between 50 and 60 db, the noise level being lowest at the

greatest recording diameter and increasing by 2 to 8 db at a recording diameter of

5 inches. With a fine groove stylus the signal-to-noise ratio may be about 58 to 60
db at 10 in. recording diameter, i4 to 38 db at 8 in. and 40 to 50 db at 5 in. diameter.

The signal-to-noisc ratio may be less than the values quoted above, owing to the use

of poor discs and technique ; the difference between a good and a poor disc may
exceed 10 db The overall distonion under the best conditions may be less than 5%.

Discs are available with diameters of 5, 6, 7, 8, 10, 12, 13J and 16 inches. Discs

for home recording are usually limited to 12 inches. If recording is made at 33-1 /3

r.p.m. it is wise not to record below a diameter of 8 inches, owing to the loss of high

frequencies and increased noise. With 78 r.p.m. it is wise not to record below a

diameter of 5 inches, for good fidelity

The thread (swarf) is highly inflammable, and should be disposed of in water or a

closed metal container.

References : 9, 163, 189, 218, 230, 274

Standards for ** Disc Home Recording *’

(based on R.M.A REC-105, Aug. 31, 1947)

Drive pin at radius of 1 in. from centre of turntable.

Drive pin diameter 0.180 to 0.185 in.

Drive pin hole 1/4 inch nominal.

Centre hole of rigid base discs, 0 284 in. min. diameter

Cuning stylus length 5/8 in.

shank diameter 0.0625 in.

face angle 87 "

heel angle 50'’

shank fiat length 3/8 in.

shank fiat depth 0.010 in.

max. tip radius (if any) 0.002 in.

Cutting face to be parallel with stylus axis.

(ii) Recording characteriftics
The most generally used cross-over frequency is 500 c/s. It is usual to adopt a

close approach to the N.A.B. pre-emphasis characteristic ( I 16 db at 10 000 c/s)

followed by de-emphasis. The soft coating material causes some loss of higher

frequencies during playback, so that a smaller amount of de-emphasis is required

than would be used with hard discs, such as shellac.



17.8 (iii) CUTTING STYLUS 767

(ill) Cutting stylus
The usual cutting stylus has a tip radius of about 2 mils with an included angle of

about 90'’. The depth of cut is usually between 1.5 and 2.5 mils. Steel cutting

styli are cheap, but give poor performance all round, and only last for about 1 5 to 30
minutes of recording. Sapphire cutting styli are very much to be preferred ; they
may be reground when necessary Some alloys (c.g. stellite) approach the sapphire

performance, and arc readily rc-ground.

The shape of the cutting stylus is vitally important ; it normally has burnishing
facets to produce a noise-free polished groove (Refs. 95, 222).

A hot stylus recording technique has been developed to reduce the noise level by
12 to 18 db while retaining good high-frequency response. No burnishing facets

arc required (Refs. 288, 289, 315).

(iv) Cutter head
The cutter head requires an available electrical driving power of at least 10 watts,

with a higher value preferred. Electro-magnetic cutters with good characteristics

(Ref. 233) are preferable but expensive. Crystal cutters with reasonably flat charac-

teristics from about 50 to 9000 c/s arc cheaper and satisfactory for home use.

The cutter head is mounted on a feed mechanism which usually provides 96, 112

or 120 grooves per inch.

(v) Equalization of cutter

Equalization is required, firstly to correct any shoncomings in the cutter itself,

and secondly to provide the desired recording characteristic. In home recorders

using electro-magnetic cutters it is usual to omit the first, and to limit the second to

high-frequency pre-emphasis. The cross-over frequency is thus fixed by the cutter

design.

High-frequency pre-emphasis (treble boosting) may be provided in a conventional

manner to give any desired characteristic. Home recorders usually limit the maxi-
mum frequency to 8000 c, s or less, with a maximum boost from 10 to 14 db.

If a crystal cutter is directly connected to the secondary of the output transformer,

and if the output resistance of the amplifier (reflected on to the secondary) is less than

the capacitive reactance of the crystal at the highest frequency, the recording charac-

teristic will be constant amplitude. The Brush RC-20 crystal cutter has a capacitance

of 0.007 fiF, with a reactance of about 2500 ohms at 9000 c;s. The maximum signal

voltage across the cutter (RC-20) should be about 50 volts ; the step-down ratio of

the transformer should be calculated to provide this voltage at maximum power
output. The English Acos cutting head requires an input of the order of 150 volts

for 1 mil amplitude. This method is only satisfactory with triode valves.

If pentode valves are used it is necessary to connect a suitable shunt dummy load

to provide correct matching at about 500 c/s.

The conventional constant velocity characteristic above a specified cross-over

frequency may be achieved with a crystal cutter by designing so that the impedance

of the driving source is equal to the capacitive reactance of the cutter at the cross-over

frequency With a low impedance source it is necessary to use a series loading re-

sistance.

(vi) Motor and turntable
Motors and turntables for recording purposes must be specially designed for the

purpose, as higher power, less vibration and more constant speed are required thar

with play-back alone. Some equipments are designed for 78 r.p.m. alone, while

others are designed for either 33-1/3 or 78 r.p.m.

(vil) Amplifier
The amplifier should be capable of an output of at least 10 watts, with low dis-

tortion and good frequency response. The noise and hum level should be at least
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45 to 50 db below maximum power output (40 db is an extreme limit for poor re-

cordings). The amplifier should preferably have push-pull triodes with negative

feedback, although triodes without feedback or beam power valves with feedback may
be used.

(viii) Pickups for use on lacquer discs

The pickup must be a light-weight type, preferably well under 1 ounce (28 grams)

needle pressure. The play-back needle should be of the permanent type, usually

sapphire, with a point ra^us of about 3 mils. The needle or pickup must have

vertical compliance, and a trailer type of needle is frequently used.

Reference 252.

(iz) Recording with embossed groove
An embossed groove in place of a cut groove has, so far at least, had very limited

use. One application (Ref. 103) makes use of 33; 1/3 r.p.m. discs with 220 grooves

per inch which provide 15 minutes playing time on each side of a 7 inch disc. The
frequency range is from 150 to 4000 c/s, being suitable for dictation machines.

Smaller discs provide 71 minutes playing time. A special application called for 330

grooves per inch with 30 minutes playing time on each side of a 7 inch disc, working

at 22 r.pjn.

See alw Refs. 63, 210, 242.
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SECTION 9 : REPRODUCTION FROM TRANSCRIPTION DISCS

(i) Introduction (ii) Characteristics of record material^ wear and noise (m) Sound
track {iv) Recording characteristics and equalization (v) Translation loss and radius

compensation,

(i) Introduction
Reproduction from transcription discs follows the same general principles as other

disc reproduction, and will only be dealt with briefly. The special features of trans-

scription disc recording and reproduction have been adequately covered in the litera-

ture, to which a number of references have been given.

The principal charaaeristics of N.A.B. (Ref. 237) and B.B.C. (Ref. 214) 16 inch

33-1/3 r.p.m. transcription discs are given below;

Detail
j

N.A.B. (1949) B.B.C.

Outer diameter
|

15-15/16 ± 3/32 16 ins.

Outermost groove diameter
j

I

15-1/2 ± 1/16
(for inside start,

15-9/16 ins max.)

15-1/2 ins.

Innermost groove diameter 7-1/2 ins. min.

Grooves per inch 96, 104, 120, 128, 120

136 etc.

Width of groove at top < 4.0 mils _
Radius at bottom of groove ;

1.5 mils mzx. I 1.5 mils

Angle of groove !
88’ t:

5’
1

90"

Turntable speed i
33-1/3 ± 0.3% 1 33-1/3 r.p.m.

Wow factor
1

> ± 0.1% :

—
Reproducing stylus ; Angle !

40’ - 55”
i

—
Bottom radius (primary standard) 1 2.0 ± 0.1 mils ! 2.5 mib

(secondary standard^)
1

2.5 i; 0.1 mils
!

—
Recorded level t (1000 c/s)

j
Peak velocity !

—
1 7 cm sec.

i

Direction of recording 1 cither outside-in
i

Some 10 inch and 12 inch discs arc also used, but these have been covered in Sect. 2.

The pickups to be used with transcription discs should have a stylus force not

exceeding 1-1/2 ounces (42 grams). Only permanent points should be used.

The total harmonic distortion on an original recording at 1000 c / s or less, in accord-

ance with good practice, would be less than 2% (Ref. 219).

Intermodulation distortion measured on recordings made by three recording heads,

with low frequency peak amplitudes of 2.5 mils and high frequency velocity 12 db

lower, were approximately 1.0, 9.2 and 52% (Ref. 269). The first head is one giving

exceptionally low distortion, while the second is representative of good praaice.

The readings were very little aflfcacd by the choice of low or high frequency. When
the level was reduced 6 db, the I.M. distortion was reduced to 23% with the third

recording head (say 6*^0 harmonic distortion).

References to transcription recording (general) : 4, 7, 63, (92, 99, 163), (135, 205,

146), 189, 214, 216, 218, 219, 230, 237.

Standards : Refs. 2, 87, 214, 237 : Specifications : 185 ; Bibliography : 105.

(ii) Characteristics of record material, wear and noise

Most processed transcription disc are made of vinyl. Vinyl records will reproduce

up to 1000 playings with a suitable light-weight pickup and permanent tip. For the

effects of elastic deformation see Ref. 212

repi^uefion ci both lateral tranacriptions and 78 r.p.m. shellac discs.

fThia is the deflection of a standard volume indicator. Proeramme peaks up to 21 cm /sec. would
be antidpaced.
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Wear of stylus tips is covered in Sect. 2(vi).

The NA.B. (1949) standard for signal to noise ratio sutes that the noise level

measured with a standard volxime indicator (ASA Standard C. 16.5- 1942) when re-

producing a record on a fiat velocity basis over a frequency range between 500 and
10 000 c/s shall be at least 40 db below the level obtained under the same conditions

of reproduction using a tone record of 1000 c/s having a peak velocity of 7 cm/sec.

Response of the system at 500 c/s shall be 3 db below the response at 1000 c/s, and
the response shall fail at the rate of at least 12 db/octave below 500 c/s. Response
of the noise measuring system at 10 000 c/s shall be 3 db below the response at 1000

c/s and the response shall fall at the rate of at least 12 db/octave above 10 000 c/s.

The standard N.A.B. pre-emphasis will increase this value by approximately

8 db, restilting in an effective signal to noise ratio (under minimum conditions) of

48 db. The peak signal to noise ratio will be at least 10 db better than this figure,

with normal programme material—say 58 db. Lacquer discs (direct recordings)

under similar conditions may have peak signal to noise ratios up to 68 db or even higher

(Ref. 63).

(iii) Sound track
The ratio of maximum to minimum groove radius (N .A.B.) is 2.07 : 1 . The groove

speed varies from 27 to 13.1 inches per second. As the groove diameter approaches
7-1/2 inches there is a progressive loss of high frequencies and increase in harmonic
distortion during both recording and play-back. For an analysis of the radius of

curvature see Ref. 146. For tables giving groove/land ratios see Ref. 205.

(iv) Recording characteristics and equalization
The recording charaaeristic standardized by N.A.B. (1949) is given in Fig. 17.15

Curve 2, while that used by the B.B.C. is given in Fig. 17.14 Curve 4. The Onhacous-
tic recording charaaeristic is given in Fig. 17.15 Curve 5.

Equalization has been covered in Sea. 5. De-emphasis of the high frequencies

(N.A-B.) may be accomplished by a capacitor conneaed across a resistive network.

The value of the capacitance is given by
C - 100 /7? (1)

where C ™ capacitance in miaofarads
R “ total circuit impedance (supply resistance and load resistance in parallel)

across which C is placed

and 100 — time constant in microseconds.

This provides de-emphasis of approximately 16 db at 10 000 c/s.

(v) Translation loss and radius compensation
Translation Joss is defined as the loss in the reproduaion of a mechanical recording

whereby the amplitude of motion of the reproducing stylus differs from the recorded

amplitude in the medium (N.A.B. 1949). The translation loss is a function of the

record, the needle tip radius and the pickup. Usual values arc from 8 to 16 db at

10 000 c/s at the inner groove.

Radius compcnsadoii (diameter equalization)

In order to reduce the loss of high frequencies during play-oacK suinc recording

organizations boost the higher frequencies during recording, the degree of boosting

increasing as the stylus approaches the innermost groove. It is important to re-

member that the purpose of radius compensation is to give, as nearly as praaicable,

constant output at all frequencies and at all positions along the groove, when played

by a pickup with the recommended needle tip dimensions.

The R.C.A. automatic recording equalizer MI-11100 provides two degrees of

radius compensation. The low setting gives 10.8 db at 8 inches diameter and 8 db
at 9 inches, both for 10 000 c/s. The high setting gives 13.5 and 9.9 db respectively

under the same conditions.
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The B.C.C. have a maximum radius compensation of 10 db, but the frequency at

which it reaches 10 db is decreased as the diameter becomes smaller (minimum 8'3/4
inches).

There is no doubt that witb certain kinds of music it is impossible to apply the

full NA.B. pre-emphasis of 16 db at 10 000 c/s together with the necessary amount
of radius compensation to provide a nearly leyel frequency characteristic without
serious over-modulation and distortion. The only answer seems to lie in the use of

fine groove recording.

References 4, 99, 189, 214, 227.
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CHAPTER 18

MICROPHONES, PRE-AMPLIFIERS, ATTENUATORS AND
MIXERS

By F. Langford-Smith, B.Sc., B.E*
Section

1 . Microphones
2. Pre-amplifiers

3. Attenuators and mixers
4. References

SECTION 1 : MICROPHONES
(i) General survey (ii) Carbon microphones (iii) Condenser microphones (it;)

Crystal and ceramte microphones (v) Motnng coil {dynamic) microphones {vi) Pres-
sure ribbon microphones (mV) Velocity ribbon microphones (iViV) Throat microphones
(ix) Lapel microphones (x) Lip microphones (xi) The directional characteristics

of microphones (xti) The equalization of microphones (xiii) Microphone transformers
{xiv) Standards for microphones.

(i) General survey
Microphones may be divided into two basic groups, pressure- and velocity-oper-

ated. Any microphone that has its diaphragm exposed to sound waves on one side

only, is a pressure-operated type that is, the displacement of the diaphragm is

proportional to the instantaneous pressure developed in the sound waves. At low
frequencies a pressure-operated microphone is non-dircctional, that is to say it re-

sponds uniformly to sounds from all direaions. As the frequency increases, however,
the response becomes more and more uni-directional and there is a peak in the high

frequency response for sound impinging directly on the diaphragm ; this peak may
be reduced or eliminated by placing the diaphragm at an angle of 45° to to the

direction of the sound.

Examples of pressure-operated microphones are carbon, crystal, moving coil and
pressure-ribbon microphones.

A velocity-operated microphone is one in which the electrical response corres-

ponds to the particle velocity (or pressure-gradient) resulting from the propagation

of a sound wave through the air. Examples are the free-ribbon velocity microphone

and pressure-gradient microphones. There are also combinations of pressure-

operated and vc locity-operated microphones.

For good fidelity a microphone should have a wide frequency response without

peaks, low distortion and good transient response. For public address a microphone

need not have such a wide frequency response, panicularly at the bass end, and a

slight peak in the 3000 to 5000 c/s region is not usually considered detrimental, while

distortion requirements arc less stringent.

The output voltage from a microphone is approximately proportional to the sound

pressure.

The peuk r.m.s. sound pressure at a distance of I foot from a man’s mouth is

of the order of 10 dynes /cm* with conversational speech. It decreases 6 db each

time the distance is doubled. When speaking with the mouth as close as possible

to the microphone, the peak r.m.s. sound pressure is about 100 dyncs/cm*.

General references A5, D3, D4, D7, Dll.

Page
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Microphone mdngs
Microphones may be rated in terms of either voltage or power, as described in

detail in Chapter 19 Sect. l(iv). Ratings in common use include

Voltage ratings
A. Open circuit voltage (0 db = 1 V) for sound pressure 1 dyne/cm*, expressed in

dbv*.

B. Open circuit voltage (0 db == 1 V) for sound pressure 10 dynes/cm*, expressed in

dbv.

C. Volume units (as read by a standard Volume Indicator) for sound pressure 1

dyne/cm*, expressed in vu.

D. High impedance grid circuit voltage (0 db == 1 V, Z — 40 000 ohms) for sound
pressure 1 dyne/cm*, expressed in dbv.

Power ratings

E. Output powcrt (0 db — 1 mW) for sound pressure 1 dyne/cm*, expressed in

dbm.
F. Output powert (0 db = 1 mW) for sound pressure 10 dynes/cm*, expressed in

dbm.
G. Output power (0 db = 6 mW) for sound pressure 1 dyne/cm*. This rating is

now rarely used.

H. Output power (0 db ~ 6 mW) for sound pressure 10 djmes/cm*. This rating

is now rarely used.

J. Output power (0 db = 1 mW) for sound pressure 0.0002 dyne/cm*. This is

the R.M.A. Microphone System Rating G^ (R.M.A. Standard SE-105 ; sec

Chapter 19 Sect. l(iv)D).

Voltage ratings—To convert from A to B, add -f 20 db.

To convert from B to A, add ~ 20 db.

If a voltage rating is used for a low impedance microphone, the impedance across

which the voltage occurs should be specified.

Volume units—This is not an official microphone rating, but is sometimes used

as a convenient method of measurement. The Volume Indicator is effectively a

voltmeter in which 0 vu == 0.77 volts r.m.s. across 600 ohms. To convert vu (Rating

C) to voltage (rating A), add — 2 db. When the output from a low impedance micro-

phone is quo^ in terms of vu, it may be inferred that this is equivalent to the power
output in milliwatts (Rating E).

Power mtings—^The power rating is the power developed in a load of specified

value. Power ratings E, F, G and H may be calculated one from the other as undertt

To convert from add To convert from add To convert from add

E to F
E to G
E to H
E to J
F to E
F to G
F to H

+ 20 db
- 8

+ 12
-74
-20
-28
- 8

F to J
G to E
G to F
G to H
G to J
H to E
H to F

- 94db
+ 8

+ 28
+ 20
- 66
- 12

+ 8

H to G
H to J

J to E
J to F
J to G
J to H

- 20 db
- 86
+ 74
+ 94

+ 66
+ 86

Relutkwshlp between voltage and power radngot
Provided that the sound pressure is the same in both cases : Microphone rating

in dbv (0 db «= 1 volt) » microphone rating in dbm (0 db 1 milliwatt) 4- oorrecdoo
Uctor (db)

indkmn a voicaec, cspwwnd in dcdbcia, with 0 db 1 volt.

tAiso to level.

calodafiom loVblving Power Rasing J there aaav be an error, not greater than 2.5 db, dua to
tha Radng fmprdaiica dtfhring from tht acmat fanpedance.
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where the correction factor (C.F.) is given by.

Z ^ 25 50 150 250 600 25 000 40 000 ohms
C.F. « -16 -13 -8 -6 -2 +14 +16 db

Crsrstal and condenser microphones cannot be rated in terms of power, while other

types of microphones can only be compared directly with crystal and coifdenser tirpes

on the basis of the voltage on the unloaded grid circuit. To make this comparison
it is here assumed that the nominal secondary impedance of the transformer is 40 000

ohms and that the voltage across the secondary is the voltage that would occur across

a resistance of 40 000 ohms which was dissipating a power equal to the output rating

of the microphone. This voltage is here called the high impedance grid circuit

voltage (Rating D).

/

To convert from add To convert from add

A to D (crystal mics.) 0 db F to D - 4 db
B to D (crystal mics.) -20 db G to D + 24 db
C to D - 2 db H to D + 4 db
E to D + 16 db J to D + 90 db

Typical microphone ratings (db)

Rating A B D E

Type 0 db = 1 V

1 dync/cm*

0 db = 1 V

10 dyncs/cm*

0 db = 1 V
Z = 40 000 Q

1 dync/cm*

0 db = 1 mW

1 dync/cm*

dbv dbv dbv dbm
Carbon (S.B.) -50* -30^ -23 -39
Condenser -50 to -60 -30 to -40 -50 to -60 —
Crystal (sound

ceU) -54 to -76 -34 to -56 -54 to -76
Crystal (dia-

phragm) -46 to -65 -26 to -45 -46 to -65
Moving coil — -49 to -70

1

-65 to -86
Pressure ribbon — — -61 to -65

1

-77 to -81
Velocity ribbon — -58 to -67

1

1

-74 to -83

^Measured across microphone (approximate resistance 100 ohms).

F G H J

Type
0 db = 1 mW

10 dynes/cm*

0 db = 6 mW

1 dync/cm*

0 db — 6 mW

10 dyncs/cm*

0 db ~ 1 mW
0.0002

d3mc/cm*

dbm db db db
Carbon (S.B.) -19 -47 -27 -113
Moving coil -45 to -66 -73 to -94 -53 to -74 -139 to -160
Pressure ribbon -57 to -61 -85 to -89 -65 to -69 -151 to -155
Velocity ribbon -54 to -63 -82 to -91 -62 to -71 -148 to -157

(II) Carbon mkrophones
An example of the diifle battoo type is the modem telephone inset, which gives

an output of about 1 mW with dose speaking. The frequency response is seriously

peaked, while non«linear distortion and noise levd are very hi^.
The dooMo button (push-pull) type has a wider frequency range (70 to 7000 c/s
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in one example), and the second harmonic distortion is considerably less, but the

output is about 10 db lower than that of the single button type.

Carbon microphones require a source of low voltage to pass a current of from 10

to 50 mA through each button. When the circuit is broken by a switch there is a

tendency for the carbon granules to cohere—this may be reduced by connecting two
condensers and three inductors as shown in Fig. 18.1.

All carbon microphones have a tendency to blasting, while their other defects in-

cluding high noise level limit their application. The principal advantage is the high
output level.

References A5, A21, A23, Dl, D3, D4, D7, D13, D14.

(ill) Condenser microphones
A condenser microphone consists of a stretched diaphragm and a back plate, with

a polarizing voltage between them. Owing to the high impedance, the pre-amplifier

must be mounted very close to the microphone. A possible circuit arrangement is

shown in Fig. 18.2. The response may be made almost flat from 30 to 10 000 c/s

with an incident angle of 90°—on the axis there is a high frequency peak of about 8

db as with all pressure microphones. The average response is about — 60 dbv across

the microphone itself (0 db 1 volt per dync/cm*).

References A5, A7, A23, Dl, D3, .04, D7, Dll, D13, D14.
The high frequency peak which occurs with microphones of standard size may be

reduced by making the diaphragm smaller. A miniature condenser microphone with
a diaphragm having the area of a human ear drum has been introduced with non-
direcdonal pickup characteristics (Refs. A 18, A26). The output level from the pre-

amplifier is — 50 dbm in a sound field of 10 dynes/^cm*.

(iv) Crystal and ceramic microphones
Crystal microphones arc of two types, dircctly-aairatcd and diaphragm types.

Dire^y-actuated (sound-cell) microphones, as a class, have lower sensitivity but
flatter frequency characteristics and they arc almost non-dircctional. Uniform re-

sponse up to 17 000 c/s can be obtained. There is a resonance at the high frequency

limit causing a rise of response (+ 12 db in a typical case)—this should be equalized

or else high frequency attenuation provided.

The frequency response of diaphragm type crystal microphones is less uniform
than with the sound-cell type, and varies from 80 to 6000 c/s for speech only (with a

pronounced peak in the 3500 c/s region) and from 50 to 10 000 c/s (J: 5 db) for

improved fidelity. The diaphragm type is more directional at high frequencies

than the sound-cell type. There arc also cardioid directional crystal microphones

—

see (xi) below.

Pig. 18.1. Circuit diagram of double button carbon microphone with filter {^optional)

to reduce cohering (L 0.0014 //, C ^ 0.02 E 4.5 to 6 V).
Fig. 18.2. Circuit diagram of condenser microphone.
Fig. 18.3. Circuit diagram of crystal microphone.

All crysul microphones using Rochelle salt or similar materials tend to be affected

by excessive humidity and temperatures above 125°F. Most of the crystals are now
coated to provide considerable protection against humidity, although their use under
tropical conditions appears to be risky.

A crysul microphone is effectively a capacitance, of the order of 0.03 pF for a dia-

phragm type or 0.0004 to 0.015 ^lF for a sound-cell type. This is effectively in series
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With the generated voltage and following grid resistor. The following grid resistor*

(R in Fig. 18.3) should be from 3 to 5 megohms for a sound cell type, or 1 to 5 megohms
for a diaphragm type. A low resistance causes attenuation of low frequencies.

A long connecting cable will result in loss of output voluge, but will not affect the

frequency response. The loss is given by
db loss - 20 log [1 4- (L X

where L = length of cable in feet

C|. = capacitance of cable in microfarads per foot

and capacitance of microphone in microfarads.

A few crystal microphones are equipped with step-down transformers for use in

low imped^ce circuits.

Ceramic piezo-electric microphones have advantages over crystal types as regards

high temperature and humidity. These have substantially similar performance to

that of crystal microphones. One model has a nearly flat response from 30 to 10 000
c/s with an output level of — 62 dbv (0 db — 1 V per dyne/cm*).

References to crystal and ceramic microphones : A5, A21, A23, Dl, D3, D4, D7,
D13, D14.

(v) Moving coil (dynamic) microphones
A dynamic microphone is, in essence, a small version of a dynamic loudspeaker,

and some are even used in a dual capacity. It is pressure-operated and there is the

usual tendency towards a rise in the high-frequency response for sound waves im-
pinging directly on the diaphragm. It may be mounted vertically to make the micro-
phone non-directional for horizontal sound weaves, but this causes some attenuation

of the higher frequencies.

In its simplest form the level frequency range is limited but in the more elaborate

types it may extend from 60 to 10 000 c s. It is a general-purpose good-quality

microphone widely used for public-address and indoor and outdoor broadcasts.

References A5, A21, A23, A32, Dl, D3, D4, D7, Dll, D13, D14.

(vi) Pressure ribbon microphones
The pressure ribbon microphone has a ribbon, suspended in a magnetic field, that

is exposed on one side and terminated in an acoustical resistance on the other. It is

non-directional but has the characteristic, in common with all pressure types, of a

high frequency response that is a function of the direction of the incident sound. The
distortion may be around 2”o 3*^0 at low frequencies and 100 dynes/ cm*.

This construction is generally combined with a manual control of the size of an

aperture on the enclosed side which gives control of the directional characteristics

(c.g. R.C.A. 77-D).

A small unobtrusive pressure type ribbon microphone has been produced (R.C.A.

BK-4A) which employs a small angle horn coupled to a cylindrical tube which in turn

is coupled to the front of the ribbon by means of a round-to-rectangular connector

of constant cross-section. The back of the ribbon is coupled to the damped folded

pipe or labyrinth by means of a rcctangular-to-round connector. This is non-direc-

tional, has a frequency response from 70 to 15 000 c/s and an effective output level of

“ 61 dbm (sound pressure 10 dynes cm*). (Refs. A25, A21, D3.)

(vii) Velocity ribbon microphones
This is a free ribbon type in which the ribbon resonance is usually below the audible

limit. With good design it is capable of a very wide frequency response (c.g. 30 to

1 5 000 c, s for response 4 5 db), while over the most useful part of the range the varia-

tions of level arc very slight and gradual. It is strongly bi-directional. This is un-

doubtedly the best type of microphone for high fidelity, particularly for transients,

but it is not suitable for general use outdoors. The distortion in one case is less than

0.33% at 80 c/s and 1000 dynes cm*. When a velocity microphone is placed very

*For maximum valuef of grid retiiunce ace Sect. 2(vi).
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dose to the source of sound, the low frequendes are strongly accentuated. For this

reason, a good, quiet smdio and correct placement of speakers at a reasonable distance

is necessary if a normal velodty microphone is used for speech. The bi-directional

characteristic is useful where there are two speakers, or two groups, arranged on op-

posite sides of the microphone.
One model incorporates a switch and compensating reactor to reduce the accentua-

tion of low frequendes with dose speaking (R.CA. KB-2C, Ref. A27).

A modified form incorporates a large amount of acoustical resistance to give a nearly

flat response at all frequendes when speaking very close to the microphone (1 to 6
inches away), and noise cancellation for sounds originating at a distance. This is

particularly suitable for outdoor public address (R.C.A. KB-3A, Ref. A28).

References A5, A21, A23, A27, A28, Dl, D3, D4, D7, Dll, D13, D14.

(viii) Throat microphones
A throat microphone is one which is actuated by direct contact of the diaphragm

with the throat. The high frequency response must be accentuated to obtain in-

telligible speech. Both carbon and magnetic types have been used (Refs. A19, D3).

(iz) Lapel microphones
Normal types of carbem, crystal, dynamic and velodty microphones have been used

for this application (Refs. A21, D3).

(z) Lip microphones
The velodty ribbon microphone has been used for this application (Ref. A5).

(zi) The directional characteristics of microphones
Pressure microphones are non-dircctional (Curve A Fig. 18.4) for low frequendes

but at high frequendes the response is a function of the angle of sound inddence

—

this effect becomes smaller as the diaphragm diameter is reduced.

Velodty ribbon microphones are bi-

directional (Curve B) and the sound

source should be on one, other or both

sides.

There are various types of tml-dlrec-

tional microphones, among which the

cardioid (Curve C) is most popular. This

charaaeristic may be achieved by a care-

fully designed combination of a velodty

and a pressure microphone. Similar char-

acteristics may be achieved by the use of

acoustical delay systems in combination

with any pressure microphone such as

dynamic or crystal. A reduction of re-

sponse of about 15 db at the back of the

microphoae with respect to that at the

front is obtainable with a typical cardioid

microphone. A single-element ribbon

type microphone has been developed which
has a reduction of 20 to 25 db at the back

of the microphone (Ref. A22). A com-
plete survey of directional microphones is

given by Olson (Refs. A17, D3).

Polydirectloiial mlcrophonct provide g choice of two or three directional

characteristics or a oontinuousty variable diaracteristic. A typical example is the
R.C.A. 77-D ribbon xypt.

The correct use of directional diaracteristics in microphone placement
room reflection and reduces acoustical feedback and background noise.

References to directional microphooes A17, A21, A23, D3, D13.

Fig, 18.4. Polar diagrams showing
dinctumal characuristUs of microphonos
(A) Non-^directional ; {B) bi-dirtctional ;

(C) cardiotd.
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(zil) The equalization of microphones
It is usual, both in broadcasting and recording, to provide frequency equalization

in the microphone or in its pre-amplifier to give a flat or any other desired characteris-

tic. In other applications it is advisable to equalize, or at least to attenuate any high

peaks in the response characteristics, so as to reduce acoustical feedback and other bad
effects.

It is sometimes desirable to reduce the low-frequency response of a microphone

(e.g. velocity type) to reduce the effects of accentuated low frequency response due to
“ close talking or to reduce “ building rumble.**

(ziii) Microphone transformers
There is at present a very unhappy state due to the lack of accepted standards for

microphone transformer output impedances. The American R.M.A. Standard for

broadcasting is 150 ohms (Ref. A 16). See also (xiv) below.

Most microphones are designed to work into an unloaded transformer. The best

quality microphone transformers have special provision for reducing hum, such as

outer steel shields, inner alloy shields and hum-bucking core construction. By this

means it is possible to reduce hum to a level far below the level of random noise.

(xiv) Standards for microphones
(A) Microphones for sound equipment
The following summary is based on R.M.A. Standard SE-105 (Ref. A20).

A microphone is defined as an electro-acoustical transducer which converts

acoustical energy into electrical energy, the waveform in this conversion remaining

substantially unaltered.

The field response of a microphone at a given frequency is defined by
20 logjo {E/p)

where E is the open circuit voltage generated by the microphone at its accessible

terminals and p is the undisturbed sound pressure in dynes/cm* at the specified

frequency . . . . , the microphone being placed at a specified angle with respect to the

wave front.

The electrical impedance of a microphone at a given frequency is equal to the

complex quotient at the specified frequency of the alternating voltage applied to the

accessible terminals divided by the resulting alternating current when the microphone
is placed in a free air field .... It shall be expressed in terms of its magnitude and
phase angle and plotted as a function of frequency.

The nominal microphone impedance is the electrical impedance at 1000 c/s.

The nominal impedance of low-impedance microphones shall lie between 120 and
180 ohms, or between 19 and 75 ohms. The nominal impedance of high impedance

magnetic microphones shall lie between 20 000 and 80 000 ohms. The nominal

impedance of any other microphone shall be specified.

The microphone ayatem rating (sensitivity) is described in Chapter 19

Sect. l(iv)D.

The microphone rating impedance {R^ij^ is a pure resistance to be taken from

the table below

IVfagnitude of nominal microphone impedance
19 to 75 ohms
75 to 300 ohms
300 to 1 200 ohms

1 200 to 4 800 ohms
4 800 to 20 000 ohms
20 000 to 80 000 ohms
80 000 ohms or more ohms

Rating impedance
38 ohms
150 ohms
600 ohms

2 400 ohms
9 600 ohms
40 000 ohms
100 000 ohms

The directional pattern of a microphone at a specified frequency is the variation

in the field response at that frequency for different angles of sound incidence measured

from a specified zero position. Zero position refers to that microphone orientation

in which the direction of the wave propagation lies along the axis of normal usage ....
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This pattern shall be plotted in the form ofa polar diagram as a funaion of the angle

of incidence. The electrical output at any one angle, , shall be referred to the output

at the zero position, by the relation 20 logjo (E^/Eo)-

The directional characteristic of a bi-directional microphone shall be at least

— 20 db for all frequencies of a specified frequency range for sounds arriving from

any point in a plane perpendicular to the axis of normal usage. For a unl-directional

naicrophone the angle of minimum response .... shall be on an average of at least

— 10 db, the average to be based on minimum values for a number of frequency bands.

Standards for microphones : Refs. A8, A15, A 16, A20.

(B) Microphones for mdio broadcasting
Extract from R.M.A. Standard TR-105-B (Ref. A16). The nominal impedance

of all microphones intended for broadcasting service shall be 150 ohms ± 10% when
measured at a single frequency of 1000 c/s i 10®©.

SECTION 2 : PRE-^AMPUFIERS

(f) Introduction (it) Noise (Hi) Hum (iv) Microphony (v) Valves for use in

pre-amplifiers (vi) Microphone pre-amplifiers (vii) Pickup pre-amplifiers (viii)

Gain-controlled pre-amplifiers (ix) Standard pre-amplifiers for broadcasting (x)

Standard pre-amplifiers for sound equipment.

(i) Introducdon
A pre-amplifier is a voltage amplifier suitable for operation with a low level input

and whose output is intended to be connected to another amplifier operating at a

higher input level. Pre-amplifiers are commonly used with low-level microphones
and pickups. When a pre-amplifier has to feed the a-f amplifier in a typical radio

receiver, the output voltage is usually taken for design purposes as 1 volt r.m.s. across

a high impedance. This allows for a volume control between the pre-amplifier and
the main amplifier. In some cases it is necessary to incorporate the volume control

in the pre-amplifier itself in order to avoid overloading with abnormally high input

levels. In such cases this volume control is usually placed between the first and
second stages of the pre-amplifier w'ith very high input levels it may be necessary

to incorporate either a volume control or a fixed attenuator prior to the first grid.

A pre-amplifier follows the same general principles of design as any other voltage

amplifier (see Chapter 12; except that particular attention has to be paid to hum, noise

and microphony, all of which tend to be troublesome.

(H) Noise
(A) The characteristics of random noise
Random noise includes both thermal agitation noise and valve noise. The

energy of such noise is distributed uniformly over the frequency spectrum. 'I he

distribution of amplitude with time has been covered in Ref. Bl occasional peaks
exceed four times the r.m.s. value.

Random noise voltages must be added in quadrature that is to say as the root of

the sum of the squares.

(B) Circuit noise

The thermal agitation noise of resistors has been covered in Chapter 4 Sect.

9(i)l and in Chapter 23 Sea. 6.

When two or more resistances are in parallel, the total thermal agitation noise it

that corresponding to the resultant resistance. i*or example, if a microphone having
a d.c. resistance of 30 ohms is loaded by a resistance of 100 ohms, the noise voltage

it that corresponding to 23 ohms.

When a resistance R is shunted by a capaciunce C, the thermal agitation voltage

is decreased, and at 30' C (80 F) is given by
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e - 1.29 X 10-‘V/?Fo[tan“»(F,/Fo) - mi-\FJPo)] (1)
where R — resistance in ohms

C - - capacitance in farads

Fo - l/{27rRC)

F, ^ upper frequency limit

and Ft lower frequency limit.

(See Reference B19, also B8 giving chart and B45 giving theory).

In any network comprising L, C and R it is only the resistive elements which gener-

ate noise voltages.

References to circuit noise : A23, B8, B13, B28, B40, B44, B45, B51, Dl, D2, D9,
D12.

(C) Valve noise
Valve noise has been covered in a general way in Chapter 23 Sect. 6. In this

chapter we arc only concerned with its effects in pre-amplifiers.

It is convenient to express the shot-effect noise of a triode in terms of an equiva-
lent noise resistance (F^) at room temperature, connected from grid to cathode
in a noiseless valve. The value of R^^ for triodcs is given approximately by

R,, ^ 2.5/g^ (2)
where R,^ equivalent noise resistance in ohms
and ^ mutual conductance in mhos at operating point.

Pentodes produce additional noise due to the random partition of the cathode
current between screen and plate, known as partition noise. In general, the noise

energy from a pentode will be from 3 to 5 times as great as that from a triode producing
the same amplification.

There arc other, but minor, sources of noise in valves. The flicker effect produces
low frequency variations, while any gas in the valve causes ionization noise.

References to valve noise ; B2, B7, B13, B17, B40, B44, B51, Dl, D2, D9.

(D) Methods used in the design of amplifiers to ensure low noise level

Noise in low level amplifiers is due to three principal causes—noise in the plate load

resistor of the first suge, valve noise, and noise in the grid (input) circuit. If the

stage gain is of the order of 20 or more, the effect of noise in the following stage may
usually be neglected. Obviously any unnecessary loss of signal voltage through any
form of attenuator between the signal source and the grid should be avoided.

Noise in the plate load resistor (current noiac) may be avoided by using some
form of special low-noise resistor, such as a high- stability cracked carbon resistor

described in Chapter 4 Sect, 9(i)m. The plate supply voltage may be from 100 to

180 volts if, as is usual, a higher supply voltage is available, it is merely necessary

to incorporate a FC filter to drop the voltage and by-pass any noise and hum com-
ponents. Such components are frequently required for decoupling in any case.

Composition resistors may be used as screen resistors with pentode valves, because

the noise voltage is by-passed to earth. Current noise, however, occurs in the grid

circuit due to the negative grid current of the valve. Cathode bias resistors (if used)

should be wire wound.
Valve noise may be made low, if necessary, by the use of a r.c.c. triode valve in

the first stage. The equivalent resistance for shot-effect valve noise is inversely

proportional to the mutuid conductance (see eqn. 2) so that a high mutual conductance

at the operating point is desirable if reduction of shot-effect noise is the principal

object. Triodes in common use have published values of mutual conductance from

1000 to 5000 ^mhos giving calculated values of noise resistance from 2500 to 500 ohms
respectively under published conditions. The noise resistance of a resistance loaded

valve is greater than that for the same valve under published conditions. For example

type 615 operating with a plate current of 1 mA has g^ - 560fimhos and a calculated

noise resistance of 4500 ohms, which is about 4 times the value under published con-

ditions.

The calculated values of noise resistance for three typical r.c. pentodes are given

below :
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Operating conditions : == 180 volts ;
— 0.1 megohm.

Type 6J7 or 1620 6SJ7 6AU6
gat (working)^ 1000 1200 1700 /imhos

Noise resistance 8000 6000 2000 ohms
**Actually the slope of the dynamic characteristic.

There are two other possible sources of valve noise. Leakage in the valve from
the grid to any other electrode, and particularly to any positive potential electrode,

is a possible source of valve noise. Reverse grid current is another source of valve

noise. It is advisable to use valves which have been tested and seleaed both for low
leakage and reverse grid current, if a very low valve noise level is desired. Under all

dreumstanoes the d.c. resistance from grid to cathode should be as low as possible,

and no composition resistors should be used in the grid circuit.

If the input source, whether microphone or pickup, is of low impedance and is

coupled to the grid by means of a ttep>up trsmafonner, it is usually not necessary

to design for minimum valve noise. It is then only necessary to design the input

circuit so that the impedance of the microphone reflected on to the grid is at least

twice, and preferably four times, the valve noise resistance. With a low impedance
microphone and transformer this may readily be accomplished by selecting a trans-

former secondary impedance of the order of 25 000 or 40 000 ohms. Vajyc noise will

then have a negligibly small effect cm the total noise, and pentodes or high-mu tricKles

may be used satisfactorily.

It i» usual to employ as high a ratio in the microphone transformer as is possible,

consistent with the frequency response required—very high step-up ratios can be

used where the frequency response is not very important Even in high fldelity
”

applications (with a frequency range from 30 to 15 000 c/s) by using nickel-alloy

cores, it is practicable to obtain a reflected secemdary impedance up to 100 000 ohms,
although somewhat lower values are more common.

For the measurement of noise in amplifiers see page 829.

(iii) Hum
l^e general features of power supply hum filtering and neutralization have been

covered in Chapter 31 Sections 4 and 5. Hum due to conditions within the valves

and hum due to circuit design and layout have been covered in Chapter 31 Sect. 4.

Hum in voltage amplifiers has been covered in Chapter 12 Sect. ]0(vi).

In pre-amplifiers the permissible hum voltage on the grid of the first valve depends
on the maximum signal level at this point. If a high ratio transformer is used, with

a reflected secondary resistance of 25 000 ohms or more, the signal level win be high
and an extremely low hum level will not be necessary. On the other hand, if a low
level pickup is coupled directly to the grid circuit without a step-up transformer,

extreme care and ingenuity will be required to make the hum inaudible.

S<»ne of the precautions which may be necessary in certain cases to reduce hum to

a sufficiently low level arc given below

—

1. Complete electrostatic shielding of first pre-amplifier valve and associated

components and wiring. The grid and plate circuits should be separately screened,

so t^t there is negligible capacitive coupling between them—in the case of single-

ended valves this requires care in wiring and either a shield or its equivalent between
grid and plate.

2. Electromagnetic and electrostatic shielding of microphone transformer (if any).

The more elaborately screened microphone transformers may include two or thm
concentric magnetic shields of permalloy or equivalent, with copper shields between
(Ref. D2). For the lowest hum levels, hum-bucking is sometimes also provided in

the transformer.

3. It is usual for the pre-amplifier to be built on a separate, preferably non-magnetic,

chasasf situated a considerable distance from the main amplifier chassis carrying the
power transformer and filter chokes. If this is not possible, the power transformer

should be designed to have low leakage flux and be mounted independently of the

diassis, with the laminations vertical, and aU a-f transformers should either be avoided
or elaborately screened.
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4. If insufficiently screened a»f transformers are used in the pre-amplifier, they

should be oriented experimentally to the position giving least hum pickup.

5. With very low level pre-amplifiers it sometimes happens that less hum is ob-

tained with a direct earth connection to a metal stake in damp soil than to a water pipe.

6. The leads from the power transformer to the valve heaters shoidd be twisted,

mounted as far as possible from all hum-sensitive components and wiring, and covered

with earthed metal braid (for details see Ref. B42).

7. The loop formed by the valve, grid connection, input source and return lead

to cathode should include as small an area as possible. Single-ended valvcb are pre-

ferable to double-ended types in this respect.

8. Metal valves are less sensitive to magnetic fields than glass types—^they may
sometimes be used with advantage if magnetic fields are unavoidable (Ref. B42).

9. If glass valves are used in a magnetic field they should be mounted so as to pro-

duce the minimum hum. This occurs when the fiux vector is perpendicular to the

valve rxis and normal to the plane of the grid side rods. The ratio of maximum to

minimum hum voltage is of the order of 30 to 40 db. Similar results occur with metal

valves but the ratio is only from 10 to 20 db. Glass types may be fitted with a metal
shield if desired (Ref. B42).

10. The waveform of the heater current should be closely sine wave, to eliminate

capacitance coupling effects with harmonic frequencies.

11. A low leakage socket (e.g. isolantite or polystyrene) may be used to reduce
leakage. With single-ended valves, leakage causing hum may occur from the heater

pins to the grid or to the plate—the latter is normally the more serious because the

grid pin is protected from hum leakage by adjacent pins. With dovble-endcd valves

the only possible socket leakage is from the heater pins to the plate. Valves with
synthetic resin bases may have appreciable base leakage—for this reason, valves of
the all-glass type (e.g. miniature) arc preferable to those with separate bases.

One way of avoiding this trouble is to use a pentode valve with the plate, or plate

and suppressor, earthed or returned to the cathode. The screen then is used as the

anode, and the valve is thus effectively a triodc with approximately the same charac-

teristics as with the screen connected to the plate. The screen dissipation should be
checked to see that it does not exceed the maximum, but it may be reduced, if neces-

sary, by increasing the grid bias. See (v) below for application to type 6AU6.
12. A low resistance potentiometer may be connected across the heater supply,

with the moving arm earthed—this may be adjusted for minimum hum. In some
cases less hum may be obtained with the moving arm returned to a point of positive

(or sometimes negative) voltage of the order of 5 to 50 volts (see Fig. 17.19A). Mini-
mum hum may be obtained by optimum adjustment of both potentiometer and volt-

age.

13. A low resistance potentiometer may be used to inject heater voltage in anti-

phase to the hum at some convenient point such as the suppressor of a pentode valve.

In this case a single heater winding is satisfactory with one potentiometer as in (12)

above, together with one anti-phase control for each low level stage (Ref. B26).

14. In very low level stages the heaters are sometimes supplied with direct current.

However, with good design (including the use of a high step-up ratio transformer)

it is possible to achieve, with a.c. heating, a hum level which is entirely inaudible with

a frequency range up to 15 000 c/s. Thus a d.c. heater is not really necessary, but

rather an alternative method of achieving a similar result. If the fr^uency bimd of

the amplifier is 5000 c/s or less, the hum usually dominates the noise, even with the

beat design " in such a case d.c. heater supply may be desirable.

There are many possible methods of providing the d.c. supply for the heaters, in-

cluding

(a) Connecting the heaters of the low level valves in series at the low voltage end of

the plate supply, with a shunt—if necessary—across either the heaters or die

plate circuit, lliis method is most convenient when a heavy plate current is

drawn by the amplifier, so that no power is wasted by a shunt across the plate

circuit (C4. Fig. 17.35A). It has the disadvantage that the heater current of die
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low-level valves is dependent upon the total plate current of the amplifier^

which is liable to vary. Ref. B52.

(b) The heaters may be connectedi in series, and supplied from a separate full-wave

rectifier and filter, using a thermionic or selenium rectifier—alternatively a

selenium bridge circuit may be used. Refs. B25, B52.

(c) The heaters may be connected in parallel, and supplied from a selenium or other

suitable rectifier, using either a fuU-wave or bridge circuit. Refs. B25, B52.

All methods employing rectified and filtered heater supply have a ripple component
which may be large enough to cause audible hum.

15. A r-f oscillator with a frequency of 30 or 40 Kc/s may be used as an alternative

to d.c. heater supply (Ref. B25).

16. If a.c. is supplied to the heater of the first stage, the voltage of this stage alone

may be decreased to about 70% to 85% of normal. This is only permissible with a

limited number of valve types and even so may require selection of valves. A cathode

current well under 1 mA is essential (Ref. B20).

17. The cathodes of all pre-amplifier valves should preferably be earthed directly

to the chassis. However, in practice this is sometimes inconvenient and it may be
foimd that a minimum capacitance of 100 /iF shunted across the bias resistor from
cathode to chassis is satisfactory. High resistance grid-leak bias has not been found
satisfactory for low level operation.

18. An electrostatic shield in the jpower transformer is essential, even where the

transformer concerned supplies only heaters.

19. The pre-amplifier valves may be de-magnetized in a decreasing a.c. field. This
is only useful when the valves have become magnetized by some means.

20. Magnetic shielding of power leads and all conductors carrying a.c. may be ac-

complished by the use of an iron pipe, flexible conductor or—most effective—a per-

malloy wrap similar to that used for continuous loading of submarine cable (Ref. B51).

Additional notes on hum with pentode valves

1 . Hum due to lack of sufficient filtering in the plate supply may be neutralized by
some suitable form of neutralizing circuit (e.g. Fig. 12.57).

2. The hum voltage caused by a magnetic field decreases more rapidly than the

gain as the load resistance is decreased. A low load resistance is therefore desirable

if there is a strong magnetic field (Ref. B42).

3. Hum caused by heater-to-plate leakage is also reduced more rapidly than the

gain as the load resistance is decreased.

4. In pentode valves operating with low input levels there is a further source of

hum in that the magnetic field of the heater varies the panition of exurent between
plate and screen and so introduces hum. This hum is worse with remote cut-off

valves than with those having sharp cut-off characteristics. This form of hum may
be made zero by a suitable adjustment of grid or screen voltage (Ref. B46). See also

Refs. B23 Qan. 1949) and B50.

(iv) Microphony
Tliere are very large variations between valves with regard to microphony, and

special low-level types arc recommended. Individual selection is, however, desirable

in addition if the valves are required to operate at very low levels. In all cases some
improvement may be made by a cushion socket and a thick rubber pad around the

valve,

(v) Valves for use in pre-amplifiers
It is generally desirable to use valve types manufactured and tested for low level

operation (e.g. types 12AY7, 1620 and 5879) but even with any one of these types

there are large variations in hum, noise and microphony. If a particular pre-amplifier

is required to meet stringent test conditions It is advisable to select valves to meet its

requirements, and to use the balance of the valves in other less-stringent pre-amplifiers,

or in later sockets of the same pre-amplifier.

A choice is possible in the American range between pentode types 1620 and 5879.

The former is very much more expensive than the latter, and its use can generally

be avoided by careful design.
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If the designer decides to use ordinary radio valves for the first stage in a pre-

amplifier, it is advisable to test and select the valves in accordance with the following

procedure. A sufficient number of valves shoitld be operated for about 48 hours
under the same electrode voltages as in the pre-amplifier. They should then be
tested for reverse grid current, and only those with reverse grid currents less than 0.1

fiA should be used in very critical positions. If a sensitive microammeter is not
available, a 1 .0 megohm grid resistor may be cut in and out of circuit and the change
in plate current measured—see Chapter 3 Sect. 3(iv)A. Low reverse grid current

not only reduces the noise, but also permits a higher grid resistor to be used. The
valves with low reverse grid currents should then be tested in the first socket of the

pre-amplifier for noise, hum and microphony.

Some single-ended pentodes have one heater pin adjacent to the plate, and very

high leakage resistance is required to avoid hum (except when this heater pin
is earthed).

Type 6AU6 may be used as a triode with earthed plate and suppressor, using the

screen as the anode, to reduce hum from leakage between heater and plate.

This device is only suitable for the first stage in the pre-amplifier owing to the

linuted screen dissipation rating (0.65 watt). The following operating conditions

arc suggested with a plate supply voltage of 180 volts (Ref. B48) :

Load resistance 0.05 0.1 0.25 megoEim
Cathode bias resistance 450 750 1600 ohms
Plate current 2.4 1.3 0.59 mA
Stage gain* 21 23 21

•With following grid resistor 0.5 megohm.

Characteristics of some special low-noise valve types

Type 5879 is a 9-pin miniature low-noise pentode with published = 1000 ^mhoi
at a plate current of 1.8 mA. The grid resistor (pentode or triode operation) may
be up to 2.2 megohms under maximum rated conditions, while the voltage gain with

180 volts supply is 87 with /?; 0.22 megohm and following grid resistor 0.47 meg-
ohm. As a pentode, the noise referred to No. 1 grid with a bandwidth of 13 000 c/s

is of the order of 7.2 /xV with grid resistor* 0.1 megohm, with only 10% exceeding

16 /xV. It may also be used as a triode having fx 21, 1530 fxmhos and /> =
5.5 mA at Ffc 250, E

^

8 volts. As a triode, the noise under the same con-

ditions as for the pentode is of the order of 6 fxV with only 10% exceeding 12 /xV.

Conditions : Triode operation Hiun

1. One side of heater earthed, cathode by-passed (40 /xF), zero grid

resistance median value 9 fxW

2. One side of heater earthed, cathode unbypassed, zero grid resistance

- median value 100 fxV

3. One side of heater earthed, cathode by-passed (40 /xF), grid resistor

0.1 mf^ median value 13 /xV

4. Centre-tapped resistance across heater supply, returned to fixed bias

point ( f 20 to f 50 volts) will reduce hum on most valves to less

than 20 /xV

5. Ontre-tapped resistance across heater supply, returned to voltage

to give minimum hum, cathode by-passed (40 /xF), grid resistor 0.1

megohm median value 3.5 /xV

less than 10% exceeding 8 /xV

When adjusted for minimum hum, this feeds a small hum bucking signal into the

grid to oppose other minor sources of hum in the amplifier (Ref. B16).

Type 12AY7 is a low noise twin triode (Ref. B17) with /x 40, = 1750 ^xinhos

and / ft
3 mA at £«> 250, Er — — 4 volts. The following tests were made with

a grid resistor 0.1 megohm and plate load resistor 20 000 ohms. Shot-effect noise

(40 to 13 000 c/s) referred to the grid—median valve 4.7 /xV, maximum limit 8 #xV.

*The noise due to the grid resistor alone is about 3.8 ^V.
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Hum referred to the grid—^median valve 3.9 fiV, maximum limit 12 mV with cathode

resistor by-passed (40 fi¥).

When us^ in a typiod circuit, placed with the electron stream in a magnetic field*

of 1 gauss, the hum voltage on the grid is about 10 mV.
With a grid resistor of 30 000 ohms, approximately 4 mV of hum per volt of heater

potential per mmF of capacitance between heater circuit and grid circuit will appear

at the grid. If the heater voltage is 6.3, this will give approximately 25 mV per mmF
of coupling. For applications see Figs. 18.7A, 18.7B.

(vl) Microphone pre-amplifiers
The limit on practicable amplification is placed by the noise level caused by the

thermal agitation noise in the grid circuit of the first stage together with some valve

noise. The thermal agitation noise alone is at a level of about — 129 dbm with a

matched load (Ref. B28), or — 132 dbm without loading, for a bandwidth of 15 000

c/s. If the effective microphone level is taken as — 60 dbm, with an unloaded micro-

phone the maximum possible signal-to-noise ratio will be 72 db, or 69 db with a

loaded microphone. In practice with multiple mixers and other contributing factors!,

a broadcast station overall noise can be considered satisfactory if within 10 db of the

thermal noise.

If the valve noise is at least 3 db below the thermal agitation noise, it may be ne-

glected as an approximation since the resultant is given by the root of the sum of the

squares, and the additional noise will be less than 1 db. Tliis may be put in the alter-

native form, that the equivalent valve noise resistance should 1^ less than half the

effective thermal agitation noise resistance.

In the case of crystal microphones the whole of the microphone noise arises from
the grid resistor, but the signal-to-noise ratio is worst for values of about 0. 1 megohm,
and improves as the grid resistor is made smaller or larger than this value. For low

noise the resistor should be at least 5 megohms, but better signal-to-noise ratio is

obtained with 50 megohms and even better with no grid resistor at all (Ref. B19).

However, for ordinary applications, a resistance of 5 megohms is a good compro-
mise, giving a noise voltage of about 4 mV or — 108 dbv (0 db = 1 V). The noise

resistance of a triode or pentode valve is negligibly small in comparison. This
permits a signal-to-noise ratio of at least 60 db with all diaphragm types and the more
sensitive sound cell types. With the less sensitive sound cell types a very high grid

resistance may be necessary.

Values of grid resistor greater than 1 megohm may only be used satisfactorily in

low-level pre-amplifiers where the valve is one specially manufactured or tested for

this class of service, imder a specification which ensures that the reverse grid current

is very low. With a maximum reverse grid current of 0.2 mA and with m uot greater

than 40, a grid resistor up to 5 megohms may be used provided that the plate load

resistor is not less than 0.05 megohm from a plate supply of 150 volts, or proportion-

ately higher than 0.05 megohm for voltages greater than 150 volts.

Hum from the plate supply may be made as small as desired by filtering, neutraliz-

ing, and possibly the use of a triode in the first stage. Hum from other sources,

including a.c. heaters, may be made completely inaudible in wide frequency range
amplifiers (up to 15 000 c/s) by careful design, using some of the methods in (iii) above.

Pre-amplifiers for use with crystal microphones
The pre-amplifiers described below (A, B and C) have an output level of about 1

volt r.m.8. and are suiuble for use with a diaphragm type crystal microphone.

(A) Single stage pentode pre-amplifier (Fig. 18.5)

This is the simplest possible pre-amplifier, with a voltage gain of 118 (41 dbvgt).
The input voluge to provide the specified output level is — 41 dbv (0 db = 1 V).

It may therefore be used with an average diaphragm-type crystal microphone with a

*Fluz densitkt from 1 to 3 gauss are found quite frequently as far as 7 inches from a typical radio
power transfonner.
tTbe effective noise bandwidth of a studio amplifier is usually wider than 15 Kc/s.
tdbvf •dedbcis of ventage gain—See Chapter 19 Sect. l(ii).
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or pickups. It has been shown (Ref. B53) that the modified circuit will have the

same stability as the conventional circuit if R 4 == (1 4- G)Ri, where G is the voltage

gain of the valve defined as the ratio of the voltage across Rs to that across Rj. If

Z

I

high, as it will be if coupled to another valve grid, then G will be approximately

constant and a real number. In a properly designed circuit R 4 can be made con-

siderably higher than Ri.

Pig, 18.6A. Conventional cathode follower circuit.

Pig, 18.6B. Modified cathode follower /or use as low-noise input stage with crystal

microphone or pickup, {Ref, 353),

The circuit of Fig. 18.6B shows an improvement in signal to noise ratio compared

with that from the conventional circuit, the ratio being \^{R JRi) for thermal noise

produced by Ri and R 4. For noise generated in R, and Rs, noise- from the power

supply, valve noise and hum and microphony voltages other th^ those due to capacit-

ance coupling or resistance lealo^ into the grid circuit, the noise ratio is

R, Zg -f Ri

Ri Z, + R,
When Z, is large compared with Rj, this represents an improvement by a factor

R 4/R 1 . When Z, = Ri the ratio is 1/2 or 6 db. When Z, == ;Ri it is approximately

1/Vl or 3 db. When Z, is small the ratio is negligible.

Thus if Zg is a crystal microphone or pickup, its impedance will rise as the frequency

is reduced, and in the conventional circuit this causes an increase in noise level at

low frequencies. The modified circuit shows a distinct improvement imder these

conditions.

Great care should be taken with the insulation of the grid circuit.

Pre-amplifiert for oac with low-impedance microphones
In broadcast stations it is usual *to have a gain of about 30 or 40 db in the pre-

amplifier, and for this to be followed by mixing (with a loss of about 18 db for four or

Pig, 18.7. Ttvo stage broadcast station microphone pre^-amplifier with gain of 29 db.
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five channels) and by <1 second amplifier with a gain of about 40 db followed by a
master gain control with a minimum loss of 6 db and a third amplifier with a gain of
40 or 50 db with an output level of + 18 dbm. The total gain is sufficient for fiill

output to be obtained with the lowest possible input level (say. — 70 to — 80 dbm).
The minimum signal-to*noise ratio is usually 60 db at — 60 dbm (alternatively 65 db
at — 50 dbm).
A pre-amplifier gain of 40 db may result in over-loading of the pre-amplifier and

distortion if used with very high microphone input levels—a device may be incorpor-

ated to give an optional attenuation of 10 db in the pre-amplifiet iuid thus reduce its

total gain to 30 db when there is danger of overloading.

A typical microphone pre-amplifier with a gain of 29 db is shown in Fig. 18.7. Both
valves are connected as triodes, the first stage using the screen as the anode, and the

gain without feedback is 47 db. When operated with an input level of — 60 dbm,
the signal to noise ratio is 62 db. The maximum power output is" 10 mW ( -h 10 dbm)
at which the distortion is less than 1%—for this level to be reached, the input level

must be — 29 dbm. The frequency response is from 30 to 10 000 c/s with less than
0.5 db variation. This circuit may be criticized on the choice of valve type for the

first stage of a low level pre-amplifier. Type 5879, 1^20 or Z729 could be used to

advantage in the first stage.

Fig. 18.7A. Two-stage pre-amplifier using twin triode type \2A Y7 (Ref. Bl7).

A two-stage pre-amplifier using type 12AY7 twin triode is shown in Fig. 18.7A.

This has a total gain of 50 db, and the average noise and hum level referred to the input

grid is 11 fxV (Ref. B17).

A balanced pre-amplifier employing cross-neutralization and negative feedback is

shown in Fig. 18.7B, using a.c. on the heaters. The frequency response is flat from
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30 to 20 000 c/s, the tverage noise is 87 db down from the -f 24 dbm level and the

distortion is 0.55% at 24 dbm output. The combined hum and noise voltages are

only 7.6 db above the theoretical value on the poorest valves, and only 2.2 db on the

average (Ref. B17).

The essential amplifying and attenuating circuits of the four pre-amplifiers and one
** A ** amplifier of a single unit equipment for studio use are shown in Fig. 18.7C.

Each pre-amplifier has a 3-position key. In the pre-amplifiers, tirpe 6AU6 is used as

a triode with earthed plate and suppressor, and negative feedback is applied from
plate circuit to grid. Each pre-amplifier has a separate attenuator normally hold-

ing ” 6 db. The “ A ” amplifier uses t3rpc 6AU6 as a high gain pentode followed by
the master gain control normally holding ** 20 db.

The ** B ** amplifier of the same equipment is shown in Fig. 18.7D, and has negative

feedback firom the secondary of the output transformer to the cathode of V«.

With all controls set at maximum, an input of — 86 dbm gives an output of + 8

dbm. The distortion is less than 1% at 18 dbm output. The noise level through

any one channel is 60 db or more below output level with input — 60 dbm, output

+ 8 dbm.
A pre-amplifier circuit used by the B.B.C. is described in Ref. B41. A special

low-noise microphone amplifier for acoustical measurements is described in Ref. B54.

A pre-amplifier for the Western Electric type 640AA condenser micropHone, using

subminiature valves, is described in Ref. B43. Extremely high insulation resistance

is requimd in the network between the microphone and the first grid, particularly

in the coupling capacitor.

paC'AMPLifica V AMptiFica
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Refarences to microphone pre-amplifiers : Alfi, A24, B19, B28, B4L B43, B48,
B53, B54.

FIG. IS.7 0

Fv* 18.7D. “ B ** amplifier of same equipment as Fig, 18.7C {Rtf* B18).

(vii) Pickup pre-amplifiers
This subject has been covered in Chapter 17 Sect. 5.

(viii) Gain-controlled pre-amplifiers
This subject has been covered in Chapter 16 Sect. 5.

(iz) Standard pre-amplifiers for broadcasting
(Extracts from R.MA. Standard TR-105-B, Ref. A16.)

Standard input signal is 2.45 millivolts r.m.s. in series with 150 ohms (for pur-

poses of calculating insertion gain this corresponds to an input level of — ^ dbm).

Standard output level for feeding telephone lines is 4- 18 dbm ; for feeding

radio transmitters is -f 12. dbm. The equivalent “ complex wave ” level is 10 db
lower than these sine wave equivalent testing level values (i.e. -f 8 vu and + 2 vu
respectively) to provide a margin of 10 db for peaks.

Source and load impedances—600/150 ohms.

Frequency range and harmonic distortion—see Ref. A16.

Signal to noise ratio (noise below standard output)—minimum 65 db (50-15 000
c/s).

(z) Standard pre-amplifiers for sound equipment
(Extracts from R.M.A. Standard SE-101-A> Ref. A30.)

To operate from a source impedance of 150 ohms and into a load impedance of

600 and/or 150 ohms.

Noise level—tor measurement see Chapter 19 Sect. 6.

Amplifier gain is defined as the ratio, expressed in db, of the power delivered to

the knd to the power which would be deliver^ to the same load if die amplifier were
replaced by an ideal transformer which matches both the load and source impedances.

Frequency response, distordon and power output—see Ref. A30.

a.a.N<
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SECTION 3 : ATTENUATORS AND IVtIXERS

18^

(i) Potentiometer type attenuators {volume controls) (it) Single section attenuators—
constant impedance (iii) Single section attenuators—constant impedance in one direc-

tion only (iv) Multiple section attenuators (v) Electronic attenuators (vi) Mixers
and faders—general (wi) Non-constant impedance mixers and faders (yiii) Con-
stant impedance mixers and faders.

An attenuator is a resistance network used for the purpose of reducing voltage,

current or power in controlled (and usually known) amounts. An attenuating net-

work is sometimes called a “ pad.”

In this section only a brief outline is given of the most popular audio frequency

applications of attenuators. Additional information is available from the references.

(i) Potentiometer type attenuators (volume controls)

The continuously variable volume control is widely used in radio receivers and a-f

amplifiers (Fig. 18.8). The voltage ratio is proportional to the resistance ratio only

when the load across the output terminals is very much greater than R. Charaaeris-

tics commonly used include linear and several types of logarithmic characteristics

of resistance versus angular rotation~see Chapter 38 Sect. 3(viii). The input loading

is constant (R) only when the output load resistance is infinite. When the output

terminals are connected to the grid of a valve which docs not draw grid current, the

input capacitance together with strays will bring about some change in frequency

characteristics as the setting is varied. Direct current through R and through the

moving contact should be avoided if a composition type resistor is used, to avoid noise.

Fig. 18.8, Con-
tinuously variable

volume control

{potentiometer). Fig. 18.9. Step-type

volume control.

The step-type volume control (Fig. 18.9) has some advantages over the continuously

variable type—it is more reliable, has lower noise as the contact is being moved, and
the degree of attenuation is definitely known. In all the best designs, wire-wound
resistors are used. It is usually designed with logarithmic characteristics so that there

is a constant step (in decibels) between successive tapping points, e.g. 2 db. The
method of calculating Ro> etc. is given below.

Let R — total resistance of attenuator (Fig. 18.9)

N — voltage ratio corresponding to the decibel step between successive

tapping points {N less than unity)

and Af - (1 - N).

Then Ro === MR ; R, = MNR ; R, = MN*R etc.

R„ ~ AdN^R y Rf — R — R© — Ri — R% ... — Rn*
As a practical case take R — 100 000 ohms with 2 db steps.

ThenN — 0.794 andM = 1 — 0.794 — 0.206. By simple calculation Rq — 20 600 ;

Ri - 16 340 ; R, - 12 980 ; R, - 10 300 ; R* - 8 190 ; Rj - 6 500 ; R, 5 170 ;

Ry = 4 100 ; R, = 3 260 ; R, == 2 590 and Ri® = 10 000 ohms (all values correa to

three significant figures).

Slide rule or logarithm accuracy is sufficient for most purposes ; for greater accuracy

sec Ref. C9.
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(ii) Single section attenuators—constant impedance
It is assumed that it is required to maintain constant input and output impedances

(7), that the attenuator is terminated at both ends with resistive impedances Z, and
that all impedances are purely resistive. The T type section in Fig. 18.10 may be
designed to provide any desired attenuation.

Let K = Ei/Eoy this being the voltage or current ratio corresponding to the

desired attenuation in db (K being greater than unity).

^ ~ l\
^ ^ 2ZK

Then
j

and - i

It is possible to select any desired values of attenuation in a single T section by
varying the values of the three resistors by means of a tapping o./icch. Values of

Ri and JR, are given in Table 1 on page 796.

The 77 type section in Fig. 18.11 is equivalent to the T type section in Fig. 18.10

provided that the values of the resistances are given by

Values of and R^ are given in Table 1 on page 796. For formulae giving trans-

formations from T to 77 or from 77 to T forms see Ref. C12.

Both T and 77 sections may be arranged in a “ balanced form for use with an

earthed centre-tap—in this case the series resistors Ri and 7?, are divided into two
halves, one on each side of the centre (for table of formulae see Ref. D6). They may
also be designed to match unequal source and load impedances (see Refs. C7, C12,

D6, Dll).

For the derivation of the equations above, sec Ref. Cl 3.

If the output impedance is increased beyond the design value, the input impedance

will be increased (although to a less extent) and the attenuation will be reduced

—

sec Refs. C6, C12, D6.

There are many other forms of constant impedance attenuators, but none docs more
than the T or 77 section—they may be preferred for practical reasons in certain

applications. See Refs. C12, D6, D8, Dll.

(iii) Single section attenuators—constant impedance in one direction

only
The L section of Fig. 18.12 may be used when it is not necessary for the looking-

backwards output impedance of ^e attenuator to be constant. In this case

R, = Z(K - l)/K and = Z/(K - 1) (3)

For further information sec Refs. C12, D2.

The values of R, and R, have been tabulated for steps from 1 to 10 db (Table 1

on page 796).

ric. II.IO

—

I

IS. 12

Fig. 18.10. Constant im-

pedance T section at-

tenuator.

Fig, 18.11. Constant im- Fig. 18.12. The L
pedance 11 section at- type single section

tenuator. attenuator.

The values of resistances given in Table 1 are for Z — 100 ohms. For any other

value of Z, the tabulated values of resistances should be multiplied by (Z/100). See

Figs. 18.10, 18.11 and 18.12.
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TABLE 1 (SINGLE T, 77 AND L SECTIONS)

T section 77 section L section

db K Rx Rx Rx Rx Rx Rx
1 1.122 5.76 866 11.6 1740 10.9 819

2 1.259 11.46 430 23.2 874^ 20.6 386
3 1.413 17.10 284 35.2 585 29.3 242
4 1.585 22.6 210 47.6 443 36.9 171

5 1.778 ! 28.0 164 61.0 357 43.8 129

6 1.995 33.2 134 74.6 302 49.9 100.5

7 2.239 38.2 112 89.3 262 55.4 80.7

8 2.512 43.1 94.6 106 232 60.2 66.1

9 2.818 47.6 81.2 123 210 64.5 55.0

10 3.162 51.9 703 142 193 68.4 46.2

The following references will be found helpful in supplying further general in-

formation on attenuators :

^

Periodicals C6, C12 (the most comprehensive of all), C13, C17 (the basic treatment).

Books D2, D6, D8, Dll (brief treatments are given in several other books).

(iv) Multiple section attenuators
Any convenient number of 77 sections may be connected in tandem, and the effec-

tive resultant is the “ ladder ** anenuator of Fig. 18.13 in which the two parallel re-

sistors at the end of each section and the commencement of the next are drawn as a

single equivalent resistor (Ri/2). The values of and are calculated as for a

single 77 section (eqn. 2 and Table 1) to provide the desired attenuation per stage.

The value of R, is given by Rt Z/{Ri -h Z). The minimum attenuation is 3.5 db
on tapping point Py. The input impedance varies considerably as the tapping point

is digged but may be made constant, if desired, by inserting resistors at the points

marked X. The output impedance also varies, although less so than the input im-
pedance. This device may also be used when the impedance of the source differs

from Z,

n
INPUT 1

1

9^ <

«A 1 C-o®*?,

tnLJ'
is.ts

Pig, 18.13. Ladder attenuator

( 77 section).

Fig. 18.14. Modifiedform of ladder

attenuator.

A modified form of ladder attenuator is shown in Fig. 18.14 which has a minimum
attenuation of 6 db but whose input impedance is nearly constant except for high

values of attenuation and whose output impedance is nearly constant except for low
values of attenuation. This can only be used when the impedance of the source is

equal to Z, The values of Rtt R^ and R^ are the same as in Fig. 18.13. This is the

commonest type for broadcast station ** mixer *’ control equipment.
A form of ladder attenuator suitable for connecting a low impedance line to a high

impedance grid circuit is shown in Fig. 18.15. This is built up from three L sections

and the input impedance is equal to Z under all conditions but the output impedance
varies (this being unimportant). The values of and R^ are given by eqn. (3) and
Table 1, while Ry is given by ZRJiJZ + 7?#). As an examplqjake Z ~ 600 ohms
and 2 db steps. Then the voltage ratio corresponding to 2 db is /C » 1.259. From
eqn. (3)

R, = 600 X 0.259/1.259 « 123.6 ohms
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Fig. 18.15. Ladder attenuator for connection to

high impedance grid circuit (L section).

R. - 600/0.259 - 2316 ohms
while - 600 X 2316/2916-477 ohms.

References to multiple section attenuators : Cl 1, C12 (Part 6) ; C14, D2, D6, Dll.
References to non-uniform sections, Cll, C14.

A multiple T section attenuator is shown in Fig. 18.16. This has the advantage
of no loss in the zero attenuation position, and is suitable for use in positions where
no power loss is permissible, such as an attenuator on a tweeter lou^peaker. The
values of resistors for 1 db steps for Z — 100 ohms are tabulated below—for any other
impedance multiply the resistances by (Z/100).

Loss Series arm Shunt arm Loss Series arm Shunt arm
(db) (each) (total) (db) (each) (toul;

1 5.8 ohms
1

867 ohms 6 33.2 ohms 134 ohms
2 11.4

j

430 7 38.2 112
3

1

17.1 284 8 43.0 94.5
4

1

22.6 209 9 47.6 81.3
5 28.0

1
164 10 52.0 70.2

(v) Electronic attenuators
For some purposes an electronic attenuator may be advantageous, and one practic-

able circuit is a cathode follower in which the screen voltage may be varied, while in
addition the desired value of cathode resistor may be seleaed by means of a tapping
switch (Fig. 18.17). Any sharp cut-off pentode valve is suitable, but one with high
mutual conductance will limit the maximum attenuation. A valve with — 2000
/imhos has an aaenuation range from 4 to 74 db with values of cathode resistors from
1000 ohms to 0.1 ohm ; this may be extended by about 10 or 20 db by screen voltage

o o

Fig. 18.16. Multiple T section Fig. 18.17. Electronic attenuator

attenuator. using cathode follower (Ref. Cl 5).

adjustment provided that the input level is not too high. Fixed grid bias must be
used. A universal design curve is given in Fig. 18.18 (Ref. C15).
A circuit using type 6BE6 as a fader-mixer is shown in Fig. 18.18A. This has a

voluge gain of 62 from grid 1 input, and 25 from grid 3 input. The distortion for
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Fig. 18.18. Universal design curve for electronic attenuator (Ref. Cl 5).

an output of 5 volts is 0.19% with input to grid 1, and 1.4% with input to grid 3. A
plate load resistor of 50 OCio ohms gives lower gain and distortion. For electronic

gain control purposes, it is advisable to apply the signal to grid 3 and the control

voltage to grid 1 (Ref. C20).

Fig. 18.18A. Fader-mixer

circuit using type 6BE6
(Ref. C20).

(vi) Mixers and faders—general
When more than one input source is employed, some form of control is necessary

to enable the operator to change from one to the other, or to mix the outputs of two

or more sources. A properly designed mixer and fader system enables these objects

to be achieved without perceptible jumps.

Mixers (as the complete system will here be called) may be divided into high im-

pedance and low impedance ; constant impedance and non-constant. In addition

there are those that have sources at approximately the same level and those with

sources having a considerable difference in level. To achieve correct functioning

of mixers, it is necessary to provide for the control of the level of individual input

sources. Any frequency equalization of input sour.jes is applied prior to the mixer.

(vii) Non-constant impedance mixers and faders
These are commonly used in public address systems, amateur transmitters and other

applications which do not require precise adjustment to a predetermined level. The
controls arc of the continuously variable potentiometer type, and the mixing is usually

carried out between a pre-amplifier and a subsequent amplifying stage—under tl^se

conditions there is no necessity for maintaining either constant input or output im-
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pedance. In some cases the mixing is carried out between the input sources and the

grid of the first amplifier stage, and here the load impedance presented to each source

must be maintained constant.

The simplest type of fader*, which docs not provide mixing, is shown in Fig. 18.19.

It is only suitable for high level pickups, or the secondaries of step-up transformers,

since the noise from the moving contact is appreciable. The control is a centre-

tapped potentiometer with a total resistance 2R. The value of R should be that

recommended for each pickup.

Fig. 18.20 shows a series network mixer which may be used as a fader, but it has

serious drawbacks. Both sides of input source A are above earth, and any hum picked

up in this channel is fed without appreciable attenuation to the following grid. More-
over stray capacitances to earth of channel A tend to by-pass the high frequency signal

voltages of channel B. This arrangement is not recommended.

A modified series network mixer is shown in Fig. 18.21 in which one side of each

channel may be earthed, but a transformer must t>c used to couple the outputs to the

grid. This may be used for fading and mixing.

Fig. 18,19. Simple type Fig. 18.20. Series

of fader for two pickups. network mixer.

Fig. 18.21. Modified
series network mixer.

The parallel network mixer is shown in Fig. 18.22 where three input sources are

provided for, although any number may be used. The value of R^ may be made equal

to or greater than Ri, and similarly with the other channels. If the mixer is con-

nected between two amplifying stages, all resistances may be equal (say 0.5 megohm)
and the maximum insertion loss will be 6 db for 2 channels, 9.5 db for 3 channels or

12 db for 4 channels. The insertion loss varies when the controls are moved—^the

maximum variation in insertion loss caused by any one potentiometer is 2.5 db for

two channels but less for more chaimels. This interaction is less if the source im-
pedance is considerably smaller than the resistances in the mixer, so that triode valves

are preferable to pentodes in the preceding stage.

The circuit of Fig. 18.22 may also be used when the sources

are microphones or pickups, but Ri, R, and R, should be the

correct load resistance in each case. The isolating resistors

R 4 , R5 and R, may be made equal to the highest of the load re-

sistances. This arrangement is only practicable with fairly

high source levels, on account of the insertion loss and its

effect on the signal-to-noise ratio.

One application of the parallel network mixer is

given in Fig. 18.23 -this general set-up may be modified to

suit any practical case when there is a considerable difference

in level between the two sources.

Probably, the most popular of all mixing circuits in this

class is the method using a common plate load for two or more
valves, When two valves are used with a common

*The word fader " it here used in the tense of fading out one in^t source and fading in another.

The fading of a single source is here called attenuation. Mixing is tne combination of two (or more)
tourcet to that both arc amplified timultancoualy ; a mixer may however be used alto for fading.

Fig. 18.22. Parallel

network mixer.
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0aoi»4ao¥)

Fig. 18.23. Complete pre-amplifier in-

corporating parallel rutwork mixer^ for
use with high level crystal microphone
and crystal pickup. \ to 5AfO ;

Rt — 0.5Mh or higher. Gain in

is 30 dbvg.

plate load resistor, the plate resistance ofeach valve acts as a shunt load on the othetj

thereby reducing the gain and the output voltage for a limited distortion. With
modes, the gain is equal to the normal gain for a single valve multiplied by
(r, -h Ri)/ir, -f 2Rjr). If is considerably greater than r,, the gain is slightly

greater th^ half that for a normal valve. With pentodes, the loss of gain due to shunt-
ing is slight, and may be neglected in most calculations. The effect of the shunting
on the maximum output voltage is much more severe than on the gain The output
voltage for limited distortion is approximately equal to the normal output voltage

multiplied by r,/(r, R^). If = 5r, as for a typical triode, then the output
voltage is reduced to one of its normal value. For this reason it is suggested that

Ri^ltp would be more suitable, giving a reduction to one third of the normal value.

Here again, the effect on pentodes is small.

One simple but very effective mixer incorporating

common plate load mixing is Fig. 18.24. Vi may be any
twin trio^, R^ may be determined as outlined above,

while the plate supply voluge may be about 250 volts,

or higher if a high output voltage is required with low
distortion. If desired, a second twin triode with a

further two input channels can be added. Alternatively,

two r-f pentodes may be used in place of Vi to provide

increased gain. Various combinations may be devised

incorporating one or more common plate load mixers

with other types of mixers or faders to meet almost any

possible requirements. Fig. 18.25 is one example

—

Vi and V, may be any suitable twin triodes, Ri pro-

vides fading for the two microphones and Rt is a combined microphone volume control,

R4 and R» provide fading and mixing for the pickups while Rt is a master volume con-

trol. Vt has a conunon plate load resistor.

One of the problems with mixers of the common plate load type is the control of

volume without introducing noise or circuit complications. This problem may be
overcome by the use of 6L7 type valves in which the amplification is controlled by
vanring the voluge on the third grid (Fig. 18.26). This mixer is intended for use

Pig, 18.25. Mixer for two microphones and two pickups. Values of resistors are for
« F, - 6SN7-GT.

ria. l•.)4

Fig. 18.24. Single
mixer using twin triode

with common plate load
resistor.
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Fig. 18.26. Three channel mixer with electrorac volume control [Ref. C4).

with three high-level crystal microphones ; the volume controls operate on d.c. and
may therefore be placed some distance from the mixer (Ref. C4).

References to non-constant impedance mixers : C3, C4, DIO.

(viii) Constant impedance mixers and faders
Constant impedance* attenuators may be used to provide both attenuation and

mixing, and are widely used in studio equipment. In such equipment they usually

work out of and into 600 (sometimes 500) or 150 (sometimes 200) ohm circuits.

The constant impedance anenuators may be of the T, bridged T, /7, ladder, bridge,

or any other form, together with their balanced equivalents. They may be arranged
in parallel, series, series-parallel or bridge circuits.

Fig. 18.27. Constant impedance
mixer using three T type attenua-

tors in parallel.

(A) Parallel type mixers
Fig. 18.27 shows a three channel mixer using T type attenuators in parallel—^the

same principle may be applied for any number of channels. Since the attenuators

are of the constant impedance type with input and output impedances R, and the

mixer output is loaded by the same impedance R, in this case Rj = R, = ^R and the

mixing loss is 9.5 db. In the general case

Ri — R, ^ R(n — \)/[n + 1) and Mixing loss = 20 logioti

where n is the number of channels. Values are tabulated below :

ff = 2 3 4 5 6

Ri - R. - (1/3)R *R (3/5)R (2/3)R (5/7)R

Mixing loss 6.02 9.54 12.04 14.0 15.56 db.

An alternative form omits R, and thereby obtains lower mixing losses, but the out-

put impedance of the mixer and hence the input impedance of the master attenuator

will be Rjr instead of Ri, the values being given below :

*Conttamlmpc<Unce indiemtet that both the input impedance and the looking4>ackwards output
reabtasoe are midntained constant under all condiaona.
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Rt - R(n - \)/n

Rj^ = R(2n - l)/n*

n =2
Ri = 0.50R
Rj^ = 0.75R
Mixing loss = 4.77

R, = 0
Mixing loss =

3 4

0.67R 0.75R

0.56R 0.44R
6.99 8.45

10 logic (2« - 1)

5 6

0.80R 0.83R

0.36R 0.31R

9.54 10.41 db,

If it is desired to maintain all input and output impedances constant and equal to

R, it will be necessary to insert a matching

transformer or to add a matching pad, the

latter introducing loss.

(B) Series type mixers

Fig. 18.28 shows a three channel mixer "

using T type attenuators in series. Only

one of the channels can be earthed, so that

there tends to be some cross-talk although •

this may be kept low by good design. The

output impedance at terminals D is given

by Rjd where = Rn'/(2n ~ 1 ), and the

mixing loss up to terminals D is 10 logic

Fijr. 18.28. Constant impedance mixer
using three T type attenuators in series.

(2n — 1), where n is the number of channels. Values are tabulated below :

If = 2 3

R* 2.00 1.50

1.33 1.80

Mixing loss = 4.77 6.99

4 5 6

1.33 1.25 1.20

2.29 2.78 3.27

8.45 9.54 10.41 db.

If this mixer is followed by a transformer there is no further loss, but if it is followed

by a taper pad as in Fig. 18.28 there must be added the loss in the taper pad, the value

of which is given by

N = 20 logic (^Z + V ~ 1) decibels

where Rz* = impedance ratio (greater than unity)

= fiV(2n - 1).

n = 2 3 4 5 6

impedance ratio = 1.33 1.80 2.29 2.78 3.27

loss in pad (N) = 4.77 6.99 8.45 9.54 10.41 db.

(C) Serica-parallel type mixen
Fig. 18.29 shows a four channel mixer using T type attenuators in series-parallel.

The input and output are both balanced. The values of R« and Ro are given by
R4 = R(n ~ 3)/h and Rc - 4R(2n - 3)/n*

where n is the total number of input channels.

If n =4 6 8

then R4 = 0.25R 0.5R 0.625R

Rc - 1.25R R 0.75R
and loss in mixer = 7*0 9.5 11.1 db.

With six channels, the output resistance is equal to R and the taper pad will not be

required. In other cases its loss should be added to that in the mixer.

(D) Bridge type mixers
Fig. 18.30 shows a bridge type mixer with four input channels. This can only be

earthed at one point, but is otherwise satisfactory for four input sources. The output

resistance is equal to R, so that no taper pad or matching transformer is required—
the mixing loss is 6 db, which is less than that of any other 4 channel resistance mixer.

(E) Coil mixing (Ref. Cl 8)

Coil mixing refers to the use of a special transformer (Fig. 18.31). The loss is the

theoretical minimum and is given by 10 log,c n where n is the number of input sources

—it is 6 db when « = 4. The value of R, is given by

Rc « *R(« - 1)

and is equal to R when n = 4. The secondary transformer impedance is equal to nR.
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Fig. 18.29. Constant

impedance mixer using

four T type attenuators

in series-parallel.

(F) Choice of mixer circuit

The parallel circuit has the very important advantage that one terminal of all (im-

balanced) attenuators can be earthed. Other circuits in which one or more attenuators

arc above earth nearly always suffer from cross-talk and variation offrequency response
at high attenuations. There are thus two features on which the choice of a mixer
circuit must be based—the earthing of all attenuators, and minimum mixing loss.

Many engineers insist on the earthing even at the expense of increased mixing loss in

some cases.

Pig. 18.30. Constant

impedance mixer using

four T type attenuators

in bridge connection.

The following comments arc based solely on minimum mixing loss, and arc there-

fore to be applied with discretion—

1. When the impedance of the input circuit is required to be higher than that of

the output circuit, a parallel mixer should be used.

2. When the impedance of the output dfeuit is required to be higher than that of

the input circuit, a series or coil type mixer should be used.

3. When the input and output dreuits arc required to be nearly the same im-

pedance, a series-parallel or bridge type mixer should be used.

References to constant impedance mixers :

Cl, C2, C3, C12 (parts 7 and 8), C16, C18, DIO,

Dll.

(G) Precautlona with studio type mixing
systems

Under any possible operating conditions, the

level at any stage should be kept at least 6 db and

preferably 10 db above the critical pre-amplifier

level of — 60 vu.

With mixer controls turned right off, and a

normal level applied to each input in turn, the

ratio of “ leakage ** at 10 000 c/s to normal pro-

gramme level should be better than 70 db.

Cross-talk between two different dreuits may
be reduced by using twisted leads for all speech

dreuits with an electrostatic screen around each

pair.

Fig. 18.31. Constant impedance
mixer using coil mixing with

four input sources.
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Where there are long circuits between pre-amplifier outputs and mixer outputs,

it is usually considered wise to use balanced transformer inputs to avoid the possi-

bility of cross-talk or noise affecting the programme.
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UNITS FOR THE MEASUREMENT OF GAIN AND NOISE
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SECTION 1 : BELS AND DECIBELS

(0 Power relationships expressed in bels and decibels (ii) Voltage and current re-

lationships expressed in decibels (Hi) Absolute power and voltage expressed in decibels

(iv) Microphone output expressed in decibels (v) Pickup output expressed in decibels

(vi) Amplifier gain expressed in decibels (vii) Combined microphone and amplifier

gain expressed in decibels (viii) Loudspeaker output expressed in decibels (tx) Sound
system rating (x) Tables and charts of decibel relationships (xi) Nomogram for

adding decibel-expressed quantities (xti) Decibels, slide rules and mental arithmetic.

(i) Power reladonships expressed in bels and decibels
If a sound is suddenly increased in magnitude, the listener receives an impression

of increased loudness which is roughly proportional to the logarithm of the ratio of

the two acoustical powers. In mathematical form
loudness oc log (Pt/Pi) ( 1 )

This is quite general, and holds for a decrease in power as well as for an increase in

power. Now the ultimate effea of ahy change of electrical power in a

transmitter, receiver or amplifier is to produce a change of acoustical power from the

loudspeaker, so that it is convenient to adopt a logarithmic basis for indicating a change
of electrical power.
The common logarithm of the ratio of two powers gives their relationship in bcla

—

N* = log,^Pt/Pi) (2)

where Pi is the reference power
and Pf is the power which is referred back to Pi,

The more commonly used unit is the decibel, which is one tenth of a bel. Thus,
the difiference in level between Pi watts and Pg watts is given by

N 4 * = 10 logjo (Pt/Pi) decibels (3)

If Pt is less than Pi the value of becomes negative. A negative value of Njg
thus indicates that the power in which we are interested is less than the reference power.

Note that these relationships ( 1 , 2 and 3) are independent of any other conditions

such as impedance.

AppUentiofoa and examplca
Suppose fc»r example that a power valve driving a loudspeaker is delivering 1 watt

which is then increaMd to 2 watts. To say that the power has ** increased by one

806
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watt **
is misleading unless it is also stated that the original level was 1 watt. A far

more satisfactory way is to state that a rise of 3 db has occurred. This may be cal-

culated quite simply since the gain in decibels is

10 logic (2/1) - 10 logio2 = 10 X 0.301 - 3.01 db
or approximately 3 db.

In a similar manner a decrease from 2 watts to 1 watt is a change of approximately
- 3 db.

It has been found that a change in level of 1 db is barely perceptible to the ear,

while an increase of 2 db is only a slight apparent increment. For this reason variable

attenuators are frequently calibrated in steps of 1 db or slightly less. In a similar

manner an increase from 3 watts to 4.75 watts is only a slight audible increment, being
an increase of 2 db.

In order to simplify the understanding of barely perceptible changes the follow-

ing table has been prepared, and it will be seen that a move from one column to the
nearest on left or right is equivalent to u change of 2 db. In this table 0 db is taken
as 3 watts.

db : -10 -8 -6 -4 ~2 0 +2 -f4 -f6 +8 +10 +12
watts: 0.30 0.47 0.75 1.2 1.9 3.0 4.75 7.5 12 19- 30 47.5

In addition to the application of decibels to indicate a change in le^el at one |k>int,

they may also be used to indicate a difference in level between two points such as the
input and output terminals of a device such as an amplifier or attenuator. For ex-
ample, consider an amplifier having an input power of 0.006 watt and an output power
of 6 wans. The power gain is 6/0.006 or 1000 times, and reference to the tables

shows that this is equivalent to 30 db. The amplifier may therefore be described

as having a gain of 30 db, this being irrespective of the input or output impedance.
References 1, 8, 9, 16 (Chap. 32).

(ii) Voltage and current relationships expressed in decibels
Since P, £,/, == P.VP, = /,*«,

and P, - £,/, = £,VP. = /.*P.

where Ri ™ resistance dissipating power Pj

and Rf — resistance dissipating power P*,

it is obvious that the decibel relationship between Ei and P* or between Ii and 1% must
involve the resistance.

If Pi P* P, then P,/Pi P**/Pi* = /fVfi* and the difference in level is

given by
- 10 logio(P,VPi*) 20 logio(P*/P,) decibels, (4)

or Ng, - 10 logio(/,V/i‘) = 20 logio(/,//i) decibels, (5)

provided that P remains constant.

If P does not remain constant the difference of level is

N.. - 20 log,o(P,/£,) 4 10 log,o(P./P,) (6)

or N.. = 20 log.o(/,//,) 4- 10 log,.(P,/P,) (7)

In the general case with an impedance Z = R + jX which is the same for both

Pi and Pt, equations (4) and (5) also hold.

When the two impedances are not identical, the difference in level in decibels is

Ntt 20 log, .(£,/£,) 4 10 log„(Z,/Z,) 4- 10 log, .(*./*,) (8)

= 20 log,o(/,//,) 4- 10 log„(Z,/Z,) 4- 10 log,o(l!,/*,) (9)

where power factor of Zj ^ R\f^\ ~-=- cos <^i

and - power factor of Z, = RtJZ^ cos </»2 -

References 7, 8, 9, 16 (Chap. 32).

(iii) Absolute power and voltage expressed in decibels

(A) Power
Although the decibel is a unit based on the ratio between two powers, it may also

be used as an indication of absolute power provided that the reference level (or “ zero

level **) is known. There have been many so-called “ standard ** reference levels,

including 1, 6, 10, 12.5 and 50 milliwatts, but the 1 miUiwatt reference level is very
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widely used tt the present dme. As an example, a power of 1 watt may be described

as

30 db (reference level 1 mW)
or 30 db (0 db = 1 mW).
or 30 dbm*.

The abbreviation db 6m is sometimes used to indicate a level in decibels with a
6 milliwatt reference level.

To convert from a reference level of 1 mW to 6 mW, add — 7.78 db.

To convert from a reference level of 1 mW to 10 mW, add — 10.00 db.

To convert from a reference level of 1 mW to 12.5 mW, add — 10.97 db.

To convert from a reference level of 6 mW to 1 mW, add -h 7.78 db.

To conven from a reference level of 10 mW to 1 mW, add -f 10.00 db.

To convert from a reference level of 12.5 mW to 1 mW, add -h 10.97 db.

With any reference level, a power with a positive sign in front of the decibel value

indicates tluit this is greater than the reference power, and is spoken of as so many
** decibels up.” A negative sign indicates less power than the reference power, and
is spoken of as so many ** decibels down.” 0 db indicates that the power is equal to

the reference power.
A statement of power expressed in decibels is meaningless unless the reference

level is quoted.

References 1, 5, 8, 9, 10.

(B) Voltage
A reference level of 1 volt has been standardized in connection with high impedance

microphones. The abbreviation dbv has been standardized (Ref. 38) to indicate

decibels referred to 1 volt.

Microphone output expressed in decibels

y The output of a microphone may be expressed either in terms of voltage or power.
(A) In terms of output voltage
The response of a microphone at a given frequency may be stated in decibels with

respect to a reference level 0 db = 1 volt (open-circuit) with a sound pressure of

1 dyne per square centimetre (Ref. 36). The abbreviation dbv is used to indicate a

voltage expressed in decibels, with reference level 1 volt (Ref. 38).

For example, the output of a microphone may be stated as — 74 dbv with a sound
pressure of 1 dyne per square centimetre. This is the open-circuit voltage developed
without any loading such as would be provided by the input resistance of the amplifier.

Table 1 [Section l(x)] may be used to determine the corresponding open-circuit

voltage, which for the example above is approximately 0.0002 volt r.m.s. (Column 1).

If the inpm resistance of the amplifier is eqtial to the internal impedance of the micro-
phone (here assumed to be resistive as the worst possible case) the voltage across the

iDpixt terminals will be only half the generated voltage, giving a loss of 6 db or an
efreedve input voltage of — 80 dbv.

FIG. 19.1

Pig, 19.1. Amplifier toith

source of input voltage E
having internal resistance R,

In the general case, the input voltage to the amplifier will be (Fig 19.1)

:

E, = ER,/(R -f R|)

where E = open-circuit voltage developed by the microphone

R, ^ input resistance of ampliM
and R «= internal resistance of microphone (here assumed purely resistive).

(B) In terms of output pmver.
Ahematively the output of a microphone may be given in terms of output power

for a stated sound pressure.

•dbm indkacct a power exfraMd in dcdbds with • rrCetcncc 1 mW.
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For example, the output of a microphone may be stated as — 65 dbm into a load
of 150 ohms, with an input sound pressure of 1 dyne per square centimetre. From
Table 3—S^. l(x)—^the power is 3.2 x 10~’ milliwatt. If desired this may be
converted into voltage across 150 ohms.

(C) In terms of effective output level
When a microphone is connected to an unloaded input transformer, its output cannot

be expressed in terms of power delivered, as no appreciable power is delivered by
the microphone. For this reason, microphone output ratings are sometimes given
in terms of effective output level, expressed in dbm. The effective output level is

so calculated that when the amplifier power gain in db is added to the microphone
effective output level in dbm the correct output level from the amplifier (in dbm) will

be obtained. The effective output level rating is based upon the assumption that the
microphone works into a load impedance equal to its own rated impedance. The
voltage corresponding to this effective output level is actually 6 decibels below that

which is actually obtained when the microphone is worked into a high impedance
pre-amplifier input. This 6 db difference is a function of the pre-amplifier input
termination and not of the microphone itself. The “ power gain ratings of pre-
anq>lifier8 take into account this 6 db increase in gain where it occurs, so that it is not
necessary to apply any coupling factor.

If the effective output level of a microphone is not known, it may be derived from
available data :

(1) The output power may be converted to dbm, or

(2) Where the microphone open-circuit voltage output is known in dbv (0 db = 1

volt), this may be converted to volts (Eo) and the effective output level in milliwatts

is given by
1000 Eo*/{ARj^) milliwatts

where is the nominal microphone impedance. The power in milliwatts may then

be converted into dbm.

(D) 1LM.A. microphone system rating (RMA Standard SE-105)
This is particularly useful when it is desired to calculate the combined ** system

gain ** of a microphone, amplifier and loudspeaker. The R.M.A. microphone system

rating is defined as the ratio in db relative to 0.001 watt and 0.0002 dyne per square

centimetre of the electric power available from the microphone to the square of the

undisturbed sound field pressure in a plane progressive wave at the microphone
position.

The R.M.A. microphone system rating (Ref. "35) is given by

=(l0 log,, - 44 db (10)

which reduces for practical applications to

Gm =(20 log,. (E/p) - 10 log,. - 50 db (11)

where Gj^ — microphone system rating

E = open-circuit voltage generated by the microphone

p = sound pressure in d3nie8 per sq. cm.

Rjytn = microphone rating impedmee—see Chapter 18 Sect, l(xiv). This

may differ from the actual microphone impedance.

The R.MJi. Microphone System Rating is essentially the same as expressing the

microphone output in terms of Effective Output Level, except that the acoustical

pressure at the microphone is 0.0002 dyne/cm* (the limit of audibility). To convert

from R.M.A. Microphone System Rating to the Effective Output Level Rating, it is

only necessary to allow for the change of acoustical pressure. For example, if a micro-

phone has an R.MA. Microphone System Rating of — 154 db, the Effective Output-

Level Rating for an acoustical pressure of 10 dynes/cm* will be — 60 dbm, and to
1 dyne/cm* will be — 80 dbm.

* An I ^ i is aotmally t*
. applied through s <

described in Chspeer 37 Sect. 3(ii}C with an input voltage from
t impedance attenuator, which combination eflectively jmpttca a
lual to the sated source impedance of the ampUfter as in Fig. 193.
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Microphone system ratings are most commonly used in a complete sound system-
sound, microphone, amplifier, loudspeaker, sound—see (ix) below.

See Chapter 18 Sect. 1 for the relationships between various forms of microphone
ratings.

(v) Pickup output expressed in decibels
Although many pickups are rated on the basis of output voltage, some are rated on

a power basis with respect to a specified reference level. The procedure is the same
as for microphones.

Reference 9.

(vi) Amplifier gain expressed in decibels
Much confusion has been caused by the incorrect or careless use of decibels to

indicate the gain of a voltage amplifier. Decibels may be used in various ways to

indicate the gain of an amplifier

—

(A) In terms of voltage gain (Fig. 19.4)

This is really an arbitrary use of decibels, but it is so convenient that it cannot be
suppressed.

Gain in decibels of voltage gain = 20 log E^IE^ (12)

where E, == voltage across output terminals of voltage amplifier

and Ex = voltage across input terminals of amplifier.

It is important to distinguish these decibels from decibels of power, which have
an entirely different meaning. The abbreviation dbvg is suggested as indicating

decibels of voltage gain.

Some engineers express the gain of an amplifier in terms of voltage by taking Ex
(eqn. 12) as the open circuit generator voltage {E in Fig. 19.1). If the load resistance

{Rx in Fig. 19.1) is equal to the generator resistance (R), the indicated gain by this

method will be 6 db less than that given by eqn. (12). If Rx is greater than lOR,

both methods give approximately the same result. If the generator impedance has

an appreciable reactive component, the difference between the two methods will be
less than indicated above.

(B) Amplifier gain in terms of power
Amplifier gain is defined as the ratio expressed in db of the power delivered to the

load, to the power which would be delivered to the same load if the amplifier were
replaced by an ideal transformer which matches both the load and source impedances
(R.MwA. Standard SE-lOl-A, Amplifiers for sound equipment—Ref. 35).

In Fig. 19.1 the power delivered to the load is

P, = ExVRt (13)

The power which would be delivered to the same load if the amplifier were replaced

by an ideal transformer which matches both the load and source impedances is

Pi = Ex^Ri (14)

Therefore gain in decibels = 10 log,o(P*/Pi). (15)

If the input resistance of the amplifier is made equal to the internal resistance of

the source,

i.e. Rx — Ry
then Ex - EJl and P, = PV4Pi - E^I\R.
Gain in decibels == 10 logio {AREx*/RtP*)

- “ '««• ^’7^ -6 + 20 log,, f-y*- (I.)

If, in addition, Pt = = R* then

gain in decibels = 6 20 logio (Et/E) (17)

(C) Gffin of ft bridging ftmplifier

A bridging amplifier is one whose internal input impedance is such that it may be
connected across a circuit without appreciably affecting the circuit performance in

any respect. Its function is to operate into programme circuits or similar loads

(Ref. 33).
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Bridging gain is the ratio^ expressed in db> of the power delivered to the bridging
amplifier load to the power in the load across which the input of the amplifier is

bridged (Ref. 33).

The commonest case is that of the input to an amplifier having a load of 600 ohms*
with the input terminals of the bridging*amplifier connected across it. The output
load of the bridging amplifier is most commonly 600 ohms.

(vli) Combined miclrophone and amplifier gain expressed in decibels
(A) When a microphone* rated in terms of voltage* is connected to a voltage

amplifier which is rated in decibels of voltage gain (dbvg)* the output may be
calculated as under :

Output in dbv* = microphone rating in dbv* 4- coupling factor -f amplifier gain

in decibels of voluge gain (dbvg). (18)

The coupling factor = 20 log [Ri/(R 4- Ri)] (Fig. 19.1). (19)
Typical values of the coupling factor are tabi^ted below :

Ri/{R 4- Ri) = 0.5 0.56 0.63 0.71 0.79 0.89

Coupling factor = —6 —5 —4 —3 —2 — 1 db
Bscample : Microphone —54 dbr*
Amplifier 4- 80 dbvg
R,/{R + R,) = 0.5

Output = —54 — 6 4- 80 == 4- 20 dbv* = 10 volts.

It should be noted that the calculated output applies for the rated sound pressure*

for example 1 dyne per square centimetre. At other sound pressures the voltage

win be proportional to the sound pressure.

(B) When g microphone* rated in terms of effective output level* is con-
nect^ to an amplifier having its gain expressed in terms of power in accord-
ance with RJVf.A. Standard SE-lOl-A ;

The amplifier power gain is measured effectively with a constant input voltage in

series with a resistance equal to the rated source impedance of the amplifier as in

Fig. 19.3. Under these conditions no correction factor is necessary and the output
from the amplifier in dbm is equal to the sum of the microphone effective output
level in dbm and the amplifier power gain in decibels. This output level will only be
attained when the pressure at the microphone is equal to the rated pressure—e.g.

10 dynes/sq. cm.
FIG. 19.3 FIG. 19.4

Fig. 19.3. Method of testing Fig. 19.4. Voltage
amplifier for gain. amplifier showing input

and output voltages.

For example, a ribbon microphone has an effective output level of —59 dbm with

an acoustical pressure of 10 dyncs/cm*. If this is connected to an amplifier with a

power gain of 40 db, the output level will be— 59 4-40 = — 19 dbm with an acoustical

pressure of 10 dynes/cm*.

(C) When n Aerophone* rated in accordance with the R«M^ microphone
•yatem rating is connected to an amplifier having its gain expressed in temts
of power in accordance with RJVi*A« Standard SE-lOl-A :

For general remarks see (B) above.

The output from the amplifier in dbm is equal to the sum of the R.M.A. micro-

phone system rating* the amplifier power gain in decibels, and the sound pressure in

decibels.

For example* a ribbon microphone with a R.M.A. system rating (G^) of —153 db*

operating with a sound pressure of 10 dynss/sq. cm. (i.e. 4-94 db) and connected to

^
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an amplifier with a power gain of 40 db will give an output level —153 -}-40 -f 94 =
— 19 dbm. The microphone amplifier and sound pressure in this example are the

same as for (B) above.

(viii) Loudspeaker output expressed in decibels, in terms of acousti-
cal pressure

In accordance with the American R.MA. Standard SE-103 (Ref. 29) the loud-

speaker pressure rating is the dififerenc^ between the axial sound pressure level (re-

ferred to a distance of 30 feet) and the available input power level, and is expressed in

db.

It is expressed by the following forms (equations 20, 21, 22, 23) :

Gsp - 10 log^o [(Ps/P^y^^As/^^)^ (20)

G SP ~ ^ ^ ^Ogio P5 “ 10 logio ^AS (21)

Gsp = 44 -f 20 logie Ps - 20 logi* 4 10 log,p

-f 20 logio [1 + (Rsc/^spy (22)

(pressure in db above Po) Ggp -f- (power in dbm) (23)

where G^p — loudspeaker pressure rating L: db

Ps = axial, free-spacc, r.m.s. sound pressure at 30 feet, in dynes/cm*

Po = reference r.m.s. sound pressure = 0.0002 dyne/cm*
= electrical power available to the speaker, in watts, and is equal to

£g*Rsr/(Rsg + ^SRy (Fig- 19-5)

= reference power = 0.001 watt
Eq — rjn.s. value of the constant voltage of the source, in volts

Rsr — loudspeaker rating impedance, in ohms*
R sc = speaker measurement source impedance, in ohms*

and dbm — power in decibels referred to 1 milliwatt.

Fig. 19.5. Loudspeaker
testing conditions {R.M.A.

Standard 5E-103).

The sound pressure (p^) at any distance d feet may be used to compute the pressure

Pg at 30 feet by the relation

p, = (d/30)p^ (24)

Sec also Ref. 34.

Example : If the loudspeaker pressure rating (G 5^) is 46 db, what is the axial

sound pressure level at 30 feet, with an available power input of 10 watts, using a

standard test signal ?

Ggp = 46 db ^AS watts 40 dbm
From equation (21),

20 log,* p^ = 46 - 44 4- 10 log,* 10 - 12 db.

Therefore p^ = 4 dynes/cm* (i.c. 86 db above p*).

The same result may be derived more directly from equation (23), pressure ==

46 -f 40 = 86 db above p*.

(ix) Sotmd wyntem radng
The total gain of a system from sound, through microphone, amplifier and loud-

speaker to sound again may be calculated by adding the system ratings of the several

sections and cotipling factors (if any).

(A) Ualsig the American RJVI.A. system ratings for microphone, amplifier

and loudspeaker we may put
SR = G^ + G + Gsp (25)

where SR = 'sound system rating (gain in db)

G^ » RJViA. microphone system rating (equations 10 and 11)

G — amplifier power gain (equation 15)

and Osp loudspeaker pressure rating in db (equations 20, 21 and 22).

*Sec Aspect 20 Sect. 6(x)B for ddhiltioiM of RsM snd RSG>
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A system rating of 0 db indicates that the soimd pressure 30 feet from the loud-
speaker is the same as that at the microphone. Similarly a system gain of x db in-
dicates that the soimd pressure 30 feet from the loudspealxr is x db greater than that
at the microphone.

(B) Proposed method of rating microphones and loudspeakers for systems
use by Romanow and Hawley (Ref. 11)

This proposed method has not been adopted generally in the precise form ex-
pounded, but the article gives a most valuable analysis of the whole subject of system
gain. This method is also described in Ref. 34.

(z) Tables and charts of decibel relationships
Table 1 : Decibels expressed as power and voltage or current ratios
Note that the Power Ratio columns give power values in milliwatts when the re-

ference level is 1 mW. The Power Ratio columns also give power values in milli-

watts when the centre column represents dbm*.
The Voltage Ratio columns also give values in volts when the centre column re-

presents dbv.t

Pig, 19.6. Gain ratio plotted against decibel gain. This chart also be used for
attenuation by inverting the ratio and making the decibels negative.

Interpolation : If it is required to find the power ratio corresponding to 22.5 db,

or any other value which is not igcluded in the table, the following procedure may be
adopted ;

—

1 . Take the next lowest multiple of 20 db (in this case 20 db), and note the corres-

ponding power ratio (in this case 100).

*dbm it unit of power expressed in decibels with 0 db — 1 mW.
~

tdbv it unit of voltage expressed in decibels with 0 db - 1 volt.
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2. Take the difference between the specified level and the multiple of 20 db (in

this case 22.5 — 20 = 2.5 db) and note the corresponding power ratio (in this

case 1.778).

3. Multiply the two power ratios so determined (in this case 100 x 1.778 = 177.8).

TABLE 1 : DECIBELS EXPRESSED AS POWER AND VOLTAGE RATIOS

Voltage

or Current
Ratio

Power Ratio

( = mW to Reference

Level 1 mW)
db

Voltage
or Current

Ratio

Power Ratio

( mW to Reference

Level 1 mW)

1.000 0 1.000 0 -0-h 1.000 1.000

.988 6 .977 2 0.1 1.012 1.023

.977 2 .955 0 0.2 1.023 1.047

.966 1 .933 3 0.3 1.035 1.072

.955 0 ,912 0 0.4 1.047 1.096

.944 1 .891 3 0.5 1.059 1.122

.933 3 .871 0 0.6 1.072 1.148

.912 0 .831 8 0.8 1.096 1.202

.8913 .794 3 1.0 1.122 1.259

.841 4 .707 9 1.5 1.189 1.413

.794 3 .631 0 2.0 1.259 1.585

.749 9 .562 3 2.5 1.334 1.778

.707 9 .501 2 3.0 1.413 1.995

.631 0 .398 1 4 1.585 2.512

.562 3 .316 2 5 1.778 3.162

.501 2 .251 2 6 1.995 3.981

.446 7 .199 5 7 2.239 5.012

.398 1 .158 5 8 2.512 6.310

.354 8 .125 9 9 2.818 7.943

316 2 .100 0 10 3.162 10.000

.281 8 .079 43 11 3.548 12.59

.251 2 .063 10 12 3.981 15.85

.223 9 .050 12 13 4.467 19.95

.199 5 .039 81 14 5.012 25.12

.177 8 .031 62 15 5.623 31.62

.158 5 .025 12 16 6.310 39.81

.141 3 .019 95 17 7.079 50.12

.125 9 .015 85 18 7.943 63.10

.1122 .012 59 19 8.913 79.43

.100 0 .010 00 20 10.000 100.00

.089 13 .007 943 21 11.22 125.9

.079 43 .006 310 22 12.59 158.5

.070 79 .005 012 23 14.13 199.5

.063 10 .003 981 24 15.85 251.2

.056 23 .003 162 25 17.78 316.2

.050 12 .002 512 26 19.95 398.1

.044 67 .001 995 27 22.39 501.2

.039 81 .001 585 28 25.12 631.0

.035 48 .001 259 29 28.18 794.3

.031 62 .001 000 30 31.62 1 000

.028 18 7.943 X 10-* 31 35.48 1 259

.025 12 6.310 X lO ^ 32 39.81 1 585

.022 39 5.012 X 10-* 33 44.67 1 995

.019 95 3.981 X 10-‘ 34 50.12 2 512

.017 78 3.162 X 10-« 35 56.23 3162
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Voltage

or Current
Ratio

Power Ratio
= mW to Reference

Level 1 mW)
db

Voltage

or Current
Ratio

Power Ratio
(= mW to Reference

Level 1 mW)

.015 85 2.512 X 10-* 36 63.10 3 981

.014 13 1.995 X 10-*^ 37 70.79 5 012

.012 59 1.585 X 10-^ 38 79.43 6 310

.011 22 1.259 X 10-« 39 89.13 7 943

.010 000 1,000 X 10-* 40 100.0 10 000

.008 913 7.943 X 10-* 41 112.2 12 590

.007 943 6.310 X 10-* 42 125.9 15 850
,007 079 5.012 X 10-» 43 141.3 19 950
.006 310 3.981 X 10-“ 44 158.5 25 120
.005 623 3.162 X 10-* 45 177.8 31 620
.005 012 2.512 X 10-» 46 199.5 39 810
.004 467 1.995 X 10-» 47 223.9 50 120
.003 981 1.585 X 10-» 48 251.2 63 100
.003 548 1.259 X 10-» 49 281.8 79 430
.003 162 1.000 X 10-* 50 316.2 100 000
.002 818 7.943 X 10-« 51 354.8 125 900
.002 512 6.310 X 10-* 52 398.1 158 500
.002 239 5.012 X 10-* 53 446.7 199 500
.001 995 3.981 X 10'« 54 501.2 251 200
.001 778 3.162 X 10-* 55 562.3 316 200
.001 585 2,512 X 10-* 56 631.0 398 100

.001 413 1.995 X 10-* 57 707.9 501 200

.001 259 1.585 x* 10-* 58 794.3 631 000

.001 122 1.259 X 10-* 59 891.3 794 300

.001 000 1.000 X 10-« 60 1 000 1000 000
8.91 X 10-‘ 7.943 X 10-’ 61 1 122 1.259 X 10*

7.94 X 10-‘ 6.310 X 10-’ 62 1 259 1.585 X 10*

7.08 X 10-* 5.012 X 10-’ 63 1 413 1.995 X 10*

6.31 X 10-* 3.981 X 10’ 64 1 585 2.512 X 10*

5.62 X 10-‘ 3.162 X 10-’ 65 1 778 3.162 X 10*

5.01 X 10-*
i 2.512 X 10-’ 66 1 995 3.981 X 10*

4.47 X 10-‘ 1.995 X ;0-’ 67 2 239 5.012 X 10*

3.98 X 10-* 1.585 X 10 ’ 68 2 512 6.310 X 10*

3.55 X 10-‘ 1.259 X 10-’ 69 2 818 7.943 X 10»

3.16 X 10-‘ 1,000 X 10-’ 70 3 162 1.000 X 10’

2.82 X 10 * 7.943 X 10-* 71 3 548 1.259 X 10’

2.51 X 10-* 6.310 X 10-* 72 3 981 1.585 X 10’

2.24 X 10-

*

5.012 X 10-» 73 4 467 1.995 X 10’

1.99 X 10-* 3.981 X 10-* 74 5 012 2.512 X 10’

1.78 X 10-

*

3.162 X 10-* 75 5 623 3.162 X 10’

1.58 X 10 * 2.512 X 10-* 76 6 310 3.981 X 10’

1.41 X 10-* 1.995 X 10-

®

77 7 079 5.012 X 10’

1.26 X 10 * 1.585 X 10-* 78 7 943 6.310 X 10’

1.12 X 10* 1.259 X 10-* 79 8 913 7.943 X 10’

1.00 X 10-* 1.000 X 10-* 80 10 000 1.000 X 10«

8.91 X 10 * 7.943 X 10~» 81 11 220 1.259 X 10*

7.94 X 10 * 6.310 X 10-» 82 12 590 1.585 X 10*

7.08 X 10-

*

5.012 X 10-» 83 14 130 1.995 X 10«

6.31 X 10-* 3.981 X 10-» 84 15 850 2.512 X 10*

5.62 X 10-* 3.162 X 10-» 85 17 780 3.162 X 10*

5.01 X 10-* 2.512 X 10-* 86 19 950 3.981 X 10*

4.47 X 10-* 1.995 X 10 -• 87 22 390 i 5.012 X 10«
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Voltage

or Current

Ratio

Power Ratio

(= mW to Reference

Level 1 mW)
db

Voltage

or Current

Ratio

Power Ratio

(— mW to Reference

Level 1 mW)

3.98 X 10-* 1.585 X 10-» 88 25 120 6.310 X 10®

3.55 X lO-* 1.259 X lO'* 89 28 180 7.943 X 10®

3.16 X 10-‘ 1.000 X 10“* 90 31 620 1.000 X 10®

2.82 X 10-“‘ 7.943 X 10-'« 91 35 480 1.259 X 10®

2.51 X 10-‘ 6.310 X 10-1® 92 39 810 1.585 X 10®

2.24 X 10-* 5.012 X 10-1® 93
1

44 670 1.995 X 10®

1.99 X 10-» 3.981 X 10-1® 94 50120 2.512 X 10®

1.78 X 10-» 3.162 X 10-1® 95 56 230 3.162 X 10®

1.58 X 10-‘ 2.512 X 10-1® 96 63 100 3.981 X 10®

1.41 X 10-* 1.995 X 10-1® 97 70 790 5.012 X 10®

1.26 X 10-

‘

1.585 X 10-1® 98 79 430 ! 6.310 X 10®

1.12 X 10-‘ 1.259 X 10-1® 99 89 130 7.943 X 10®

1.00 X 10-‘ 1.000 X 10-1® 100 100 000 1.000 X 10‘®
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TABLE 2 : POWER AND VOLTAGE OR CURRENT RATIOS EXPRESSED
IN DECIBELS

Ratio

db
(Power
Ratio)

db
(Voltage

Ratio)*

Ratio
db

(Power
Ratio)

db
(Voltage*

Ratio)

1.0 0 0 5.7 7.559 15.117

1.1 0.414 0.828 5.8 7.634 15.269

1.2 0.792 1.584 5.9 7.709 15.417
1.3 1.139 2.279 6.0 7.782 15.563

1.4 1.461 2.923 6.1 7.853 15.707
1.5 1.761 3.522 6.2 7.924 15.848
1.6 2.041 4.082 6.3 7.993 15.987
1.7 2.304 4.609 6.4 8.062 16.124
1.8 2.553 5.105 6.5 8.129 16.258
1.9 2.788 5.575 6.6 8.195 16.391

2.0 3.010 6.021 6.7 8.261 16.521

2.1 3.222 6.444 6.8 8.325 16.650
2.2 3.424 6.848 6.9 8.388 16.777
2.3 3.617 7.235 7.0 8.451 16.902
2.4 3.802 7.604 ! 7.1 8.513 17.025
2.5 3.979 7.959 7.2 8.573 17.147

2.6 4.150 8.299 7.3 8.633 17.266

2.7 4.314 8.627 7:4 8.692 17.385

2.8 4.472 8.943 7.5 8.751 17.501

2.9 4.624 9.248 7.6 8.808 17.616

3.0 4.771 9.542 7.7 8.865 17.730

3.1 4.914 9.827 7.8 8.921 17.842

3.2 5.051 10.103 7.9 8.976 17.953

3.3 5.185 10.370 8.0 9.031 18.062

3.4 5.315 10.630 8.1 9.085 18.170

3.5 5.441 10.881 8.2 9.138 18.276

3.6 5.563 11.126 8.3 9.191 18.382

3.7 5,682 11.364 8.4 9.243 18.486

3.8 5.798 11.596 8.5 9.294 18.588

3.9 5.911 11.821 8.6 9.345 18.690

4.0 6.021 12.041 8.7 9.395 18.790

4.1 6.128 12.256 8.8 9.445 18.890

4.2 6.232 12.465 8.9 9.494 18.988

4.3 6.335 12.669 9.0 9.542 19.085

4.4 6.435 12.869 9.1 9.590 19.181

4.5 6.532 13.064 9.2 9.638 19.276

4.6 6.628 13.255 9.3 9.685 19.370

4.7 6,721 13,442 9.4 9.731 19.463

4.8 6.812 13.625 9.5 9.777 19.554

4.9 6.902 13.804 9.6 9.823 19.645

5.0 6.990 13.979 9.7 9.868 19.735

5.1 7.076 14.151 9.8 9.912 19.825

5.2 7.160 14.320 9.9 9.956 19.913

5.3 7.243 14.486 10.0 10.000 20.000

5.4 7.324 14.648 100 20 40

5.5 7.404 14.807 1000 30 60

5.6 7.482 14.964 10000 40 80

*Or Current Redo.

To find d&e decibels corresponding to ratios above 10, break the ratio into two factors

and add the decibels of each. For example

—

Voltage ratio « 400 » 4 x 100. DedbeU == 12.041 -f 40 52.041.
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TABLE 3 ; DECIBELS ABOVE AMD BELOW REFERENCE LEVEL 6 mW
INTO 500 OHMS

Note that the power in watts holds for any impedance, but the voltage holds only

for 500 ohms.

db down Level db up

Volts Watts db Volts Watts

1.73 6.00 X 10-» -0+ 1.73 .006 00
1.54 4.77 X 10-» 1 1.94 .007 55

1.38 3.79 X 10-» 2 2.18 .009 51

1.23 3.01 X 10-* 3 2.45 .012 0
1.09 2.39 X 10“» 4 2.75 .015 1

.974 1.90 X 10 * 5 3.08 .019 0

.868 1.51 X 10-» 6 3.46 .023 9

.774 1.20 X 10-* 7 3.88 .030 1

.690 9.51 X 10-* 8 4.35 .037 9

,615 7.55 X 10-* 9 4.88 .047 7

.548 6.00 X 10-* 10 5.48 .060 0

.488 4.77 X 10-

*

11 6.15 .075 5

.435 3.79 X 10-* 12 6.90 .095 1

.388 3.01 X 10-* 13 7.74 .120

.346 2.39 X 10-* 14 8.68 .151

.308 1.90 X 10-* 15 9.74 .190

.275 1.51 X 10-* 16 10.93 .239

.245 1,20 X 10-* 17 12.26 .301

.218 9.51 X 10-* 18 13.76
I

.379

.194 7.55 X 10-* 19
i

15.44 1 .477

.173 6.00 X 10-* 20 17.32 .600

.097 4 1.90 X 10-*
1

25 30.8 1.90

.054 8 6.00 X 10-*
,

30 54.8
1

6.0

.030 8 1 1.90 X 10-*
i 35 97.4

!
19.0

.017 3 6.00 X 10-^
1

1

40
i

173 60.0

.009 74 1.90 X 10-’ 45 ! 308 190

.005 48
1

6.00 X 10-*
1

50 548
I

600
.003 08 1.90 X 10-*

11

55 974 1 1 900
.001 73 6.00 X 10-*

i

i

60 1 730 6000
.000 974

I

1.90 X 10-* 65 3 080
}

19 000
.000 548 6.00 X 10-»* 70 5 480

1

60 000
.000 308 1.90 X 10-‘» 75 9 7.40 ; 190 000
.000 173 6.00 X 10-“ 80 17 300 ! 600 000

Referenoef : Nomographs Refs. 6 ; Tables Ref. 9.
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TABLE 4 : DECIBELS ABOVE AND BELOW REFERENCE LEVEL 6 mW
INTO 600 OHMS

Note that the power holds for any impedance, but the voltage holds only for 600
ohms.

db down Level db up

Volts Watts db Volts Watts

1.90 6.00 X 10-> -0+ 1.90 006 00
1.69 4.77 X 10 *

1 2.13 .007 55
1.51 3.79 X 10-* 2 2.39 .009 51

1.34 3.01 X 10-* 3 2.68 .012 0
1.20 2.39 X 10-> 4 3.01 .015 1

1.07 1.90 X 10 * 5 3.37 .019 0
.951 1.51 X 10-* 6 3.78 .023 9
.847 1.20 X 10 * 7 4.25 .030 1

.775 9.51 X 10-* 8 4.77 .037 9

.673 7.55 X 10-* 9 5.35 .047 7

.600 6.00 X 10 * 10 6.00 .060 0

.535 4.77 X 10 * 11 6.73 .075 5

.477 3.79 X 10-* 12 7.55 .095 1

.425 3.01 X 10* 13 8.47 .120

.378 2.39 X 10 * 14 9.51 .151

.337 1.90 X 10 * 15 10.7 .190

.301 1.51 X 10* 16 12.0 .239

.268 1.20 X 10 * 17
i

13.4 .301

.239 9.51 X 10:* 18 ! 15.1 .379

.213 7.55 X 10 * 19 16.9 .477

,190 6.00 - 10 *
i
1 20 19.0 .600

.107 1.90 . 10 *
1

25
!

33.7 1.90

.060 0 6.00 10 * 30 60.0 6.0

.033 7
1

1.90 X lO * 35 107 19.0

.019 0 I 6.00 X 10 ’
'

40 190 60.0

.010 7 i 1.90 X 10-'
!

45 337 190

.006 00 i 6.00 X 10 * 50 600 600

.003 37 1.90 X 10 * 55 1 070 1 900

.001 90 1
6.00 X 10 *

1

60 1 900 6000
.001 07 1.90 X 10 * 65 3 370 19 000

.000 600
!

6.00 X 10-‘« 70 6000 60 000

.000 337 1.90 X 10-»® 75 10 700 i 190 000

.000 190
1

6.00 X 10-''
1

80 19 000 600 000
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TABLE 5 : DECIBELS ABOVE AND BELOW REFERENCE LEVEL 1 mW
INTO 600 OHMS

Note that die power holds for any impedance, but the voltage holds only for 600
ohms.

db down Level

dbm

db up

VohB Milliwatts Volts Milliwatts

0.774 6 1.000 -0-f 0.774 6 1.000

0.690 5 .794 3 1 0.869 1 1.259

0.616 7 .6310 2 0.975 2 1.585

0.548 4 .501 2 3 1.094 1.995

0.488 7 398 1 4 1.228 2.512

0.435 6 316 2 5 1.377 3.162

0388 2 .251 2 6 1.546 3.981

0346 0 .199 5 7 1.734 5.012

0.308 4 .158 5 8 1.946 6.310

0.274 8 .125 9 9 2.183 7.943

0.244 9 .100 0 10 2.449 10.000

0318 3 .079 43 11 2.748 12.59

0.194 6 .063 10
!

12 3.084 15.85

0.173 4 .050 12 13 3.460 19.95

0.154 6 .039 81 14 3.882 25.12

0.137 7 .031 62 15 4.356 31.62

0.122 8 .025 12 16 4.887 39.81

0.109 4 .019 95 17 5.484 50.12

0.097 52 ,015 85 18 6.153 63.10

0.086 91 .012 59 19 6.905 79.43

0.077 46 .010 00 20 7.746 J 100.00

0.043 56 .003 16 25 13.77 316.2

0.024 49 .001 00 30 24.49 l.OOOW
0.013 77 .000 316 35 43.56 3.162W
0.007 746 .000 100 40 77.46 lO.OOW
0.004 356 3.16 X 10-» 45 137.7 31.62W
0.002 449 1.00 X 10-‘ 50 244.9 lOOW
0.001 377 3.16 X 10-* 55 435.6 316.2W
0.000 774 6 1.00 X 10-* 60 774.6 1 OOOW
0.000 435 6 3.16 X 10-’ 65 1 377 3 162W
0.000 244 9 1.00 X 10-’ 70 2 449 10 OOOW
0.000 137 7 3.16 X 10-* 75 4 356 31 620W
0.000 077 46 1.00 X 10-» 80 7 746 100 OOOW
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TABLE 6 : WATTS, DBM AND VOLTS ACROSS 5000 OHMS

Watts dbm volts

across

500012

milli-

watts

dbm volts

across

500012m dbm
milli-

volts

across

500012

20 +43 315 63 + 18 17.8 1.0 -30 71

15.8 +42 280 40 + 16 14.0 0.63 -32 56
12.6 +41 250 25 + 14 11.2 0.40 -34 45
10 +40 213 16 + 12 8.9 0.25 -36 35
7.9 + 39 200 10 + 10 7.1 0.16 -38 28
6.3 4 38 178 6.3 + 8 5.6 0.10 -40 21.3

5.0 + 37 158 4.0 + 6 4.5 0.063 -42 17.8

4.0 + 36 140 2.5 + 4 3.5 0.040 -44 14.0

3.16 + 35 126 1.6 + 2 2.8 0.025 -46 11.2

2.5 + 34 112 1.0 0 2.13 0.016 1 -48 8.9

2.0 + 33 100 0.63 - 2 1.78 0.010 -50 7.1

1.59 + 32 89 0.40 - 4 1.40 0.006 3
1

-52 5.6

1.26 4 31 79 0.25 ~ 6 1.12 0.0040 -54 4.5

1.0 1 + 30 71 0.16 - 8 0.89 0.002 5 -56 3.5

0.79 + 29 63 0.10 -10 0.71 0.0016 -58 2.8

0.63 + 28 56 63 mW -12 0.56 0.0010 -60 2.13

0.50 + 27 50 40 fiW -14 0.45 0.00063 -62 1.78

0.40 + 26 45 25 mW -16 0.35 0.000 40 -64 1.40

0.32 i-25 39 16 /xW -18 0.28 0.000 25 -66 1.12

0.25 + 24 35 IQ ^W -20 0.213 0.00016 -68 0.89

0.20 + 23 31.5 6.3/iW -22 0.178 0.00010 -70 0.71

0.16 + 22 28 4,0/xW -24 0.140 3.2xl0-» -75 0.39

0.13 + 21 25 2.5mW -26 0.112 1.00x10'"' -80 0.21

0.10 4 20 21.3

1

1.6/iW -28 0.089 3.2x10-*

1

-85 0.13

(zi) Nomogram for adding decibel-expressed quantities

Two or more sounds combine to give a total sound whose acoustical power is the

sum of the powers of the individual components. This nomogram* (Fig. 19.6A)

may be used^to determine the resultant level in db when the two component sound

levels are also expressed in db, or for adding any dedbel-expressed quantities.

The difference between the two comp>onent values in decibels is first determined

by algebraic subtraction, and this difference value is found on Scale A. The corres-

ponding figure on Scale B then indicates the number of decibels to be added to the

greater original quantity to give the required resultant.

For example take two sound levels of 35.2 db and 37.0 db. The difference is 1 .8 db
which, when located on Scale A, indicates 2.2 db on Scale B. This value is then added

to 37.0 db to give the resultant sound level of 39.2 db.

When the difference in level exceeds 20 db, disregarding the smaller quantity pro-

duces an error of less than 1%.

The nomograph scales are based on the formula :

B = [lO log,.(l + ^ (26)

where A and B correspond to points on the respective scales. Ref. 37.

• For Noosoifiai tee gM«e 822.
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(xii) Decibels, slide rules and mental
arithmetic

The following holds for power calculatioj

under all conditions, and for voltage ax

current calculations when the impedance
constant.

Use of lof-lof slide rule

on the cursor. Then set the cursor to

required voltage ratio on the log-log i

and read the decibels on the C scale.

dealing with powers of 10 separately.

cursor and then proceed as before.

Decibel calculadons by mentel arith

metic

For occasions when a rule is not available,

it is useful to be able to perform conversions

mentally. It is possible to memorize a con-

version table, but this is unnecessary because,

starting with the knowledge that an increase

of two times in a voltage ratio is equivalent

to 6 db, and 10 times to 20 db, it is com-
paratively simple to build up such a table

mentally as required. The backbone of the

table is as follows

—

db 0 2 6 8 12 14 18 20

factor 1 1.25 2 2.5 4 5 8 10

This , is built up simply by adding 6 db
for each two times increase from a ratio of

unity, i.e. 2, 4 and 8 times represexu 6, 12

and 18 db, and by subtracting 6 db for each

halving of a multiplying factor of 10 times

i.e. 10, 5, H azui 1^ times are represented

by 20, 14, 8 and 2 db.

The next step in the uble can be built up
from noticing that a 2 db decrease represents

a multiplying factor of 0.8 times. From this

fra we can add the values for 4, 10 and 16

db—
db 4 10 16

factor 1.6 (2x0.8) 3.2 (4x0.8) 6.4 (8x0.8)

To complete the uble we need values for

each of the odd numbers of db. Noticing

that 2 db down is equivalent to multiplying

by 0.8 we can assume that the error in

uking 1 db down as 0.9 is small, and the

table can then be written in full.
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Pig. 19.6i4.
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Accurate values are recorded in the third line for comparison.
db—
0 1 2 3 4 5 6 7 8 9 10

faaor

—

1 1.12 1.25 1.4 1.6 1.8 2 2.3 2.5 2.9 3.2

true factor

—

1.00 1.12 1.26 1.41 1.59 1.78 2.00 2.24 2.51 2.82 3.16

db—
11 12 13 14 15 16 17 18 19 20
factor

—

3.6 4 4.5 5 5.8 6.4 7.2 8 9 10
true factor

—

3.55 3.98 4.47 5.01 5.62 6.31 7.08 7.94 8.91 10.0

Comparing the multiplying factors computed in this manner with the true factors

it will be seen that the greatest error (at 15 db) is just over 3% which is negligible for

the type of calculation intended to be performed by this method.

When working with “ db down,** the number of db can be subtracted from 20 and
the multiplying factor from the table can be divided by 10, e.g. 7 db (20-13) down is

equivalent to a multiplying factor of 0.45. A small amount of practice at such mental
conversions soon results in many of the factors being memorized (or else becoming
immediately obvious) without any conscious effort in this direction.

SECTION 2 : VOLUME INDICATORS AND VOLUME UNITS

(f) Volume indicators (li) Volume units,

(i) Volume indicators
When an instrument is required merely to measure power under steady conditions,

no particular difficulties are encountered and the scale may be calibrated in decibels

with respect to any desired reference level. In studio programmes, however, the

power is constantly ffuctuating and the indication of the instrument will depend upon
its speed of response and damping.

Volume is here applied to the indications of a device known as a Volume Indicator,

which is calibrated and read in a prescribed manner.

The Volume Indicator is a standardized instrument (Ref. 19) which has been
developed primarily for the control and monitoring of radio programmes. The
Volume In^cator is a root-mean-square type of instrument with a fiill-wave copper- '

oxide type of rectifier. The rectifier law is intermediate between linear and square-

law, having an exponential of 1 .2 ± 0.2. Its dynamic characteristics are such that,

if a sinusoidal voltage of frequency between 35 and 10 000 c/s and of such amplitude

as to give reference deflection under steady-state conditions is suddenly applied, the

pointer will reach 99% of reference defiection in 0.3 second (± 10%) a^ should

then overswing reference deflection by at least 1.0% and not more than 1.5% (Ref. 19).

It will give a reading of 80% on an impulse of sine wave form as short as 0.025 second

(Ref. 18).

It is fitted with two scales, a vu scale marked 0 (“ reference defiection ”) at about

71% maximum scale reading, extending to -h 3 (maximum) and — 20 (minimum)
and a percentage voltage scale with 100% corresponding to 0 vu reading, calibrated

downwards to 0%.

The instrument is available with the scales marked differently : With ** Scale A "

the vu scale is made more prominent, being situated above the percentage scale

—
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this is for use in measuring instruments etc. where the reading of the meter together

with the reading of an associated attenuator (where necessary) give the actual power
level. With “ Scale B ” the percentage scale is made more prominent being situated

above the vu scale—this is for use in studio controls etc. where the operator is non-
technical and is not interested in actual levels.

The sensitivity shall not depart from that at ,1000 c/s by more than 0.2 db between

35 and 10 000 c/s at an input level of 0 vu, nor more than 0.5 db between 25 and
16 000 c/s (Ref. 19).

The instrument is calibrated by connecting it in shunt with a resistance of 600 ohms
through which is flowing 1 milliwatt of sine-wave power at 1000 c/s, when a reading

shall be 0 vu (or vu when the calibrating power is n db above 1 milliwatt).

If the instrument is connected across any impedance other than 600 ohms, the

volume indicated must be corrected by adding 10 logjo (600/Z), where Z is the actual

impedance in ohms.

The total impedance of the volume indicator is usually about 7500 ohms, of which
about 3600 ohms is external to the instrument.

The Volume Indicator is intended to be read as deviations from the reference volume
' (0 vu), after making allowance for the sensitivity control (attenuator) which is also

calibrated in vu. The reading is determined by the greatest deflections occurring

in a period of about a minute for programme waves, or a shorter period (e.g. 5 to 10

seconds) for message telephone speech waves, excluding not more than one or two
occasional deflections of unusual amplitude.

References 18, 19, 39, 49.

(ii) Volume units
The volume unit (abbreviated vu and pronounced “ vee-you ”) is a unit to express

the level of a complex wave in terms of decibels above or below a reference volume as

defined below. A level referred to as x vu means a complex wave power reading on
a standard vu meter. Volume units should never be used to indicate the level of a

sine-wave signal - the latter should always be referred to as so many dbm. Even if

a vu meter is used to read the level of a steady single-frequency sine-wave signal,

i
which is quite permissible, the reading should be referred to as so many dbm.

A volume unit implies a complex wave—a programme waveform with high peaks,

i The usual convention is to assume that the peak value is 10 db above the sine-wave

peak.* For this reason an amplifier for radio broadcasting systems is tested with
I sine-wave input at a level 10 db above the maximum vu level at which it is intended

I

to be used. For example, a system working at a level of + 12 vu would be tested

for distortion at a level of -|- 22 dbm sine-wave.

Reference volume is defined as that strength of electrical speech or progranune
waves which gives a reading of 0 vu on a volume indicator as described above, and
which is calibrated to read 0 vu on a steady 1000 c/s wave whose power is 1 milliwatt

in 600 ohms. Care should be taken to distinguish between this definition of reference

volume, which is arbitrary and not definable in fimdamental terms, and a reference

level of 1 milliwatt used for power measurements under steady conditions with a

single frequency.

References 18, 19, 39, 49.

*Occatioful pc^ under certain condkione may be tomewhit Idglier.
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SECTION 3 : INDICATING INSTRUMENTS

(0 Decibel meters (H) Power output meters (m) Volusue indicators (to) Aeomtieal
instruments.

(i) Decibel meters
A dedbd meter is usually a rectifier type of instrument calibrated in dedbdty widi

0 db situated somewhere near the centre of the scale. The scale is usually marked
to indicate the reference level and the line impedance, e.g. ** 0 db » 6 mW ; cali-

brated for 500 ohm lines.*'

These instruments are firequently provided with attenuators to extend their range

and are then sometimes called power-level Indicstors. They are actually volt-

meters intended to be connected across a line of known inq;>edanoe.

If a decibel meter is connected across a resistance other than the correct value

the error will be
error in db = 10 logi» {RJR) (1)

where resistance across which the meter is connected
and R — correct resistancfc for which the meter is calibrated.

A chart of corrections based on equation (1) is given in Ref. 4.

(ii) Power output meters
These diifer frcm decibel meters in that the instrument dissipates and measures

power. The input impedance is usually variable by means of a selector switch,

and the scale of the instrument may be calibrated both in milliwatts and decibels.

(Ui) Volume indicators
Sm Section 2 above.

(iv) Acoustical instruments
Sound level meters—see Section 5 below.

Noise meters—see Section 6 below.

References to indicating instruments—1, 4, 9, 17, 18, 19, 20, 21, 23, 25, 26, 27, 39.

SECTION 4 : NEPERS AND TRANSMISSION UNITS

(i) Nepers (ii) Transmission units,

(i) Nepers
Just as there are two systems of logarithms in general use, so there are two logarith-

mic units for the measurement of difference of power levels. The bel and the decibd
are based on the system of Common Logarithms (to the base 10).

The neper is based on the system of Naperian Logarithms (to the base c).

Nepers are not commonly used in English-speaking countries, but are used by sooie

European countries.

Equation (1) below should be compared with Section 1, equation (2) above

:

N, « 1 log, (P,/P0 {!>

where N« is the ratio of two powers expressed in nepers

Pi « reference power
and Pt power which is referred back to P|.

When the impedances relating to Pi and P| are the same,

N, » log, (Et/EO - log, (/.//i)

Equation (2) should be compared with equations (4) and (5) in Section 1 abo9
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Rdatioiisliip between decibels and nepers
1 neper » 8.686 db
1 db = 0.1151 neper

Power ratio 1 1.259 1.585

db 0 12
nepers 0 0.1151 0.2303

References 1, 9.

3.162

5

0.5757

10

10

1.151

100 10‘

20 50
2.303 5.757

(ii) Transmission units
A transmission unit was the early name of the decibeh but is no longer used.

1 TU = 1 db

SECTION 5 : LOUDNESS
(i) Introduction to loudness {ii) The phon {Hi) Loudness units.

(i) Introduction to loudness
The loudness of any tone is a function, not only of its intensity, but also of its fre-

quency. This is indicated by the contour curves of equal loudness as shown in Fig.

19.7.

Pig. 19.7. Contours of equal loudness level {0 db — 10“^* wattfem^)—Ref. 28, after
Fletcher and Munson {Ref. 40).

(ii) The Phon
The phon is the unit of loudness level. The loudness level, in phons, of a sound

is uumerically equal to the intensity level in decibels of the 1000 c/s pure tone which is

judged by t^ listeners to be equally loud. The reference intensity is 10“^* watt
per square centimetre*, which is near the value of the threshold of audibility for a
000 c/s pure tone (Ref. 22).

When listening to a 1000 c/s pure tone, the loudness level in phons is equal to the
umber of decibels above the reference intensity, but with any other frequency the
Oldness level in phons will normally differ from the intensity in decibels (Fig. 19.7).

^The covalent reference pressure for sound pressure measuremenu is 0.0002 dyne per square oeod-
tre. The cquWaient reference velocity for sound velocity measuremenu is 0.000 005 centhnetre
lecond.
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(iii) Loudness units
For purposes of noise measurement, the loudness unit has been standardized (Ref.

28), and is based on the principle that doubling the number of loudness imits is equiva-

lent to a sensation of twice the loudness. The relation between loudness level in

phons and loudness in loudness units is given in Fig. 19.8.

References 40, 41, 28.

See also Supplement.

Fig, 19.8. Relation between loudness and loudness level ; reference frequency 1000 c/s-

Ref. 28, after Fletcher and Munson (Ref. 41).

SECTION 6 : THE MEASUREMENT OF SOUND LEVEL AND
NOISE

(f) Introduction (ii) The sound level meter (iii) The measurement of noise in
amplifiers (iv) The measurement of radio noise.

(i) Introduction
Sound includes wanted sound—music or speech—and also unwanted sound

—

noise. Noise may be measured acoustically, as for example by a sound level meter,
or electrically. Acoustical methods of measuring noise and other sounds are de-
scribed in (ii) below. Electrical noise may be measured either with or without a

weighting network. If a weighting network is used, there will be appreciable attenua-
tion of the lower frequencies, including hum frequencies. It is normally assumed in
good engineering practice that the hum components have negligible effect on the
noise reading ; if this is not so, they should be filtered out before the noise voltage is

applied to the measuring equipment.
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(ii) The sound level meter
Sound measurements^ when made with an American standard sound level meter

(Ref. 23) are determinations of sound intensity levels and are expressed in decibels

—

the reference sound pressiure level is 0.0002 dyne/cm* at 1000 c/s. The standard

sound level meter has a scale calibrated in decibels^ and the readings should be re-

ferred to as e.g. ** 60 decibels sound level ** or “ sound level of 60 decibels.” A sound
level meter may provide a choice of frequency response characteristics :

(A) The 40 decibel equal loudness contour*

(B) The 70 decibel equal loudness contour*

(C) Flat frequency response.

In all cases the frequency response should be stated in conneaion with any measure-
ments. If only one frequency response is provided, this should be (A) above. Curve
(A) is recommended for measurements-^up to 55 db, curve measurements
from 55 t6~85 db, and curve (C) for very loud sounds (85 to 140 db).

Within certain tolerances the sound level meter will indicate the sum of the equival-

ent 1000 c/s intensities of the different single frequency components in a complex
wave—that is the power indicated for a complex wave will be the sum of the powers
which would be indicated for each of the single frequency components of the complex
wave acting alone.

The dynamic characteristics of the indicating instrument are specified in detail

(Ref. 23).

The American sound level meter is a very simple instrument giving only approxi-

mate indications of loudness levels. However the ear does not judge the loudness

of wide-band noises in the same way that it judges the loudness of pure tones. Con-
sequently the use of the equal-loudness contours based on pure tones introduces

errors which may be as great as 22 phons between the readings of an American sound
level meter and subjectively measured loudness levels in phons (Ref. 42).

Bridah ob)ecdve noise meter
A more accurate acoustical noise meter has been designed by King and associates

(Ref. 42) which includes a phase-shifting network, a peak-indicating meter and a

larger number of weighting networks. See also Ref. 34 (pp. 894-896).

References to sound level meters : 12, 23, 24 (pp. 392-393), 34 (pp. 888-896), 42.

TABLE 7 : TYPICAL SOUND LEVELS
measured with American Standard Sound Level Meter

(after H. F. Olson, Ref. 24, by kind permission of the author and publishers—copy-
right by D. Van Nostrand Company, Inc., New York, U.S.A.)

Noise Level

Source or Description of Noise in Decibels

Threshold of Pain 130

Hammer Blows on Steel Plate 2 ft. 114
Riveter 35 ft. 97
7-pa8senger sedan carf 87
Factory 78
Busy street traffic 68
Large office 65
Ordinary conversation 3 ft. 65
Large store 63
Faaory office 63
Medium store 62
Restaurant 60
Residential street 58
Medium office 58
Garage 55

*Bach modified by the differenoct between random and normal free field threaholda.
tDatt from G. L. Bonvallet ** Levels and spectra of transportation vehicle noise '*

J. Acous. Soc. Am.
22.2 (March 1930) 201.

*
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Small store 52
Theatre (with audience) 42
Hotel 42
Apartment 42
House, large city 40
House, country 30
Average whisper 4 ft. 20

Quiet whisper 5 ft. 10

Rustle of leaves in gentle breeze 10

Threshold of hearing 0

(ill) The measurement of noise in amplifiers’*^

(A) Amplifiers for sound equipment
(based on R.M.A. Standard SE-101-A~Rcf. 35).

This is an interim standard for the measurement of steady-state noise, and of pulse

noise waves having a peak factor (ratio of peak to r.m.s.) approximating the maximum
obtainable in speech (20 db).

Noise level is the level of any noise signals appearing at the output terminals with
no signal applied to the input.

The weighted noise level is the noise level weighted in accordance with the 70
decibel equal-loudness contour of the human ear and expressed in dbm. The weighted
noise level shall be measured under test conditions specified in Ref. 35. The measur-
ing amplifier shall be one whose a-f response is weighted with the 70 db equal-loud-

ncss contour in accordance with Curve B of A.S.A. Specification Z24.3-1944 (Ref.

23) with a standard vu meter as defined by A.S.A. Specification C16.5-1942 (Ref. 19)

as an indicator.

A properly weighted amplifier may be obtained by applying a r.c. network with a

1 millisecond time constant to an amplifier having a frequency response of ± 1 db
from 50 to 15 000 c/s. This will give an attenuation of 1 db at 300 c/s, 5,7 db at

100 c/s and 9 db at 60 c/s.

(B) Audio facilities for radio broadcasting systems
(Based on R.M.A. Standard TR-105-B—Ref. 33).

Measurement of steady state noise shall be made with a device having an a-f

response flat within i 2 db from 50 to 15 000 c/s and having the ballistic characteris-

tics of the standard vu meter (Ref. 19) but reading the r.m.s. value of a complex wave.
Measurement of pulse noise conditions has not been included because of lack of de-

finition and equipment.
Measurement made on those instruments incorporating average rather than r.m.s.

rectifiers will give indications differing in general less than 1 db from the latter due to

this difference. This is within the overall accuracy ordinarily obtained on this type of
measurement.

Audio frequency signal to noise ratio—definition

The a-f signal to noise ratio is the numerical ratio between the sine-wave signal

power required for standard output and the noise power measured with zero applied

signal, received by the rated load impedance from the output of the equipment under
test, expressed as a power ratio in decibels (Ref. 33).

(iv) The measurement of radio noise
Radio noise is any electrical disturbance which excites a radio receiver in such a

way as to produce acoustical noise.
** A major objective of radio-noise-meter design is to provide an instrument which

will give, for all kinds of radio noise, indications which are proportional to the annoy-

ance factor or nuisance capability of the noise.’* Instruments complying with the

specification of the Joint Co-ordination Committee (Ref. 25) are stated to be very

satisfactory in this regard (Ref. 21). A useful review of the progress made up to 1941

* For nolle audibility test for radio receivera aee Chapter 37 Sec. 1 (vi) K.
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is given in Reference 26 with an extensive bibliography. The equivalent British

Standard is described in Ref. 27.

References to noise—2, 9, 10, 12, 15 (Sect. 10-35), 20, 21, 24 (pp. 419-420,483-487),

25, 26, 27, 28, 33, 34, 35, 42.

Bibliography : “The measurement of noise” Jour. Acous. Soc. Am. 11.1 (July

1939) 117.
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SECTION 1 : INTRODUCTION

(i) Types of loudspeakers (it) Direct-radiator loudspeakers (Hi) Horn loudspeakers

(fv) Headphones (v) Loudspeaker characteristics (vi) Amplitude of cone movement
(vii) Good qualities of loudspeakers (viii) Loudspeaker grilles,

(i) Types of loudspeakers
In this chapter the point of view is that of the receiver or amplifier designer, not

that of the loudspeaker designer.

Loudspeakers arc in three principal groups :

1. Direct radiators—where the cone or diaphragm is directly coupled to the air.

2. Horn loudspeakers—where the diaphragm is coupled to the air by means of

a horn.

3. Ionic loudspeakers— in which no diaphragm is used. See Refs. 212, 227.

(ii) Direct radiator loudspeakers
(A) The moving coil or electro-dynamic type is by far the most popular for

radio receivers. It has a voice-coil mounted in a strong magnetic field ; the a-f

output power from the amplifier is passed through a suitable matching transformer

(sec Chapter 21) to the voice coil, and the a-f currents in the coil cause a force to be

exerted in the direction of the axis of the coil. If the voice coil is free, it will move
in the dircaion of the force. The voice coil is loaded by the cone which is (normally)

firmly fixed to it.

The magnet may be either an electromagnet or a permanent magnet. In all cases,

the higher the fiux density the greater the efficiency and electro-magnetic damping.

Sec Sect. 2 for detailed description.

(B) The electromagnetic type has two forms, the reed armature and the balanced
armature. In the former there is a steel reed armature at a short distance from the

pole piece wound with insulated wire carrying the a-f current, and supplied with steady

magnetic fiux by means of a permanent magnet. In :he balanced armature type,

only the a-f flux flows longitudinally through the armature. Both types require

831
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idiittvdiy stiff springs to return the armature to the position of equilibrium, so that the

bast resonance usually occurs at a frequency above 100 c/s

Refs. 13, 14, 15.

(C) The Indiietor d3misiiic type differs from the older electromagnetic type

in that the two iron armatures are balanced so that they lie at rest without a strong

spring tension. The natural resonance frequence may be about 70 c/s, and the am-
plitude of movement is about the same as that of a moving-coil type. Ref. 15.

(D) The pleao-electric ("crystal’*) type generally uses Rochelle salt for the

bimorph elements. It takes two forms, in which the elements either bend or twist

with t^ voltage applied between the two electrodes. The crystal has a predominately

capacitive impedance, the capacitance being of the order of 0.02 fiF,

The impedance varies considerably with frequency in both scalar value and phase

angle, so that it is difficult to provide a correct load impedance for the output valve.

This is not very important with a triodc or if another loudspeaker is connected in

parallel.

The oystal loudspeaker naturally responds to the higher frequencies, and is some-
times used as a " tweeter ** in a dual or triple speaker system (Sect. 5). In this case

the response may be maintained roughly constant over the desired band of frequencies

by a small inductance in series with the primary of the transformer. Crystal loud-

speakers are not normally used alone.

Refi. 13, 14, 24, 60.

(E) The condenser type of loudspeaker tisually takes the form of one large solid

electrode, and a thin movable electrode which is mounted in such a way that it can

vibrate (usually in sections) without touching the solid electrode.

Either the solid or the movable electrode may be corrugated ; the movable electrode

Okay be of insulating material with a metal foil coating. An alternative form has both

electrodes fkrible (Ref. 22).

The sensitivity is dependent upon the total area ; with 300 to 500 square inches the

sensitivity may approximate that of an clcctro-dynamic type.

The Kyle speaker (Ref. 58) has a capacitance of 0.004 /iF for an area of 96 square

inches. The impedance is predominately capacitive. A high polarizing voltage is

required for high cfBciency and good p^ormance—500 to 600 volts is usual.

Condenser loudspeakers are little used at the present time.

Reft. 13, 14, 15, 22, 58.

(F) Throttled air-flow loudapesker—this consists of a mechanical valve, actu-

ated by an electrical system, which controls a steady air stream, the air flow being

made proponional to the a-f input current. It is normally limited to very large sizes.

Ref. 14.

(lii) Horn knidqwalcers
Any typ)e of driving unit actuating a cone or diaphragm may be given greater acous-

tical loading by means of a horn, thereby improving the efficiency and power output.

The hom ceases to have any beneficial effect below a frequency whose value depends

OQ the law of expansion and the size ofthe hom. Hom loudspeakers have considerably

greater efficiency than direct radiators. For further information see Sect. 4.

(hr) Headphones
Headphoim (telephone receivers) make use of a diaphragm which is cfTeaively

sealed to the ear by means of a cap with a central opening. The pressure of the small

quantity of air enclosed between the diaphragm and the ear drum varies in accordance

with the displacement of the diaphragm.

The driving mechanisms of headphones resemble those for loudspeakers.

(A) Magnetic diaphragm : The a-f force caused by the a-f current in the electro-

magnet operates direaly upon a steel diaphragm. The bipolar type is the most
popular of all headphones at the present time. A permanent magnet supplies the

steady flux. At frequencies above the second diaphragm resonance the response

falls off rapidly. Refs. 13, 14, 59, 62.
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(B) Moving nmuitiiro type : The prindplet are the tame as for loudspeakers.
Ref. 14.

(C) Moving-coil tsrpe : This follows the tame principles as the loudspeaker^
and with careful design is capable of greater fidelity and wider frequency range than
the magnetic types. One model hat a response firom 10 to 9000 c/t d: 2 db except
for a dip of 6 db at 4000 c/s. (Ref. 63). Reft. 13, 14, 63.

(D) Crsratnl typm : The Impedance of one model it 80 000 ohms (predominately
capacitive) at 10 000 c/t. A high resistance may be connected in series to raise the
low frequency response relatively to the high fluency response. Refii. 13, 64.

(E) Ribbon type : The principle is the same as for a ribbon microphone. It is

only used for high-fidelity reproduction. Refs. 13, 14, 65.

(F) Inductor type : This has been developed to deliver practically constant
sound pressure to t^e ear cavity from 50 to 7000 c/s. It has a V shaped diaphragm
driven by a straight conductor located in the bottom of the V. Reft. 13, 14, 66, 67.
Correction dreuita for magnetic dinphmgm hesMl|dionea
A typical magnetic diaphngm unit has a pronounced peak slightly below 1000 c/s.

A circuit for attenuating this peak and thereby giving reasonably uniform response
is Fig. 20.1 (Ref. 25).

Fig. 20.1. Tone correction circuitfor magnetic
diaphragm headphones (d.c. resistance 4000
ohms) giving 15 db bass and treble boost.

Secondary impedance roughly 500 ohms,
primary load resistance 10 000 ohms {Rtf. 25).

(V) Loudspeaker cha^teristics
The amplifier designer is mainly interested in a limited number of characteristics.

Impedance : See Sea. 2(iv) for moving-coil type, and Sea. 4(v)G for horn type.

Ail types of cleccro-magnedc loudspeakers have a somewhat similar form of im-
pedance charaaeristic, although the r^dve values vary considerably.

Phase angle : See Sea. 2(iv) for moving-coil-type.

Frequency response chsnacteriatic

This only applies under the stria conditions of the test, particularly generator

impedance, and is very often misleading. The most serious defea is the existence

of sharp upward peaks extending higher than say 5 db above the smooth curve, par-

ticularly in the region from 1500 to 4000 c/s. These are not always shown by the

published curves, which frequently show signs of having been smoc^hed.

Reflections in rooms may result in changes of 15 db or more in level at certain fre-

quencies, and the shape of the frequency characteristic may be altered out of all re-

cognition by variations in placement of loudspeaker and microi^ioDe, or by a diange

of room.
It is important to know the source impedance (i.e. the output resistance of the

amplifier) used in the test. A loudspeaker should always be used with the oorrea

source impedance—too low a source impedance may result in loss of low frequency

response, while too high a source impedance will usually result in over-accentuation

of a narrow band of frequencies in the vicinity of the loudspeaker bass resonance.

Sec Sect. 9(ii) for R.M.A. Standard loudspeaker measurement source impedance.

Refs. 13, 14, 15, 26 (No. 1), 42, 70.

Damping
The source impedance (i.e. the output resistance of the amplifier) also affeas the

damping of the loudspeaker at the bass resonant frequency. One value of source

impedance will normally (in loudspeakers of high flux density) give aitical damping

—

this being the value for no overshoot—^while a slightly lower degree of damping may
be considered as the optimum. Too high a resistance will give insufficient damping
for good transient response. For further information see Sect. 2(x).
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Direcdoiud characteristics

The usual frequency response characteristic is measured with the microphone
on the axis of the loudspeaker, this being the position of maximum high frequency

response. There is a serious loss of higher frequencies (4000 c/s and above) even
with the microphone 30° off the axis.

See Sect. 2(vii) for further information on moving-coil types, and Sect. 4(vii) for

horn types.

Refs. 13, 14, 15, 26 (No. 1), 61, 70, 133.

Non-linear distortion : see Sect. 7(i) and (v).

Efficiency versus frequency characteristic : see Sect. 2(vi).

Transient response : see Sect. 7(iii).

Matching : •see Chapter 21.

Characteristics of cones : see Sect. 2(ii).
^

(vi) Amplitude of cone movement
The peak amplitude of a rigid disc to give an acoustical power output of 0.2 watt

(equivalent to 6.7 wans amplifier power with a loudspeaker efficiency of 3%) is given

by the following table. Radiation from one side only is considered (derived from
Chart No. 61, Ref. 69).

Diameter
of cone

Frequency (c/s)

1000 400 200 100 50 30

13 in. 0.0003 0.002 0.008 0.03 0.12 0.34 in.

10 in. 0.0005 0.003 0.013 0.05 0.21 0.58 in.

8 in. 0.0008 0.005 0.02 0.08 0.32 0.90 in.

5 in. 0.002 0.013 0.051 0.21 0.82 2.26 in.

(vii) Good qualities of loudspeakers
A loudspeaker should have the following good qualities

—

Satisfactory sensitivity

Broad directivity

Low distortion over the whole frequency range

Smooth frequency response

Balanced response

Good transient response

Sufficient damping at the bass resonant frequency

Adequate power-handling capacity

Any loudspeaker is necessarily a compromise. It has been demonstrated by Olson
(Ref. 133) that with cone type loudspeakers, increased sensitivity brought about by
reducing the thickness of the cone material is accompanied by increased distortion,

ragged frequency response, bad transient response, and increased ** break up
effects in the cone. On the other hand, the power output for the same distortion is

many times greater for the loudspeaker having the more massive vibrating system.

If increased sensitivity is required, this may be achieved, within limits, by increasing

the flux density. High flux density has the additional valuable property of increasing

the damping.
A prominent peak in the response charaaeristic at the bass resonant frequency will

increase the apparent sensitivity of the loudspeaker, particularly with small speakers

having the bass resonance above 150 c/s. Similarly, prominent peaks in the response

charaaeristic above 1000 c/s will also inaease the apparent sensitivity, although both
are features to be avoided for good fidelity.

When loudspeakers are compared in listening tests, the sound outputs should be

adjusted to the same level before a comparison is made, because sensitivity is usually

of secondary importance. Refs. 150, 155, 183.
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(viii) Loudspeaker grilles

If the grille cloth is not to reduce sound pressure, its resistance must be small com-
pared with the radiation resistance of the loudspeaker. The most suitable type of cloth

is one which is very loosely woven and which has hard threads—cotton or plastic.

Fuzzy threads increase the resistance of the cloth. Ref. 180.

SECTION 2 : CHARACTERISTICS OF MOVING-COIL CONE
LOUDSPEAKERS

(i) Rigid (piston) cone in an infinite flat baffle (ii) Practical cones (Hi) Special

constructions for wide frequency range (iv) Impedance and phase angle (v) Fre-
quency response (vi) Efficiency (vii) Directional characteristics (viii) Field magnet
(ix) Hum bucking coil (x) Damping.

(i) Rigid (piston) cone in an Infinite fiat baflSe

A rigid cone is one which moves forwards and backwards like a piston—at low
frequencies a loudspeaker cone approaches this ideal. The air acts as a load on the

piston at all frequencies when it is set in an infinite flat baffle. The radiation rc-

tiatance per unit area of the piston is approximately constant for frequencies above

fi 8120/diameter of piston in inches (1)

In tabular form :

Diameter of piston 12 10 8 6 4 inches

Frequency f, 677 812 1015 1353 2030 c/s.

Below frequency fi the radiation resistance is approximately proportional to the

square of the frequency.

For amplitude of cone movement see page 834.

(ii) Practical cones
In practical cones the voice coil is mounted towards the apex of the cone and the

driving force is transmitted through the cone. The cone must be a compromise
between strength and lightness. A cone for reproducing the low audio frequencies

should be fairly rigid, and should have a large diameter. If such a loudspeaker is

tested at high audio frequencies above 1000 c/s it will be found to have a poor response

owing to :

1. Large mass, causing poor efficiency at the higher frequencies.

2. The vibrations tend to take the form of waves radiating from the voice-coil

outwards through the cone. At the higher frequencies the outer portion of the cone

may be out of phase with the inner portion, or there may be a phase difference greater

or less than 180'’.

Cones for reproducing a wide frequency range often are designed with corrugations

to reduce the effective vibrating area at the higher frequencies. Other designers

achieve a somewhat similar result by a suitable choice of cone material together with

changes in the thickness or compliance of the material. It is desirable that the material

for the cone be no harder than is necessary to maintain response up to the highest

frequency required, in order to give good reproduction of complex tones and transi-

ents.

The cone and voice-coil assembly is usually mounted at two points—an annular
“ surround ’* and a “ spider ** or centre mounting. Each of these introduces a re-

storing force which should increase linearly with the displacement. Actual mounting
systems introduce a non-linear restoring force which usually increases rapidly when
the displacement is fairly large. The suspension has two characteristics directly
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afifeaing the performance of the loudspeaker—compliance and mechanical resistance.

Compliance is the inverse of stiffness (e.g. the stiffness of a spring), and controls the

frequency of the bass resonance. The mechanical resistance of the suspension affects

the Q of the vibrating system, but usually at the bass resonant frequency the damping
due to the suspension is much less than that due to the output resistance of the ampli-

fier, except when a high output resistance is used. There appears to be an optimum
relationship between the stiffiiess of the cone and the compliance of the rim to

minimize peaks and troughs in the 1500 to 3500 c/s region.

Non-linear suspensions are sometimes used with the object of preventing damage
to the cone through overloading. This procedure causes serious distortion at high

amplitudes, and the quoted value of “ maximum power output **
is that capable of

being handled without the loudspeaker suffering damage. Loudspeakers for good
fidelity should be capable of handling their full power without exceeding the limits

of a fairly linear restoring force. These should be rated on the maximum power
(within certain frequency limits) which they are capable of handling without the dis-

tortion exceeding a predetermined value.

As one result of the suspension system, the whole cone assembly tends to resonate

at the bass resonant frequency. Below this frequency the cone is stiffness-con-

trolled by the suspension and the output waveform tends to have flattened peaks

resulting from the non-linear suspension.

Most loudspeaker manufaaurers supply at least two alternative types of cone for

use with each model—one with a nearly flat response up to 6000 c/s or higher (for

broadly tuned or F-M receivers or amplifiers), the other with a response peaked in

the 2000 to 4000 c/s region to compensate for sideband cutting in the receiver. It

is desirable, in-each case, to have a choice between a cone for pentode output (without

feedback), and one for triode output (or pentode with negative voltage feedback).

Cones are also available with differing bass resonant frequencies (from below 50 c/s

to about 225 c/s depending on cone size and application) and differing high frequency

limits (say 4500 to 8500 c/s for single cone units). Most manufacturers also supply

special cones to order. It is of the utmost importance for the receiver or amplifier

designer to investigate the complete range of available models and cones, and to make
comparative listening tests between different makes, models and cones.

A loudspeaker using a m.tal cone is described in Ref. 225.

Amplitude and phase measurements on cones are described in Ref. 179.

References to cones : 1, 13, 15, 16, 19, 23, 40, 54 (Part 4), 84, 133, 179, 225.

(iii) Special constructions for wide frequency range

As mentioned above, a simple cone loudspeaker is not capable of giving satisfactory

performance over a wide frequency range. One solution is to use two or more loud-

speakers with each designed to cover a limited frequency range or dual or triple

integral units (see Sect. 5). Another solution is to use some device to extend the

effeaive frequency range of a single unit, as described Ijelow.

(A) Multiple single coil, single cone : It is possible to employ two or more
identical fairly light loudspeakers with fairly small cones, all connected in parallel,

series or series-parallel and correctly phased. The number to be so connected de-

pends on the maximum power to be handled at the lowest frequency. All loud-

speakers operate at all frequencies, and no filter is used.

(B) Single coil, double cone : This consists of an ordinary voice coil with two
cones, the smaller cone being firmly fixed to the voice coil, and the larger cone being
flexibly connected by means of a compliance corrugation. At low frequencies both

cones move together as a whole, but at high frequencies the small cone moves while

the large cone remains stationary.

Refs. 13A, 14, 71.

(C) Double coil, single cone : This consists of a voice coil in two parts separated

by a compliance, the smaller being fixed to a single corrugated cone. The larger part

of the voice coil is shunted by a capacitance to by-pass the higher frequencies. At
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low frequencies the whole assembly moves together, but at high frequencies the larger
part of the voice coil remains stationary, and the smaller part drives the cone. The
corrugations in the cone are designed to decrease the effective cone area at the higher
frequencies.

Refs. 13A, 14, 57.

(D) Double coil, double cone : This consists of a light coil coupled to a small
cone, the light coil being conneaed by a compliance to a heavy coil which is firmly
fixed to a large cone. The heavy voice coil is shunted by a capacitance to by-pass
the higher frequencies. At low frequencies both voice coils arc operative, and the
whole assembly moves together, but at high frequencies the small cone is driven by
the light coil, and the large cone and heavy coil remain stationary. This is really
equivalent to two separate loudspeakers.

Refs. 13A, 71.

(E) Duodc : This has a light aluminium sleeve as the voice coil former covered
on the outside by a layer of rubber, over which is wound the voice coil. At high
frequencies, it is claimed, the relatively heavy voice coil winding remains stationary,
the aluminium sleeve acting as a one turn coil receiving its power by transformer
action and driving the cone. Refs. 242, 243.

(iv) Impedance and phase angle

The impedance characteristic (e.g. Fig. 20.2) is drawn from measurements made
on an electrical impedance bridge, or equivalent method, with the loudspeaker mounted
on a flat baffle. The nominal value is usually uken as the impedance at 400 c/s
Mid is reasonably constant from about 200 c/s to about 600 c/s. At lower frequencies
it rises to a peak at the bass resonant frequency and then falls rapidly to the resistance

Fig. 20.2. Impedance versus frequency
characteristic of a typical popular loud-

speaker.

of the voice coil at still lower fre-

quencies ; at higher frequencies it

rises steadily throughout.

The impedance at the bass resonant
frequency is a function of the damping
of the cone suspension, the height of
the peak decreasing as the damping is

made heavier (see Ref. 13A, Fig. 6.31).
It is also a function of the applied
voltage, owing to non-linearity of the
cone suspension.

If the loudspeaker is mounted
other than on a flat baffle, the imped-
ance charaaeristic at frequencies in
the vicinity of the bass resonant fre-

quency may be modified. For ex-
ample with a vented baffle there arc
normally two impedance peaks
Sect. 3(iv).

The impedance at 10 000 c/s is always greater than that at 400 c/s, the ratio varying
between 1.1 and 10 times. A high ratio is most undesirable with pentode operation,
with or without feedback, but is of no great consequence with triodes. The im-
pedance at 10 000 c/s is increased by any leakage inductance in the transformer.

The equivalent electrical circuit which gives approximately the same imped-
ance characteristic up to 400 c/s is shown in Fig. 20.3 (Refs. 15, 72). If adjust-
ments arc made in the values of Lo» Ri and C„ the circuit may be extended to
higher frequencies. The bass resonant frequency is the parallel resonance of Lj and
Cl.
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Pig, 20.3. Equivalent electrical circuit providing the

same impedance characteristic up to 400 c/s as a
moving-coil loudspeaker. Typical values are L© =
0.0024//, = 10.4 oAmi.Li = 0.018 //,/ei = 71.6

ohmsy Cl = 282 y^F,

FIG. 20.3

a 1

Li

Tnnr
c.

1

o —
The impedance so tar disaissed is called the ** free ** impedance ; there is also the

“ blocked ” impedance which is measured with the voice coil prevented from moving.
The “ motional ** impedance is found by a vector subtraction of the “ blocked **

from the “ free ** impedance. The difference between the free and blocked im-
pedances is small except in the vicinity of the bass resonant frequency, where the

motional impedance becomes the major portion of the free impedance (Refs 13, 41).

Refs. 13, 13A, 14, 15, 26 (No. 2), 36, 37, 41, 47, 70.
FIG. 70A

Phase Angle : The phase angle versus

frequency charaaeristic of a typical mov-
ing-coil loudspeaker is given in Fig. 20.4.

The impedance is resistive at two fre-

quencies only, being capacitive between the

two points and inductive at lower and
higher frequencies. The resistive and re-

active components are shown in Fig. 20.5.

Refs. 13, 13A, 37, 41, 61.

(v) Frequency response

When used on an adequate fiat bafile, a

moving-coil loudspeaker only operates

satisfactorily at and above the bass resonant

frequency. The upper limit of frequency

irf lo' ro"

FRCOUCNCY c/s

Fig, 20.4. Phase angle versus frequency
characteristic of a typical popular
loudspeaker {same as Fig. 20.2).

response rarely extends much beyond 6000 c/s for popxilar 10 or 12 inch single coil,

single cone loudspeakers. Any further extension adds appreciably to the cost. If
wide frequency range is required, there is a choice between a complex single unit -
see (iii) above—and a multiple unit (Sect. 5). Refs. 13, 13A, 14, 15, 26 (No. 1), 42.
61, 70.

FIG. 20.5 (A) (a)

Pig, 20.5. (A) Resistive and (B) Reactive components of the impedance of a typical
loudspeaker. Ref. 37.
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(vi) Efficiency

Loudspeaker efficiency may be regarded either as the efficiency of the loudspeaker

itself, or in the form of available power efficiency.

The efficiency of the loudspeaker itself is the ratio of the radiated acoustical

power to the electrical input power, and is not influenced by the regulation of the
power source. The efficiency of moving-coil cone loudspeakers on large flat baffles

varies from about 2% to 10% at 400 c/s, depending on the design and on the flux

density, 3% being a typical average. The maximum possible electro-acoustical

efficiency is given by (Fig. 20.7)

Vma. - R^/iRo -f -h R,) (2)

and the electro-mechanical efficiency is given by

Ven, --{Rt-^ 4- /?, -f /?,) (3)

where Rq = blocked (d.c.) resistance of voice coil

= equivalent radiation resistance

and Rj ^ equivalent frictional and eddy current loss resistance.

The electro-acoustical efficiency is always less than the electro-mechanical efficiency

owing to the losses represented by /?,. It is possible to measure the electro-mechani-
cal efficiency fairly readily because (/?, -f R^) is the motional resistance, and

(Rt 4 Ri) — free resistance — /?o (4)

but the accuracy is very poor except at frequencies in the region of the bass resonant
frequency.

llic available power efficiency is usually defined as the electrical power avail-

able to the load when the loudspeaker is replaced by a resistance equal to the rated

load impedance with a constant voltage applied in series with the loudspeaker measure-
ment source impedance (see pp. 812, 874-876). The electrical power avail-

able to the loudspeaker is

- Rr,'RsR’^SG ^

where Eq - r.m.s. value of constant source voltage

R SR loudspeaker rating impedance
and R ^ loudspeaker measurement source impedance.

If R sc; 40% of R sn (as in SE-103, see page 874), then the power available to

the load will be half that when R so ~ Maximum available power efficiency

occurs at the bass resonant frequency if the baffle is sufficiently large and if the ampli-

fier output resistance is fairly high, but if the output resistance is low, the available

efficiency may be less at this frequency than at some higher frequency. The avail-

able power efficiency frequency characteristic at low frequencies is affected by the

type of baffle—see Sect. 3(iii) and (iv).

FIG. 20.7 pig^ 20.7. Equivalent circuit for power
considerations y at frequencies above the

bass resonance. The values of and
C„. are not constant with change of fre-

quency.

Refs, to efficiency, 13, 13A, 14, 15, 36, 43, 54 (Part 3), 56, 70, 71, 74, 95, 121, 156.

References to equivalent circuits, 13, 13A, 15 (page 135), 41, 43, 54 (Part 3), 59, 75,

166, 188.

(vii) Directional characteristics
At low frequencies (up to 400 c/s for a 10 inch cone) a cone has only very slight

direaional characteristics. The angle of radiation from a flat disk 10 inches in dia-

meter for a decrease of 4 db in sound pressure as compared with that on the axis is :

Frequency 678 1355 2710 5420 c/s

Angle (approx.) 180° 70° 35° 18°

In praaice it is possible to improve the angle of radiation by various expedients.

One is to fit a deflector or diflusing lens (Ref. 120) so as to spread the higher fleq,uency

waves. Another is to use corrugations (compliances) in the cone so that only a small

central area is vibrating at the higher frequencies. A further expedient is to use two
co-axial loudspeakers and a frequency ffividing network, the high fluency unit

having some form of deflector. The ordinary popular loudspeaker is highly direc-
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tiofud at high frequendet, but the best of the eiq>emive designs are callable of 120*

fadiatkn up to 19 000 c/s (Reft. 36, 61).

General references : 13, 14, 15, 54 (Itet 2), 70.

(iii) Field masnet
Fi^ magnets may be either electro-magnets or permanent magnra. In either

case the requirement is to provide the greatest possible flux density in the air gig).

Fiddity kxidspeakiers should have a uniform field up to the limits of movement of
the voice-coil ; cheaper models are usually lacking in this respect. Alternatively

the vmce coil may be longer than the gap length (Ref. 15).

Permanent magnets have advantages in that they lower heat dissipation,

leading to a lower ambient temperature for the voice coil, and the voltage drop across

a suitable choke is less than that across the field coiL

Increasing the flux density increases the efficiency, the output and the damping

;

it reduces the rise ofimpedance at the bass resonant fr^uency. There is an optimum
value of flux density to give the most neaiiy uniform ftequency response (Ref. 56,

Fig. 3).

(pL) Hmn-lrackiiig coU
Some dectro-magnetic fields are fitted with a hum-bucking coil connected in series

with the voice coil sudi that the field coil induces equd hum voltages in the voice

coil and hum-bucking coil. By coonecting the hum-bucking coil and the voice coil

in series opposition, the hum due to ripple in the fidd is minimized.

(z) Dfimpiiig
Damping on a loudspeaker is partly acoustical, partly firictiond, and partly dectro-

magnetic. The electro-magnetic damping is a function of the efft^ve plate resistance

of the power amplifier.

With a direct radiator loudspeaker on a flat baffle the

n Wt damping is slight, except in the vicinity of the bass resonant

f-o„ vvwU- K - frequency, where the dectxo-magnetic damping may be-
come cpiite large. The equivalent circuit at the bass re-

;

;a^ sonant frequency is given by Fig. 20fl, which is identied

with Fig. 203 except that L# has been omitted as being
negligibly small, and Rq has been added to allow for the

rie. ao.s dimping effect of the amplifier output resistance. Rx is

Pig 203 EguivaUnt damping resistance equsvdent to the combined effect

^uu cf Umdspaakar of ttcrion and acoustied loading on the cone. is equd

baai fra- ^^ resistance of the voice coil plus that of the secondary

MiMcv damtH ^^ transformer and leads plus that of the primary re-

ferred to the secondary. R. is the effective plate lesistance

HunS referred to the secondary. Any redaction
€•

In below about one fifth of R« has only a very small

effect on the (2 of the tuned circuit.

At the bass resonant frequency, the Q of the tuned circuit is given b/'—
Cme 1

—

Rq is infinite Q » w«CtRi

. ^ ^ RiR.
Case 2-R.

Cm 3-w*l « -
-.-K, + Jl, + He

where is angular velocity at the bass resonant freque^.
^Critlcnl damping is defined^ as given by Q -* 0.5.

Hence for ceitied damping.

Q - «tCi
"Hi + R.

»
RijR* Rq)



(x) DAMPING 841

Fiocn Fig. 20J it will be seen that critkal damping is only possible with a positive

value of Rq when is not too high» that is to say with loudspeakers having fiurly

high effidencies, since the values of Li and Ci are functions oft^ flux density. The
damping of any loudspeaker may be increased by increasing the flux density.

In general^ there is no advantage in using greater than critical damping.

With enclosed cabinet loudspeaken as a result of the eflect on frequency retponse»

the value of Q should not frU below U •od the most desirable all-iound condition

appears to be with Q from 1.0 to 13—sm Sect. 3(iii).

Altefnatively» if the impedance is carefully measured and the impedance curve

plotted over the region of the bass resonant frequency, the frequencies of the two
half-power points may be noted, and the Q of the loudspeaker may be computed from
rKj> relation

where /# ** bass resonant Cr^uency

24/ n band width at half power point (3 db below maximum impedance)

R^ voice coil lesistuioe

maximum value of the impedance (i.e. at /•)

and Rq » effective plate resistance, referred to the secondary.

The fneasurements of frequency during this test are somewhat critical. The article

by Preisman (Ref. 146) gives further details, although it does not derive eqn. (6) in

this fbnn.

The makmty of direa radiator loudspeakers

have values of Q between 8 and 18 with a

high valve plate resistanoe, although this may
be decreased very considerably widi a low

effective plate resistanoe. Tests have been
carried out to demonstrate the effect of a low

plate resistance on the damping of a loud-

speaker at the bass resonant frequency (Rcfr.

13A Fig. 630, 126, 132).

While there is no doubt that it is desirable

to adiieve a near approadi to critkal damping,

the results are very much masked by the

effects of the listening room which behaves as

a resonant structure. In one case a room
showed 8 resonances below 100 c/s, with Q
values of the order of 12 to 15, and all above

8 (Ref. 155).

There are some loudspeakers in which

the efficiency is too low to permit sufficient

damping by reduction of the effective plate

resistance. In these cases improvement

in the electrical damping is possible by the use of positive current feedback combined

with negstive voltage feedback which can make the effective plate resistance aero or

ncfttive (Refe. 157, 158, 200, 201).

Altematively, the emi. generated by the movement of the cone may be fed back

degeneiatively to theinput of theanq>Iifier. One method of achieving this result is

toaexange a special bridge circuit (Fig. 20.9) to provide the vohage to be fed back.

The must have good characteristics with very low phase shift This has

been used satisfectorily over a frequency range from 10 to 1000 c/s, using a standard

12 inch loudspeaker, whose coU vdodty was made proportional to input amplitode

^compktSriAdepen^ iM, 186, 148B, 191, 198).

Pig. 20.9. Bndg€ dremt to giw a

volt^i proportional to th$ vdoc^ of

thi con$i to b$f€d hack to tk$ input,

(Rrf. 184).
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Another method is to wind a separate feedback coil of very fine wire over the

existing voice coil in a conventional loudspeaker. The voltage induced in this coil

by the motion of the voice coil is a pure motional voltage at most frequencies. This
voltage may be used as a feedback voltage to increase the damping and to reduce

distortion arising from non-linearity of the cone suspension and from fringing of the

magnetic field.

At very high audio frequencies the mutual inductance between the driving voice

coil and the feedback coil produces in the feedback voltage a component which is

dependent on the induction between the coils rather than on the motion alone. This
difficulty is overcome by incorporating additional mutual inductance equal in value

but of opposite sign, between the voice coil and feedback circuits at a point external

to the magnetic field (Ref. 148).

SECTION 3: BAFFLES AND ENCLOSURES FOR DIRECT-
RADIATOR LOUDSPEAKERS

(i) Flat baffles (if) Open back cabinets (iii) Enclosed cabinet loudspeakers (it;)

Acoustical phase inverter (“ vented baffle **) (i;) Acoustical labyrinth loudspeakers

(w) The R~J loudspeaker (vii) Design of exterior of cabinet.

(i) Flat baffles

The baffle is intended to prevent the escape of air pressure from the front to the

back of the cone, which is out of phase at low frequencies. In many theoretical

calculations an infinite flat baffle is assumed, but in practice a baffle is only made just

large enough to produce the desired results. When the air distance around the baffle

from front to back of the cone is equal to the wavelength, there is a dip in the response.

For this reason, baffles are frequently made of irregular shape or the loudspeaker is

not mounted in the centre, the object being to produce air distances from front to

back of the cone which vary in a ratio at least 5 : 3. For example, with a 4 ft. square

baffle and a lO in. cone, the centre of the cone may be 18 inches from each of two
adjacent sides.

The size of a square baffle, with the loudspeaker mounted off-centre, for desired

bass response is given approximately by the following table for a 10 inch diameter

cone (Ref. 13A) :

Minimum frequency 300 170 80 c/s

Side of square 2 4 8 feet

Below this minimum frequency, and below the loudspeaker bass resonant fre-

quency, the response falls off at the rate of 18 db/octave.

The best flat baffle is provided by mounting the loudspeaker in a hole in the wall

of a room, with the rear of the cone radiating into another room.

In a very large flat baffle, a loudspeaker which has a sufficiently high Q will have
a peak in the response characteristic at, or somewhat above, the bass resonant fre-

quency ; below the peak frequency the attenuation is at the rate of 12 db octave.

Refs. 13, 13A, 14, 15 (Part 2), 75, 147, 151, 177.

(ii) Open back cabinets

An open back cabinet, as conunonly used with radio receivers of the console, table

or mantel type, has a resonance in the enclosure to the rear of the cone. This resonance

causes a peak in the response charaaeristic at a frequency which is mainly a function

of the cabinet although also influenced by the loudspeaker characteristics. For
example, a cabinet 2 feet x 2 feet a 8 inches depth gave peak response at 180 c/s

with a loudspeaker having a bass resonant frequency of 20 c/s, while the same cabinet

gave a peak response at 110 c/s with a loudspeaker having a bass resonant frequency

of 100 c/s. (Ref. 13A, Figs. 6.19B and 6.20B). The height of the peak is about
3 to 6 db for shallow cabinets or about 6 to 10 db for deep cabinets.
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Open back cabinets are undesirable for good fidelity. If unavoidable, they should

be as shallow as possible, with the minimum of acoustical obstruction, particularly

at the back of the cabinet. Open back cabinets should be placed at least 6 inches

out from the wall.

References to open back cabinets : 13A, 14, 147, 151, 188.

(iii) Enclosed cabinet loudspeakers
An enclosed loudspeaker is one which is totally enclosed so that there can be no

interference between the front and back of the cone. There is no critical value for

the volume of the enclosure but a large volume is desirable because it reduces the rise

in resonant frequency above that on a large flat baffle. The increase in resonant

frequency for Jensen speakers is shown in Fig. 20.10 and may be taken as fairly

typical. There is practically no non-linear distortion caused by the suspension, since

this only contributes a small part of the total stiffness.

Fig. 20.10. Increase in resonant frequency of totally enclosed cabinet loudspeaker
versus cabinet volume. For each nominal speaker size, the upper limit of the shaded
area corresponds to speakers with highest compliancey while the lower limit corresponds

to those with least compliance. {Ref. 151).

The enclosure should be adequately damped by at least i inch thickness of damping
material all over (or double this thickness on one of each pair of parallel surfaces),

although this is insufficient to eliminate standing waves at low frequencies.

The ineffectiveness of sound absorbent linings at low frequencies is due to the fact

that all the absorbent material lies within a small fraction of a wavelength of the inner

wall, which is a velocity node. Without motion of the air particles, or of the material

itself, acoustical power cannot be absorbed and dissipated. Shorter (Ref. 135) has

examined the problem of standing waves, and puts forward the method of damping
by partitions, concentrating the absorbing material (J inch carpet felt) into one or two
partitions strategically placed across the cabinet. Those seaions of the cabinet which
are separated from the cone by one or more sound absorbing partitions receive little

sound at the high frequencies and therefore require very little acoustical treatment.

The loudspeaker back c.m.f. may be measured by a bridge circuit and should show
a single peak without subsidiary peaks over the range from 30 to 200 c/s.
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It is desirable for the enclosure to have appreciably diflferent values of linear dimen-

sions—typical ratios are 1 : 1.5 : 2.7. However, the longest dimension should be

less than j of the wavelength at the lowest working freQuency. The enclosure should

have rigid walls—^timber at least ^ inch thick, and braced where necessary.

One limitation of the enclosed cabinet loudspeaker is the bass attenuation

which occurs with critical damping, although thi^ only happens with high flux density

and low amplifier output resistance—see below under Equivalent Circuit.

Some loudspeakers have been designed specially for use with enclosed cabinets.

These usually have very low bass resonant frequencies, when measured on a flat

baffle, so that when loaded by the enclosure, the resonant frequency is still sufficiently

low.

The volume of the cabinet is given below for some examples :

Western Electric 755A 8 in. 70 c/s 2 cubic feet

« « 756A 10 in. 65 c/s 2| »
„ « 754A 12 in. 60 c/s 3 99

Goodmans “ Axiom 80 ”
9J in.* 3i a 99

R.Cj\. (Ref. 84) peak at 80 c/s 1.5 » 99

Strombog-Carlson 8 in. 1.7 » 99

12 in. 3.9 » 99

Equivalent circuit

Fig. 20.11 is a simplified electrical equivalent circuit of the acoustical system of the

loudspeaker (Ref. 135).

Ljj represents cone mass 4- effect of radiation reactance.

R^J represents radiation resistance (which varies with frequency)!.

Cq represents acoustical capacitance of cabinet volume.

Cy represents equivalent capacitance of cone suspension.

R ^ represents effea of electrical circuit of loudspeaker and driving amplifier

reflected into acoustical circuit. The mechanical resistance of the cone sus-

pension may be taken as being included with R
E

^
— constant voltage generator.

ly = alternating air current produced by cone, which is proportional to cone
velocity.

Now R s ^ ^
B*

4" Rt
at low frequencies

tu

where B = flux density in gap,

Ry = output impedance of amplifier referred to voice coil circuit,

and R0 = resistance of voice coil.

The acoustical response of the loudspeaker is proportional to /, ,/.

The voltage Ejy 2nfLyIy oc lyf oc acou-
stical response. Therefore the variation with fre-

quency of Ejyy for any one value of Lyy gives the fre-

quency response of the loudspeaker. Over the
frequency range for which the equivalent circuit is

valid, and the wavelength is large compared with the
size of the cone, the loudspeaker can be reduced—so
far as frequency response is concerned—to a half-

section high-pass filter working into open circuit.

Small values ofR resulting from low flux density or
high amplifier output impedance, give a resonance
peak and bad transient response, while large values of
Rgi corresponding to high flux density and low ampli-
fier output impedance, can give a serious loss of bass.

Fig. 20.12 shows curves for three values of R ^
and hence for three values of Q, for a resonant frequency of 45 c/s. This indicates

that values of Q less than about 1 result in serious attenuation of low frequendet.

20.

M

Pig. 20.11. Equivalent elec-

trical circuit of acoustical ele-

ments in an enclosed cabinet

loudspeaker at Uru' frequencies,

135).

^Retonance 17 c t on flat balBe.

tNoce that Ry is small compared with ocher impedances in the circuit.



20.3 (iii) ENCLOSED CABINET LOUDSPEAKERS 845

30 40 so 60 ao roo 300 300 400 500

frequency (c/s)
FIC. 20.12

Fig» 20.12. Theoretical response of enclosed cabinet loudspeaker for various values

of the effective damping resistance R,. Resonance frequency 45 c/s, {Ref. 135).

References to enclosed cabinets : 13A, 29, 36, 80, 81, 84, 116, 116A, 135, 147,

151, 166, 168, 188.

(iv) Acoustical phase inverter (‘‘vented baflHe”)

Also known as a bass reflex baffle.

This has a vent* or duct in the front of the cabinet which augments the direct

radiation from the cone at low frequencies (Fig.

20. 1 3). The box should be at least partially lined

with sound absorbent material to absorb the

higher frequencies, but should not be too heavily

y" damped at frequencies below about 150 c/s.

The cabinet should be strongly made of heavy

timber with adequate bracing to prevent vibration.

Many cabinets which have been built for

this purpose are partially ineffective as the

I INCH PADDING ON AU
INSIDE FACES

SECTION A~A

Pig, 20.13. Typical corner cabinet with vented baffle^ designed for a Goodmans Axiom
12 inch loudspeaker with a bass resonant frequency of 55 c/sy which can be used with

a speaker resonant at 75 c/s by removing the tunnel. Cubic capacity about 8000
CM. ins, - 4.6 CM. ft, {Ref, 182).

•An altemaUve form uses several tuned resonacon from the inside to the outside of the cabixMt (Ref. 18).
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FIG. 10.14

Pig, 20.14. Curves showing tunnel length for 10, 12, 15 and 18 inch Goodmans
loudspeakers with bass resonant frequencies frorp 20 ro 100 c/i. The tunnel length
should not exceed 1/12 of the wavelength of the speaker bass resonant frequency ;

points to the right of the broften fines shoultf not be used (Ref. 182V
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result of wall vibration under the extremely arduous conditions of operation. Other
materials which have been used satisfactorily include brick and concrete.

Vented baffles are normally designed so that the loudspeaker bass resonant fre-

quency is matched to the acoustical resonant frequency of the cabinet ; unmatched
combinations are> however, also used.

(A) Matched vented baffles
The merits of the vented baffle, when correctly applied, include

(1) improved bass response,

(2) much reduced amplitude of movement of the cone at the resonant frequency,
and hence reduced distortion at the same power output or increased power
handling capacity for the same distortion,

(3) decreased peak electrical impedance,

(4) increased acoustical damping over a limited range of low frequencies (not

including the vent resonance),

(5) increased radiation resistance and decreased reactance of the loudspeaker
at low frequencies.

Vllic vented baffle appears to be preferred by most engineers to the acoustical

labyrinth, even apart from cost.

The vent area should normally be the same as the effective radiating area of the
cone, and the curves in Fig. 20.14 are based on this relationship. Thus the cross-

sectional area of the tunnel is given by nR* where R is the radius of the piston equiva-
lent to the speaker cone at low frequencies. The tunnel may have any length from
the thickness of the timber (i.e. when no tunnel, as such, is constructed) to a maximum
of approximately one twelfth wavelength, indicated by the broken curves in Fig. 20.14 ;

consequently the area to the right of the broken curves should not be used.

A reasonable length of tunnel enables a smaller enclosure to be used, but the space

between the end of the tunnel and the rear of the cabinet should not be less than R.
The volume occupied by the loudspeaker must be added to the volume derived from
the curves to obtain the volume of the enclosure. If the volume of the loudspeaker

is not known, the following approximation may be used :

Volume displaced by loudspeaker :

Loudspeaker dia. 8 10 12 14 16 18 ins.

Volume (approx.) 250 400 650 1000 1600 2300 cu. ins.

Also add volume displaced by internal timber bracing.

Note that no allowance should be made for the thickness of the damping material.

The curves for the volume of the cabinet are derived from the relationship

V

where V
R
L

and u)

nR ,j~
1.84 10« 1

1.7R -f L
volume in cubic inches,

radius of equivalent piston in inches,

length of tunnel in inches

In X frequency of vent resonance.

( 1 )

When correctly designed a vented baffle loudspeaker has two impedance peaks,

one above and one below the vent resonance, while the same loudspeaker on a flat

baffle has only one impedance peak—see Fig. 20.15. In all cases where optimum
performance is desired, the electrical impedance characteristic below 150 c s should

be measured using a constant current source and a voltmeter. The ratio of the two

peak frequencies should not exceed about 2.4 : 1 nor be less than about 1.5 : 1 and

any subsidiary peaks caused by standing waves should be removed by the addition

of damping material (as for the enclosed cabinet above ; see also Fig. 20.17).

Tests for acoustical output should not be made until the cabinet dimensions and

damping have been adjusted to give the correct impedance characteristic. In general,

with a vented baffle the bass range over an octave or more is increased by several

decibels over either a very large baffle or an enclosed cabinet loudspeaker.

The power gain may be greater than 3 db since the air loading of the cone may be

increased appreciably over the lower octave of the frequency range. For about one

third of an octave above and below the resonant frequency of the system, the greater
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nitOUCNCY c/t

Fig. 20.15. Impedanc€ versus frequency characteristics of a \2 inch loudspeaker

(1) in free air (2) on a flat baffle andj(3) in a vented heffle. Curve skoics twoo
** staggered ** vented baffle loudspeakers in parallel {measured).

part oi the energy it radiated by the port. Phase shift occurs suddenly at the re-

sonant ftequencY) so that the radiation below this frequency is reduced) being the

vector difrerenoe between the two sources.

At the resonant frequency, the air in the vent or tunnel moves vigorously while the

acoustical impedance on the rear of the cone is resistive and reaches a maximum.

At the frequency of the vent resonance, the motion of the speech coil is so small that

no appreciable ele^cal damping can take place and there is no danger of bass attenua-

tion such as may occur with the enclosed cabinet ot flat baffle. The energy dissipated

by mechanical te%istMBce$ and by the radiatiem of sound is generally small, so that the

vent resonance on which the maintenance of the bass response depends, is quite lightly

damped. For this reason, when good fidelity is required, the vent resonance fre-

quency should not be greater than 60 c/s. (l^f. 135).

A corner tpemiuer cabinet for 15 inch cones is described in Ref. 100, while one

for 12 inch cones is described in Ref. 105. These both employ a vemed baffle arrange-

ment with the vents on both sides of the cabinet, between xbc cabinet and the walls.

Equivalent dreuit (Ref. 135}

The Fig. 20.16 is a simplified electrical equivalent dreuit

of the acoustical system and is based on Fig. 20.11 with the

addition ofRy representing the radiadon resistance of the vent,

and Lyy the acoustical inductance of the vent plus the effects of

its radiation reactance. Let /|r be the fi^uency of the vent

resonance (i.e. the resonance of Ly and C^) and assume that

the cone resonant frequency is the same. Below the series

combinaticoi LyC^ appears as a capadonce and the parallel

combination LyCy as an inductance, and the overall effea is to

produce a series resonance at some frequency/, in this region. no. so. u
At fr^uendes above /|r, L^Cy appears inductive and LyCy Pig. 20.16. Equiva-
capadtive, and a second series resonance appears at some fre- Unt electrical circuit

quency/,. The resonances at/, and/• are responsible for the of vented baffle

characteristic double hump in the electrical impedance fre- loud-^speaker at low
quency charaaeristic of a vented baffle and are subjea to the frequencies. {Ref.
dreuit damping represented by R g. 135).
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ly and ly represent the alternating air current flow in the cone and vent respectively.
ly originates at the back of the cone and ly must therefore be reversed in phase with
respect to ly if the acoustical output of the vent is to reinforce that from the front of
the cone. At fyy the frequency of the vent resonance, ly and ly are approximately
in quadrature ; above fy the desired reinforcing condition is approached, but below
fy the two air currents oppose one another.

The performance of the system is determined by the value of/^, which is normally
made equal to the loudspeaker bass resonant frequency, and also by the ratio LylCy.
With a large cabinet and large vent (C^ large, Ly small) the response can rise to a
peak in the bass, while a small cabinet and a small vent {Cy small, Ly large) will give
much the same effect as a completely closed cabinet, i.e. there may be bass loss.

FREQUENCY CC/S) FREQUENCY (C/S)
FIG. 20 . 17

Fig. 20.17. Free-air axial response of a vented baffle loudspeaker and corresponding
impedance characteristics (<2 ) conventional damping {b) optimum damping (c) excessive

damping of partition. (Ref. 135.)

Between these two extremes, there will be a pair of values for Ly and Cy which gives
the best approximation to a flat frequency response. The cabinet volume required
for this last condition depends on the efficiency of the loudspeaker unit and the output
impedance of the amplifier. Fig. 20.17 shows the response and impedance charac-
teristics of a 15 inch unit in a 10.5 cu. ft. cabinet. Curves (a) are for the cabinet lined

with kapok quilt and carpet felt, with internal space left free ; a serious internal

resonance shows at about 120 c/s. Curves (b) show how this resonance was sup-
pressed by introducing into the cabinet a partition having a window of area about
170 sq. ins. covered with three layers of | in. carpet felt. This damping does not
seriously affect the frequency response but it suppresses the lower frequency impedance
hump. Curve (c) shows the effect of too many layers of felt on the window. In
this case the design aimed at a nearly level frequency characteristic down to 50 c/s.

See also Ref. 211 for other form of equivalent circuit.

(B) Unmatched vented baflfles

Unmatched vented baffles preferably incorporate a loudspeaker having a very low .

^ bass resonant frequency. The cabinet is designed quite independently of the loud-

speaker and may, if desired, be fitted with an adjustable vent. In the latter case

the maximum vent area may be somewhat greater than the loudspeaker cone area,

while in the other extreme the vent may be completely closed. Using a cabinet

2 ft. X 2 ft. X 18 ins. (volume 6 cu. ft.) and a loudspeaker with a bass resonant fre-

quency of 30 c/s, the frequency of maximum acoustical pressure increases from 40
to 60 thence to 75 c/s as the vent area is varied from small to medium to large respec-

tively. The height of the maximum response above that at 400 c/s rises from 4 db
(small vent) to 6 db (medium vent) thence to 8 db (large vent) (Ref. 13A).

In other cases a loudspeaker is used which has a bass resonant frequency of con-

ventional value, but here also the vent frequency is higher than the loudspeaker bass

resonant frequency. This permits the use of a smaller cabinet while still retaining

some of the good features of a matched vented baffle, although it is not so good on
transients. In all cases an adjustable vent area is desirable. Tunnels are not gener-

ally used, since they give no flexibility of adjustment.

The vent frequency should not exceed (say) 90 c/s, otherwise the tone will be poor.

This limits the reduction in cabinet volume to about 2J cubic feet.
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The shape of the cabinet, as well as its volume, affect its frequency response and
impedance characteristics. For example, a change from 30 ins. x 15 ins. x 8 ins.

to an equivalent volume 15 ins. x 15 ins. x 16 ins. caused an increase from 45 to

58 c/s in the lower impedance peak and from 75 to 1 10 c/s in the higher peak (Ref.

117) In the cubic shape of cabinet the addition of an internal partition between
loudspeaker and vent, extending approximately half-way from front to back, causes a

reduction in the frequencies of both impedance peaks, and is claimed to give improved
results on both spe^ and music (Ref. 117).

Careful anention to damping, along the lines given above for both enclosed cabinets

and matched vented baffles, would be well repaid.

(c) Special types of vented baffle loudspeakers—see Supplement.
Refs, to vented baffles : 4, 9, 12, 13, 13A, 29, 36, 76 (Part 2), 85, 96, 1 13, 1 16, 1 16A,

117, 118, 135, 143, 144, 147, 150, 151, 166, 168, 175, 182, 188, 202, 209, 211, 225,

229, 230.

(v) Acoustical labyrinth loudspeaker
The acoustical labyrinth gives a performance somewhat similar to that of a vented

baffle. The rear of the cone drives a long folded tube, lined

with sound absorbing materials, the mouth of which opens in

front of the cabinet (Fig. 20.18). The length of the tube is

approximately 7 feet (measured on the centre-line) for nearly

linear response down to 70^ c/s. The loudspeaker bass re-

sonance loaded by the labyrinth is preferably at a frequency at

which the wavelength is four times the length of the tube ; in

the example this is 40 c/s. If this latter condition is not ful-

filled, the frequency response will not be linear. The loud-

speaker resonance frequency in the example was reduced from
50 to 40 c/s by the loading of the labyrinth. This is the only

form of baffle which reduces the bass resonant frequency of a

loudspeaker. The rise of impedance from 400 c s down to the

bass resonant frequency is reduced considerably by the acous-

tical labyrinth—in one case the ratio was reduced from 10:1 to

4.3 : 1 (Ref. 27).

References 13, 14, 27, 28, 188, 204, 225 Part 2.

(vi) The R-J loudspeaker
Tlie R-J loudspeaker has a panicularly compact bass unit, to which any desired

tweeter can be added. In one design a 15 inch woofer unit is mounted in a cube with

18 inch sides and fundamental bass reproduaion is claimed down to 20 c/s. Only
the forward radiation is used, but both sides of the cone arc loaded. The back of the

speaker is completely enclosed within a small stiff cavity. The front of the woofer

works imo a carefully designed rectangular dua, and the sound issues from a slot

extending across the base of the enclosure.

Refs. 189, 190, 219, 234. See also Supplement.

FIG. 20.18

Mo»th P

Fig. 20.18. Sec-

tional xnew of

acoustical labyrinth

loudspeaker.

(vii) Design of exterior of
cabinet

The sharp comers on the usual more-
or-less box shaped cabinet, particularly

those of the side in which the loud-

speaker is mounted, produce diffraction

^eas causing a sequence of peaks and
valleys up to 5 db in the response

charaaeristic. The best shaped en-

closure is a complete sphere, while the

worst is a cube with the loud-speaker

in the centre of one side. A rectangu-

lar parallelepiped (box shaped) with

the loudspeaker closer to one of the

short sides than to the other is an tm-
Pig, 20.19. Loudspeaker enclosure to

minimize diffraction effects {after Ref, 193).
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provement over the symmetrical cube, but still far from the ideal. A very close ap-
proach to the ideal is given by a rectangular truncated pyramid mounted on a rect-

angular parallelepiped (Fig. 20.19) Ref. 193.

In all cases it is desirable that the edge of the cone should be flush with the front
of the cabinet.

SECTION 4 : HORN LOUDSPEAKERS

(i) Introduction (ii) Conical horns {Hi) Exponential horns (iv) Hyperbolic
exponential horns (v) Horn loudspeakers—general (zn) Folded horn loudspeakers
(vii) High frequency horns (viii) Combination horn and phase inverter loudspeakers

for personal radio receivers (ix) Materials for making horns,

(i) Introduction
A horn is used in conjunction with a diaphragm or cone loudspeaker for the pur-

poses of increasing the acoustical loading on the diaphragm (over a limited frequency
range) and thereby increasing the efficiency and reducing non-linear distortion.

With a horn, inside the useful frequency limits, the movement of the diaphragm is

much less and the acoustical damping is much greater than on a flat baffle^ for the
same acoustical power output. Thus with a horn, a smaller diaphragm can radiate

a given acoustical power.

A horn is essentially a device which transforms acoustical energy at high pressure
and low velocity to energy at low pressure and high velocity.

Homs are of various shapes- -conical, parabolic, hypex and exponential, but the

exponential is most widely used.

A well designed and well executed exponential or hypex horn loudspeaker is capable

of giving a flatter frequency output characteristic with less distortion than any other

form of loudspeaker.

References 13A, 14, 15, 59, 82, 142, 177, 188.

(ii) Conical horns
A conical horn is one having straight sides ; it funaions in a manner similar to an

exponential hom but its throat resistance is less than that of an equivalent exponential

horn, except at high frequencies. Conical horns are sometimes used with cone

type loudspeakers to give directional characteristics ; the angle of propagation is

then approximately equal to the angle of the hom.
Conical horns are sometimes used, for economy, as the first section at the throat

end, with an exponential hom forming a second seaion at the mouth end. This

device is frequently used with folded horns. Sometimes an approach to an exponential

hom is made with a number of conical seaions, each with a different degree of taper.

All such compromises lead to inferior performance.

References 13A, 14, 15, 142, 175.

(ill) Exponential horns
In an exponential hom, the cross-seaionai area (S) at any point distant x feet along

the axis is given by
S - Sof’*' (1)

where S© ^ cross-sectional area at throat (sq. feet)

c - 2.71828 (Naperian base)

and m flaring constant.

Equation (1) may be put into the form

S/So -

Therefore mx — logc (S/S©) -- logio(«S/S©) x 2.3026.

If (S/So) 2 then mx 0.3010 x 2.3026 - 0.6931.
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If (S/5*) = 4 then mx = 0.6020 x 2.3026 = 2 x 0.6931.

Wc may therefore deduce that

(1) the cross-sectional area doubles itself each time the distance along the axis

is increased by 0.6931 /m.

(2) the value of m (in inverse feet) is equal to 0.6931 divided by the distance along

the axis in feet for the cross-sectional area to double itself.

This is shown more clearly below where = 0.6931/m :

Distwee along axis Cross-sectional area

X = 0 (at throat) Sq
X - /' S = 25*
X - 2/' 5 = 4So
X = 3i' 5 85* etc.

The correaponding diameter and aide of circular and aquare croaa aectiona

are :

Distance along axis
1

Diameter Side of square

X = 0 (at throat) d.

X - /' 1.414do 1.414uo

X ^ 21' 2do 2u0

X = 31' 2.818do 2.818uo

X - 41' 4do 4ao

The flare cut-off frequency for an infinite exponential horn is given by

/* = m X 89.5 (2a)

while the corresponding cut-off wavelength is

Ao = 12.6/m (2b)

where m is expressed in inverse feet.

Fig, 20.20. Exponential horn of either circular or square cross-section.

Deaign on baaia of minimum uaeful frequency
The charaaeristics below are given as a funaion of the lower frequency limit

for satisfactory horn loading. The value off is arbitrarily uken as 1.2 times the

flare cut-off frequency for an infinite exponential horn ; it is, of course, influenced

also by the dimensions of the mouth and the length of the horn.

The value of m, the flaring constant, should then be equal to or less than
10.5/A' (2c)

where A' «= wavelength (in feet) of the minimum useful frequency (/') for satisfactory

horn loading.
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Minimum useful frequency (/') 50 100 150 200 c/s

Maximum useful wavelength (A') 22.6 11.3 7.52 5.65 feet

Maximum value of m 0.47 0.93

i

1.40

i

1.85 inverse feet

The diameter of the mouth should preferably not be less than one third of the

maximum useful wav<“lcngth, while the effect of resonances at the low frequencies

may be made negligible by increasing the mouth diameter to two thirds of the maxi-
mum useful wavelength (A'). Taking the smaller mouth diameter, and referring to
the minimum useful frequency :

Minimum circumference = 1.05 A' = 1200//' (3)

Equation (3) may be applied to any shape of mouth—see table below :

Circumference (min.) 24 12 8 6 feet

Maximum usefhl wavelength (A') 22 6 11.3 7.52 5.65 feet

Minimum useful frequency (/') 50 100 150 200
!
c/s

Homs with circular croas-secdon
In this case the equation i^

d = (4)

where d = diameter in feet

and do = throat diameter in feet.

Diameter at mouth: d^ — do*”**'* (5)

or d^ = do antilog, 0 (mJ/4.60 (6)

Length : / = (4.605/m) log,o (d«/do. (7)

For chart see Ref. 39 Chart III.

Flaring constant : m = (4.605//) log,© (d,„/do) (8)

If the minimum useful frequency is taken as /' where /' = 1 .2/©, and if the minimum
diameter of mouth is taken as one third of the wavelength at frequency then m
may have its maximum value of 10.5/A' and

minimum diameter of mouth = X'/3 ^ 380//' (9)

minimum length (500//') log,© (380//'dc) (10)

where A' = wavelength in feet at frequency /'

/' 1.2/© = 1.2 X flare cut-off frequency

d© = diameter at throat in feet

and all dimensions are in feet.

Homt with square cross-secdon

These follow the same laws as horns of circular cross-section having diameters

equal to the sides of the square, but the length and mouth dimensions are slightly less

for the same minimum useful frequency /' :

—

minimum side of mouth = 300//' (11)

minimum length* = (500//©) log,© (300//'ao) (12)

where a© = length of side at throat.

For cutting the side of a square horn from a sheet, see Ref. 77.

General references to horn dimensions : 39, 46, 82.

References to theory of exponential horns ; 13A, 142, 175, 188.

<iv) Hyperbolic exponential horns hypex ”)

A hyperbolic exponential horn is one which follows the law

S = SJeosh mx 4* r sinh mx]* (13)

where S =- cross-sectional area at distance x along the axis in sq. ft. (or in any

other convenient units)

So = cross-secdonal area at throat in sq. ft.

m = flaring constant

X — distance along the axis in feet

and T ^ shape parameter (

T

may have any value from zero to infinity).

For chart sec Ref. 46 Figs. 1 an4 2
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The cut-off frequency is the same as for an exponential horn having the same
flaring constant—sec cqn. (2a). When T =1, the horn is exponential. When
7* =: 1 /(mxo) and m is allowed to go to zero^ the horn is conical. When T — 0 the

horn is hyperbolic cosine or catenoidal (Refs. 13A, 123, 140, 142, 188). The name
** hypex ’* is usually applied when T is greater than zero and less than unity.

The value of T in “ hypex ** horns is usually between 0.5 and 0.7, and within these

limits the throat resistance of an infinite horn is more nearly constant than that of an
exponential horn, at frequencies slightly above the cut-off frequency. These com-
parisons are for constant throat, mouth and length of horn ; under these conditions

a “ hypex ** horn with T of the order of 0.6 has improved low frequency characteris-

tics as compared with those of an exponential horn. Consequently, for equivalent

performance, a “ hypex ** horn may be made more compact than an exponential horn.

A further useful feature of the “ hypex ** charaaeristic is that it makes possible a

gradual transition from conical, via “ hypex ** with varying T, to exponential (Ref. 123).

An analysis of the response peaks in finite hyperbolic horns, and design procedure

for horns to have peaks at pre-determined frequencies, is given in Ref. 139.

(v) Horn loudspeakers—general
(A) Frequency limitations

The resistive component of the throat impedance drops rapidly below about 1.2

times the flare cut-off frequency. Some output is obtained with finite horns at,

and even below, the flare cut-off frequency (Ref. 45), but at frequencies below the

flare cut-off frequency there is a strong tendency towards the production of har-

monics. Care should therefore be taken to eliminate from the amplifier any appreci-

able output power below about 1 .2 times the flare cut-off frequency, unless the loud-

speaker is known to be capable of handling such frequencies without damage or dis-

tortion.

The resonant frequency of the diaphragm should not be less than the flare cut-off

frequency, and preferably not less than 1.2 times this value> in order to ensure sufficient

loading at the resonant frequency.

The only known method for handling frequencies below the flare cut-off frequency

of an exponential horn, with good fidelity, is the use of an enclosed air-chamber

behind the diaphragm, resonant at a frequency in the vicinity of the flare cut-off fre-

quency, as used with the Kiipsch loudspeaker. This air-chamber is designed to

provide a capacitive reactance approximately equal to the inductive reactance (inert-

ance) of the horn at the flare cut-off frequency. The volume of the air-chamber is

given by eqn. (15) in Sect. 4(vi) below—see also Ref. 31.

(B) Diaphragm and throat.

Some horns are designed with the throat area the same as the diaphragm area.

Greater acoustical loading is obtained by the use of a larger diaphragm and a sound
chamber. The maximum size is limited by the high frequency response—the dis-

tances from any parts of the diaphragm to the throat opening should vary by less than

one quarter of the wavelength of the highest frequency to be reproduced. The
simplest form of sound chamber is Fig. 20.21 A, with a single hole in the centre. Better

high frequency performance is obtained with the more complex forms of Figs. 20.21

B, C.
Relatively large throats are necessary for high efficiency at low frequencies, and

relatively small throats are necessary for high efficiency at high frequencies. Conse-
quently any loudspeaker must be a compromise, and the highest eflflciencles are
ohtaiiiied with limited frequency ranges.

Second harmonic distortion is generated in the throat and follows approximately

the theoretical relationship

Percentage second harmonic = (\/W/Bl) (fi/fo) x 100 (14)

where W = acoustical watts per square centimetre of throat area

/i = frequency being radiated

and /• cut-off frequency due to flaring (eqn. 2).
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FiG. 20.21

Ftg. 20.21 . Differentforms of sound chambers

For example if a hom with a 40 c/s cut-off is to reproduce a 4000 c/s note, there

will theoretically be 8% second harmonic distortion for an acoustical power of 0.01

watt per square inch of hom throat. The aaual distortion appears to be about half

the theoretical value.

Thus for reasons of both efficiency and distortion, a hom should only be designed

to cover a limited frequency range.

(C) Driving units

The simplest driving mechanism is the electro-magnetic type with an iron dia-

phragm as the armature (Fig. 20.21A).

All modem driving units are of the moving-coil type and may have a diaphragm
of aluminium alloy or some form of paper or a cloth base impregnated with synthetic

resin.

Well designed direa-radiator loudspeakers may be used as the driving mechanisms
for horns. The most suitable size is from 8 to 12 inches diameter for medium power
requirements. Some loudspeakers are designed specially for this application.

Where high power output at very low frequencies is required, a 15 inch unit may
be used, as in the Klipsch comer hom described below.

(D) Distortion

In addition to the distortion caused by the throat, there is also distortion due to
the sound chamber. The acoustical capacitance is a fimaion of the position of
the diaphragm, and the effect is most apparent at low frequencies where the amplitude
is large. This distortion may be reduced by the use of a large soimd chamb^, thus

limiting this unit to low frequencies only. A separate high frequency unit with a small
soimd chamber may be used, since it will not be required to handle large amplitudes.

Distortion is also caused by a non-linear suspension ; this is only serious at low
frequencies (Ref. 14, Fig. 8.21). Distortion at low frequencies due to non-
linear suspension may be reduced by

(1) the use of a large dynamic driver,

(2) increased compliance in the suspension,

(3) an enclosed air-chamber at the rear of the diaphragm as in the Klipsch comer
hom.

Another cause of distortion is frequency modulation through the Doppler
Effect—see Sea. 7(ii)—which can be reduced to small proportions by the use of
separate high and low frequency units.

It is impossible to design a hom loudspeaker that covers a wide frequency band
and is simultaneously free from non-linear distortion. Thus two separate units for

low and high frequencies are essential for fidelity. This is a limitation peculiar to

hom loudspeakers.

(E) Efficiency

With hom loudspeakers efficiencies as high as 80% can be achieved over a limited
frequency range. A typical hom of the type used in cinema theatres has an efficiency

from 30% to 45% over its useful^rangc. The Klipsch comer hom has an efficiency

around 50% over its useful range.
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(F) Direcdonal characteristics

For wavelengths larger than the mouth diameter, the directional characteristics

are approximately the same as for a cone the same size as the mouth. At hxqueocies
above 3000 c/s the directional characteristics are only slightly affected by the flare

or length. At intermediate frequencies the direction characteristics are broader
than those obtained from a piston (cone) the size of the mouth.
When a number of horns are arranged in a line, a sharp beam will be obtained when

the horns are parallel to one another, while a broader beam will be obtained when they

are arranged radially.

(G) Electrical impedance
A rise in electrical impedance normally occurs at the diaphragm resonance, although

less than that with a direa radiator, with a rise at the higher frequencies as with a
moving-coil direct radiator.

On account of the variation in impedance, triode power valves (preferably with
negative voltage feedback) arc highly desirable for flddity.

(H) Damping and transients

With a well designed horn of sufficient mouth area, or with a smaller horn in which
the resistive loading has a peak in the vicinity of the bass resonant frequency, the
acoustical damping at that l^quency will be high. The damping due to the otitput

resistance of the amplifier will be additive.

At higher frequencies, experimental results indicate that spurious transients are

much lower in horn loudspeakers than with direct radiators. For example (Ref. 155),

a 12 inch direct radiator louds|>eaker, when loaded by a short horn, gave 12 to 15 db less

transient level than when used without the horn, using Shorter's method—see Sect.

7(iii).

(I) Horns and rooms
Homs require larger rooms than direct radiator loudspeakers, even apart from the

space occupied by the speaker itself, owing to the roughness of the overlap between
the low and high frequency units. The distance from loudspeaker to listener must
be greater than that with cone type direct radiators (Ref. 150).

Horn loudspeakers are frequently mounted in the comer of the room, so that the

angle between the walls acts as sort of continuation of the horn. Some ingenious

comer horns have been developed, for example one in which the difference between
the solid angle between the walls and the desired exponential flare is uken up by
a suitably shaped ** plug ” (Ref. 130).

(vi) Folded horn loudspeakers
(Wing to the large space required by a horn, much attention has been paid to

folded horns. These sdi involve some loss of the higher frequencies, due to re-

flections and differences in length of path causing cancellation of some frequencies.

The number of folds should be kept to the minimum—most folded horns have only

one or two folds. Any increased number of folds, if unavoidable, must be accompanied
by a reduction in the maximum frequer.jy.

Concentric folded horns
In these, the"high frequency loss may be made fairly small, and it is possible to

cover a range from below 200 up to 8000 c/s. One popular form is the three section

directional reflex (Fig. 20.22A) in which the total length of the air colunm is nearly

three times the overall length ; this gives useful radiation over an angle of 60''. A
modified form is the radial type which may be suspended from the ceiling to give an
angle of 360" ; this gives almost the same radiation upwards as downwards. Refs.

2, 82.

Low frequency folded homa
When a folded horn is used as the low frequency unit in a dual system^ the lots of

higher frequencies is actually an advanuge, and the inner surfisoe the horn is fre-

quently covered with sound absorbent material to eliminate high frequency reflections.

Some of the forms which such a horn may ake are given in Figs. 20.23 (Ref. 51) and
20.24 (Ref. 52).
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Pig. 20.22. Concentric folded horns (A) three section rrflex (B) three section reflex
radial type.

One outstanding design is the Klipsch comer type speaker which includes a folded
low frequency horn.

This is notable mainly on account of the comparatively small space which it occupies
FIG. 20.23 —20 cubic feet in all—compared with other dual horn systems

having equivalent performance. The eflSciency of the low
frequency woofer unit (K-5-D) is not less than 50% down to

36 c/s, and still fairly high at 32.7 c/s ; it is capable of radiating
a clean fundamental at reduced power down to 27 c/s. Maxi>
mum electrical power input is 15 watts, so that the maximum
acoustical power output is over 7 watts.

The low frequency unit has a 15 inch direct radiator loud-
speaker with an enclosed cabinet baffle at the rear and a folded
horn in front. The recommended driver for ordinary home
and small theatre power levels is the Stephens P-52-LX-2
woofer motor ; this is specially treated to increase its com-
pliance before installation. The enclosed cabinet baffle, at

the rear is designed to offset the mass reactance of the throat

Fig. 20.23. Folded

horns for low fre-

quencies actuated

by rear of cone with

area increasing in

steps.

impedance at low frequencies. The volume of the enclosed
baffle is given theoretically by

V - 2.9 AR (15)
where V ~ volume in cubic inches

A = throat area in square inches

and R = length of hom in inches within which the hom
area doubles.

Pig. 20.24. Folded horns for low frequencies—as part of dual system^ with conical

individual sections. {Ref. 52.)

r.d.n.

—

at
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For the K-3 woofers, A = 88 sq. ins., R = 16

and the calculated volume is 5270 cubic inches.

This equation presumes the suspension com-
pliance to be infinite, which is not the case ; some
experimental adjustment is therefore necessary.

The general construction is shown in Figs.

20.25 and 20.26. The voice coil impedance of

two designs, the second with increased cone com-
pliance, is shown in Fig. 20.27.

The cross-over frequency is 500 c/s, so that

the high frequency horn has to be of imusual

design, capable of handling 15 watts input down
to 500 c/s. The recommended driver for home
use is the Stephens P-15 HF motor, with which
the response is good to 15 000 c/s. Other suit-

able drivers are the Jensen XP-101, Western
Electric 713A, or Stephens P-30, P-40. The
cell structure is contained in the region of small

cross-section of the horn, so that the individual

mouths of the cells arc small. The construction

of the high frequency horn is shown in Fig. 20.28.

References to Klipsch horn loudspeakers : 30,

31, 32, 33, 34, 48, 99, 115, 119, 122.

(vii) High frequency horns
High frequency horns arc frequently used

in dual or triple systems in conjunction

Fig. 20.25. Top and isometric

view of the Klipsch bass repro-

ducer Model K-3. (Ref 48).

with either horn or direct-radiator low
frequency units. They arc only cap-
able of satisfaaory radiation over an
angle of from 20'' to 40° for a single

horn, but up to six similar horns may
be built into one \init operated by a

single driver to give good coverage over
a wide horizontal angle (Refs. 76 Part 1

;

52, 136). Alternatively the multi-
cellular construction may be adopted
(Ref. 33), Diffusing lenses may also

be used with high frequency horns as

an alternative to multi-cellular con-
struaion, to spread the sound over
a wider angle. In one example the
angle was increased from about 20*"

to over 50° at 8000 c/s by the use of
such a diffusing lens. The construedon
appears cheaper than a multi-cellular

rig. 20.26. Side and front views of the

pGipsch bass reproducer Model iC-3.

(Ref. 48).
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FIG. 20.27

Fig. 20.27. Voice coil impedance of two designs of Klipsch bass reproducer {A) Model
X-3-B as Ref. 48 (E) Model {cone with increased compliance). {Ref. 99).

hom and permits greater flexibility in application (Refs. 120, 141).

References to comer ribbon high frequency hom ; 229, 230.

Reference to reverse flare principle in high frequency hom : 232.

See also the Klipsch high-frequency hom (Fig. 20.28) and page 858.

References to high frequency horns : 33, 76 (Part 1), 80, 137, 165.

General references to horns : 2, 13A, 14, 15, 30, 31, 32, 33, 34, 38 (Pans 1 and 2),

39, 45, 46, 47, 48, 51, 52, 59, 69, 73, 76, 77, 82, 99, 115, 119, 128, 130, 137, 142, 147,
165, 175, 177, 206, 209, 211, 217, 232,

(viii) Combination horn and phase
inverter loudspeakers for per-
sonal radio receivers

A combination hom and phase invener
loudspeaker for personal radio receivers

has b^ described (Ref, 124) which has an
efficiency of about 25% and a frequency
range from 300 to 4000 c/s. A sound level

of 84 db is obtained at 3 feet from the

loudspeaker with an input of lOmW—this

level is somewhat higher than conver-

sational speech. Sub-miniature valves

and very small B batteries may therefore

be used to give an acceptable sound out-

put from a receiver having a cubic capacity

of 41 cubic inches.

(lx) IVlaterial for making horns

The best materials are concrete, brick

and masonry. The most practical material Fig. 20.28. Klipsch highfrequency horn
for hom consmiction, with many good fca- loudspeaker : Upper view—sectional
tures, is untempered 3/16 inch IViasonite. view from top ^ lower view—sectional

It should be reasonably strutted and view from the side through line 3-3 of
backed with absorbent material (Ref. 191). upper view. {Ref. 33).
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SECTION 5 ; DUAL AND TRIPLE SYSTEM LOUDSPEAKERS
(i) Introduction (n) Choice of the cross-over frequency (iii) The overlap region

(iv) Compromise arrangements.

(i) Introduction
When a wide frequency range has to be covered there is a choice between

1. A single unit employing some special construction to extend the frequency

range—see Sect. 2(iii),

2. Two or three separate loudspeakers, each covering a limited frequency range,

3. An integral dual or triple system with two or three loudspeakers mounted
(usually co-axially) in one equipment, and

4 . Some compromise arrangement—see (iv) below.

If separate loudspeakers arc used, they should be mounted as closely together as

possible, with co-axial mounting as the ideal ; this is not so important when the

cross-over frequency is below 500 c/s. In addition, they should be co-planar, with

the plane of horn loudspeakers taken as the plane of the diaphragm. The loud-

speakers should be correctly phased, so as to be additive in the overlap region.

A frequency dividing network is used to split the output between two loudspeakers

so that neither unit is called upon to handle large amplitudes of frequencies beyond
its range. This has the advantage that Doppler Effect distortion (see Sect. 7) is much
reduced. Other advantages are that, on account of limitations in the frequency range

of each unit, the system efficiency is increased, while the direaivity characteristic

is improved due to the smaller diaphragm (or horn mouth) for the high frequency

unit. In addition, the transient response is improved, and there is less intermodula-

tion and reduced frequency modulation.
The loudspeakers should preferably have the same efficiency, otherwise one will

have to be attenuated. The directional characteristics of the high frequency unit

should receive careful attention.

Integral dual ayatema
One excellent arrangement employs two cones, co-axial and co-planar, with the

small high-frequency cone mounted near the apex of the large cone. Both cones

vibrate in unison in the overlap region. (Refs. 61, 116, 116A).

Another arrangement employs a large low-frequency cone and a co-axial high-

frequency horn. This has the disadvantage that the sound sources are not co-planar,

since the diaphragm of the high frequency unit is mounted to the rear of the cone.

Integral triple systema
In one design there is a large low-frequency cone, a mid-frequency horn using the

flared low-frequency cone for its mouth, and a high-frequency horn mounted in

front of the mid-frequency horn.

(ii) Choice of the cross-over frequency
In a dual system, that is one having a low-frequency and a high-frequency loud-

speaker, the cross-over frequency is usually between 400 and 1200 c/s. The follow-

ing points must be satisfied.

1. The low frequency unit (** woofer ’*) must be capable of handling at least half

an octave above the cross-over frequency, at full power. See also (4) below.

2. The high frequency unit must be capable of handling at least half an octave

below the cross-over frequency at full power. See also (4) below.

3. Provided that point (2) can be satisfied, the cross-over frequency should be
as low as possible, say 400 to 500 c/s.

4. If a 6 db/octave frequency dividing network is used, each unit should be
capable of handling one octave beyond the cross-over frequency at full power,
and about 3 octaves beyond the cross-over frequency at reduced power.

Some systems have cross-over frequencies from 1200 to 2000 c/s, in which case

the high frequency unit approaches more closely to a true ** tweeter,” since the latter

is generally limited to frequencies above 2000 c/s (Refs. 11, 45).
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In a triple system there is no necessity for such a compromise regarding the cross-

over frequency. The “ woofer ** may handle up to between 300 and 600 c/s, the

middle unit up to between 2000 and 5000 c/s, and the “ tweeter ” will then look

after the higher frequencies (e.g. Ref. 134).

The design of frequency dividing networks is covered in Chapter 21, Sect. 3.

(iii) The overlap region
Serious distortion often occurs in the overlap region when both units are contribut-

ing to the total acoustical output. In a dual direct-radiator system in which the dis-

tances from each cone to the listener are not equal, the response characteristic will

have pronounced peaks and valleys at frequencies where the two sources are in and
out of phase. In the case of a dual horn system, particularly when one horn is folded,

the acoustical paths may differ sufficiently to cause the same effect. Similar effects

occur with other combinations, but the trouble is minimized in all cases by a low
cross-over frequency (less than 600 c/s) and, in the case of dual horns, by a fairly steep

attenuation characteristic (12 or 18 db/octave nominal). Most loudspeakers give

serious distortion below the frequency of minimum rated response, even though the

level is attenuated by the cross-over network—hence the desirability of an extended
frequency range.

There tends to be a peak of distortion at the cross-over frequency owing to in-

correct impedance matching and the partially reactive load. This is most serious

with pentc^es and beam power amplifiers (see Chapter 21).

(iv) Compromise arrangements
One possibility is to use a single moving-coil loudspeaker with the front acting as a

direct radiator, and the rear as bass horn (Ref. 51). Another arrangement uses a

single driver with a high-frequency horn facing forwards and a folded bass horn
driven by the rear of the diaphragm (Ref. 52). Owing to the use of a single cone or

diaphragm, the high frequency response does not extend as far as with two separate

units, each specially designed.

General references to dual and triple systems : 11, 30, 33, 45, 48, 51, 52, 61, 76,

130, 134, 150, 165, 167, 194, 215.

SECTION 6 : LOUDSPEAKERS IN OPERATION
(i) Loudness (ii) Power required (iii) Acoustics of rooms (iv) Loudspeaker place-

ment (v) Stereophomc reproduction (vi) Sound reinforcing systems (vii) Open
air Public Address (viii) Inter-communicating systems (ix) Background music in

factories,

(i) Loudness
Loudness may be measured in loudness units —see page 827 and Fig. 19.8.

(ii) Power required
(A) Direct radiation (outdoor)

Some loudspeaker manufacturers quote the intensity level on the axis at a distance

of, say, 30* feet with a stated electrical input power, usually with a warble frequency

(from 300 to 3300*, 500 to 2500 or 500 to 1500 c/s). The intensity level decreases

by 6 db each time the distance is doubled, or increases by 6 db each time the distance

is halved.

The intensity level increases by 3 db when the power input to the loudspeaker is

doubled, by 6 db when the power is quadrupled, and so on.

•R.M.A. SE-103. See Sect. 6(x).
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Example : At a distance of 30 feet on the axis, a certain loudspeaker is stated to

produce a level of 81.5 db above 10~'* watt per square centimeter at 8 watts input

with a warble frequency from 500 to 2500 c/s. Find the intensity level on the axis

at a distance of 6 feet with 3 watts input.

Effect of change of distance = 20 logj© (30/6) =4-14 db.

Effect of change of power input = 10 logjo (3/8) = — 4.3 db.

Net change = 4- 9.7 db.

Intensity level at 6 feet with 3 watts input = 81.5 4- 9.7 = 91.2 db.

In other cases loudspeaker manufacturers (such as R.C.A.) publish the curves of

sound pressure versus frequency, from which it is easy to estimate the average over

the frequency range of interest. In this case the reference level is 0 db = 10 dynes

per square centimetre, and the microphone distance is 24 inches. In a typical case

the output level is — 1 db for an input of 0.1 watt to the loudspeaker. The level at

a distance of 30 feet for a power input of 8 watts will therefore be
- 1 -f 19.03 - 23.52 = - 5.49 db (0 db = 10 dynes/cm.*)

or converting to the basis of 0 db = 0.0002 dync/cm*,
- 5.49 + 93.98 = 4- 88.5 db (0 db = 0.0002 dync/cm*).

Alternatively the R.M.A. loudspeaker pressure rating may be quoted. For cal-

culation and example see page 812.

FIG. 10.29

Fig, 20.29. Intensity in db versus acoustical watts output at specified distances along
the axis of a loudspeaker which is considered as a small source in an infinite bafJU,
This holds fairly accurately at low frequendeSi with an error of I db at 5(X) c/s with
a cone 10 inches in diameter. The numbers on the sloping lines indicate the distance

in feet from the loudspeaker {based on F, Massa, Ref, 69, but extended and modified).
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Again, the loudspeaker percentage efficiency may be known, say 3%, and it is

desired to calculate the intensity at a distance of, say, 30 feet with an input of 8 watts.

The unknown factor is the an^e of radiation, but at frequencies up to 500 c/s this

may be taken as approximately 180° (assuming a direct radiator with a large flat

baffle) and we may therefore make use of Fig. 20.29. In this case the acoustical

output will be 8 X 0.03 = 0.24 watt and the intensity will be 87 db at 30 feet (Fig.

20.29).

At higher frequencies there will be an increasingly greater focusing effect, and the

intensity on the axis will be somewhat greater than the value calculated above.

(B) Power required indoors
When a loudspeaker is operated indoors the direct radiation is supplemented by

the refleaed sound.

The reverberation time is the time in seconds for a sound to fall to one millionth

of its original intensity (
— 60 db) after stopping the source. Eyring* gives

0.05 y
^ - 5 log. (1 - a)

where T ^ reverberation time in seconds,

V “ volume of room in cubic feet,

5 surface area of walls, ceiling and floor in square feet,

and a average absorption coefficient per square foot, in sabins (values are less

than unity).

The sabin is an absorption unit representing a surface capable of absorbing sound

at the same rate as does 1 sq. ft. of perf^ectly absorbing surface, such as an open window.

In a typical living room, the reverberation time is about 0.5 second at 500 c/s and

the absorption coefficient is about 0.25. The reverberation time falls to possibly

0.3 second at 5000 c/s and rises to possibly 0.75 second at 200 c/s.(Ref. 14, Fig. 13.26).

In a very large living room, the reverberation time would probably be about 0.8

second at 1000 c/s.

FIG. 20.30

Fig, 20.30. Acoustical power require^ to produce an inteimty level of 80 db as afunction

of the volume of the auditorium for optimum reverberation times {after Olson^ Ref, 13,

by kind permission of the author ana of the publishers and copyright holdersy Messrs,

D, Van Nostrand Company Inc,),

•Sec Ref. 13A pi«e 399.
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The optimum reverberation time ** at 1000 c/s depends on the volume of the

room (Ref. 13A)

:

Volume 1000 2000 4000 20 000 100 000 500 000 cu. ft.

To,, 0.7 0.75 0.82 1.01 1.28 1.62 secs.

In a typical room 20 ft. x 15ft. x 10 ft., with a reverberation time of 0.5 second,

and with the listener 6 feet from the loudspeaker, the reflected sound adds 3 db to the

direct radiation at 500 c/s under steady state conditions, and 1 db when the sound only

continues for 0.02 second as for speech (Ref. 14, Fig. 13.26). At higher frequencies

the reflected sound becomes rapidly smaller, and may be neglected. At 200 c/s

the reflected sound adds 5.5 db imder steady state conditions or 2 db when the sound
continues for 0.02 second. At 100 c/s the reflected sound adds 9.5 db under steady

state conditions, or 6 db when the sound continues for 0.02 second. The effect of

the reflected sound becomes more important as the listener moves further away from
the loudspeaker.

References 13A, 14, 15, 50, 55, 175, 178.

The acoustical power in watts to produce an intensity level of 80 db (0 db =
0.0002 dyne/cm*) is plotted in Fig. 20.30 against the volume of the enclosure in cubic

feet (after Olson, Ref. 13A). For living rooms the following information may be
derived

—

Volume 1000
i

2000 3000

1

4000 cu. ft.

Intensity

level

Acoustical power in watts

1

55 db 0.000 0051 .000 0098
i

.000 014 .000 019 watt

60 db I 0.000 016 .000 031 .000 045 .000 059 watt

65 db 0.000 051 .000 098 .000 14
j

.000 19 watt

70 db 0.000 16 .000 31 .000 45 * .000 59 watt

75 db 0.000 51 .000 98 .001 4 .001 9 watt

80 db 0.001 6 .003 1 .004 5 .005 9 watt

90 db 0.016 031 .045 .059 watt

100 db 0.16 .31 .45 .59 watt

110 db 1.6' 3.1 4.5 5.9

i

watts

These values apply to enclosures with optimum reverberation times. Living rooms
may have reverberation times which arc lower than the optimum values, and the

acoustical power required will then be greater than indicated above.

The intensity levels fof home listening under various conditions are set out in

Chapter 14 Sect. 7(iii).

(iii) Acoustics of rooms
\nien a musical item is produced in the studio and reproduced by a loudspeaker

in a living room, there are two reverberation rimes—that of the studio and that of

the room. Good listening conditions are usually achieved by controlling the rever-

beration time of the studio so that the music will sound well in the average medium
or large living room. Large concert hails with long reverberation times are not ideal,

but there is nothing which can be done in the living room to improve matters.

The desirable and usual rise of reverberation time at low frequencies with rigid

walls may be replaced by a general fall, due to the vibration of walls, floor and ceiling.

This is one prevalent cause of loss of bass, below 150 c/s ; if an attempt is made
to counteraa it by bass boosting, the acoustical effect is not quite natural (Ref. 53).

It is preferable to mount the loudspeaker on sound absorbing pads or thick carpet

to prevent the direct transmission of vibration to the floor.

At low frequencies it is doubtful whether the reverbe^tion time of a small or even
medium sized room means much, because of room rctoniincet producing standing
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waves. In a typical ease with a room 16 ft. 9 in. x 11 ft. 6 in. x 8 ft. 6 in. the first

nine resonances are 36.8, 51.1, 62.9, 68.6, 73.6, 77.6, 85.5, 102.3, 137.2 (Ref. 53).

The most desirable shape for a listening room is approximately in the ratio height

:

width : length = 1 : 1 .27 : 1 .62, so as to distribute the resonances fairly uniformly. ^

The peaks due to these resonances are of the order of 20 db and completely mask ^

less pronounced effects. The bad effects may be reduced by
(1) increased acoustical damping at low frequencies, especially near the comers

of the room where it is twice as effective as elsewhere (Ref. 175), and
(2) an open door or window, or preferably both.

In addition to these room resonances, which occur over the whole room, there are

other peaks of response due to focusing or interference between different paths, at

middle and high frequencies, which vary from point to point. Thanks to our two
ears, these sharp peaks and valleys are much less evident than they otherwise would be.

References 13A, 14, 53, 175, 192, 208, 220, 221.

(i^ Loudspeaker placement
J(The ideal position for a loudspeaker is in one comer of the room, either low down
nw the floor or in the comer between two walls and the ceiling. In either case the

boundaries of the room form a triangular conical horn, and the angle of radiation is

7r/2 steradians. The axis of the loudspeaker may point directly at the head of one
listener, say seated with his head 42 inches above the floor, but every other listener

will then lose something of the high frequencies. If a ceiling-comer position is used,

the maximurfi angle of elevation between a listener and the loudspeaker should not
normally exceed 30®

; this position is therefore limited to large rooms or those with
low ceilings. If a special loudspeaker is used having wide angle radiation at all fre-

quencies, the problem disappears. In other cases the trouble may be minimized by

(1) accentuating the high frequencies and pointing the axis of the loudspeaker

away from the listeners, who should be seated at approximately the same
angle to the axis, or

(2) keeping the listeners within an angle of 15^ from the axis.

Another possible position for the loudspeaker is in the corner of a room, half-way

between floor and ceiling -this gives an angle of radiation of w steradians.

In all cases where a loudspeaker is mounted in the comer of a room, the adjacent

walls and floor or ceiling should have reflecting surfaces so as to act as a hom. The
rest of the room should have a considerable amount of damping material such as

upholstered furniture, heavy drapings, carpets, books or acoustical tiles.

In all cases, no listener should be closer than 4 feet from the loudspeaker, witlv a

greater distance for dual or triple systems and considerably greater distance for horns.

Loudspeakers with open-backed cabinets are very difficult to place satisfactorily.

They should be about 9 inches out from the wall, and the wall behind them should

preferably be damped by a heavy curtain or sheet of acoustical absorbent material.

A comer F>osition is desirable.

If a loudspeaker must be placed along one of the walls, it should preferably be
along the shorter side, about the centre. This gives an angle of radiation of 2n

steradians.

If two separate loudspeakers are used, each handling the full frequency range, they

may, if desired, be placed in positions wide apart, such as the two ends of a room.

In a fairly large living room some approach to a third dimensional effect may be ob-

tained with the listener slightly nearer to one loudspeaker—this is the pseudo-stereo-

phonic effect, sec (v) below.

(v) Stereophonic reproduction
Reproduced sound normally comes from a single source—the loudspeaker—so

that there can be no indication of the direction from which the sound originally came.

In stereophonic reproduction with three or more channels there can be a 3 dimensional

effect which enables the listener to determine the position of the source. Stereophonic

reproduction in the strict sense can only be applied in large concert halls or cinemas
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where the audience is situated further from the loudspeakers than the distance be-

tween any two loudspeakers. An^X^ion which gives a sense of spatial reproduction

can be applied to a room by means or two loudspeakers each fed from a separate micro-

phone through separate amplifiers. In radio broadcasting at least two separate trans-

mitters and receivers arc required—three channels are desirable. Some methods of

recording arc capable of carrying two or three channels, such as sound on film and
magnetic tape (Refs. 86, 101, 226).

There are methods of obtaining an approach to stereophonic reproduction with a

single channel (Ref 87)

When there are two loudspeakers so placed with respect to the listener as to give

a transit time difference from 1 to 30 milliseconds, the impression is that of more
“liveliness** and “body** (Ref. 125). This is the pseudo-stereophonic effect,

and to be fully effective requires the listener to be at least 4 feet— and preferably a

greater distance—nearer to one loudspeaker than the other. With suitable position-

ing and relative volumes, the effect is quite surprising.

A more elaborate method for heightening sound perspective utilizes volume ex-

pansion in one of the two channels (Ref. 49).

References 6, 13, 14, 36, 49, 68, 86, 87, 97, 101, 112, 160, 161, 162, 163, 169, 195,

203, 216 (giving additional references), 226, also Supplement.

(vi) Sound-reinforcing systems
With this system there arc two sources of sound, the original sound and the aug-

mented sound from the loudspeakers. Usually the intensity of the original sound
issuing from the stage will be sufficient over a limited area, but the sound energy from
the loudspeakers must progressively increase towards the rear of the auditorium.

The problem is to select a loudspeaker or loudspeakers with suitable directional

characteristics, and to adjust the power output and orientation so that the total in-

tensity level is constant for all pans of the listening area.

The acoustical power required to produce an intensity level of at least 80 db for

ordinary speech and music is as follows (Ref. 13A) :

Volume (cu. ft.) 10 000 50 000 100 000 500 000
Acoustical power (watts) 0.014 0.06 0.11 0.5

For full orchestral dynamic range, a maximum intensity level of 100 db is required,

and the acoustical powers should be multiplied by 100. In noisy situations the sound
level should be 10 to 16 db above steady noise or 20 to 30 db above the noise in re-

latively quiet intervals.

One of the problems in design is the avoidance of acoustical feedback. It is usual

to adopt dircaional loudspeakers and sometimes also direaional microphones. The
microphone is mounted as close to the sound source as possible and in a position of

low radiated sound intensity.

For the best illusion to the listener the loudspeaker(s) should be mounted so that

the sound appears to come from the direction of the original source. The difference

in path length between the original sound and the sound from the loudspeaker should

not exceed 60 to 80 feet.

The overall response of the whole system should be free from peaks. When feed-

back occurs, it does so at the frequency at which the system has a peak.

If at all possible, low frequencies should be attenuated so as to reduce the size of

the loudspeaker and of the amplifier, and to reduce acoustical feedback. A minimum
frequency range for speech is 400 to 4000 c/s (Ref. 196). If orchestral music is to be

amplified the whole frequency range should be provided for, although here also some
compromise may be necessary.

In small or medium halls a single loudspeaker or bunch of loudspeakers may be
mounted 20 to 30 feet above the microphone and somewhat more forward than the

microphone. The loudspeakers should be pointed downwards to the audience

(Ref. 196).

In larger halls one or more line-source loudspeakers may be used. A line-

source consists of a number of loudspeakers mounted close together in a straight line.

A vertical line-source gives directionality in the vertical plane but not in the horizontal

plane. If the line-source is “ tapered ** in strength so that the sound from each ele-
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ment varies linearly from a maximum at the centre to zero at either end, the direc-

tionality is improved. The line-source should be tilted slightly forwards so that the

central loudspeaker points directly to the centre of the audience. Better results may
be obtained by using two line-sources, a long one for the low frequencies and a shoner
one (one quarter the length of the long one) for the high frequencies, with a cross-over

network for /. 1000 c/s (Ref. 197).

In large installations, time delay may be incorporated (Ref. 145, 197).

Multiple loudspeakers
Haas (Ref. 125) has investigated the effects of a single echo on the audibility of

speech. He has shown that when the time delay of the echo is from 5 to 30 milli-

seconds, the echo is not detectable as a separate source if the level of the echo is less

than 10 db above that of the direa sound, and that the listener only has the sensation
of hearing from the nearer loudspeaker. At greater time delays he determined how
loud such an echo could be before interfering with speech (e.g. echo Odb, 50 msecs,
path difference 56 ft.). For echoes at lower levels see Ref. 308. See also Refs. 308,

326, 327.

(vii) Open air public address
A typical reflex horn, with an input of 1 watt to the voice coil, gives the following

sound levels on the axis (Ref. 73) :

Distance 10 20 40 80 160 320 feet

Sound level 100 94 88 82 76 70 db
With a single horn, the axis should point directly to the farthest part of the audience.

Homs may be arranged radially to cover a larger audience, allowing 30° for each horn.

For speech reproduction only, a 10 watt amplifier with two horn loudspeakers is

sufficient for a crowd of 5000 people in quiet surroundings. For musical repro-

duction a power of 40 watts with four loudspeakers will be required. It is usual to

allow from 5 to 10 watts for each horn loudspeaker. Alternatively a large number of

any convenient type of loudspeaker may be used, with the spacing between loud-

speakers not greater than 70 feet. When a wider frequency range is required, some
dual horn system is frequently used, particularly with open-air orchestral sound re-

inforcing.

For large crowds, several line-source loudspeakers—sec (vi) above—may be used

at the centre of the crowd.

References 13A (pp. 292-296), 14 (pp. 406-409), 73, 104, 125, 176.

(viii) Intercommunicating systems
Only sj>cech is to be reproduced, and the usual requirement is merely to have suffici-

ent articulation to be understood. A reduced frequency range is almost universal,

while a very restricted range is used in noisy surroundings (see Chapter 14 Sect. 11).

References 1, 13 (pp. 297, 299), 13A (p. 426).

(ix) Background music in factories
If the noise level is comparatively low, the system may be quite conventional, with

a frequency range from say 100 to at least 6(X)0 c/s. Loudspeakers should be placed

fairly close together to give good coverage of high frequencies. The spacing should

be adjusted so that, with the prevailing noise level, the range of each is slightly over

half the distance between them.

If the noise level is high, the highest noise intensity is often limited in flrequency

range at both extremes. In such a case, as an alternative to over-riding the noise,

the full frequency range up to 8000 c/s may be used for the music, which may be at

the same level as the mid-frequency noise. The low frequency music range may
either be used or attenuated as desired. Careful choice of the source of music is

required to give the full frequency range without distortion. A conventional A-M
receiver is unsuiuble, owing to sideband cuuing. Many shellac discs, especially

the older ones, are unsuitable on account of limited frequency range.

In all cases some form of volume compressor or limiter is required to reduce the

volume range, and the music should be selected to avoid sudden large changes in

volume.
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SECTION 7: DISTORTION IN LOUDSPEAKERS

(f ) Non-hnearity (ii) Frequency-modtdation distortion in loudspeakers (m) Transi--

ent distortion (iv) Sub-harmonics and sub-frequencies (v) Intermodulation dis-

tortion.

(tLNon-lincarity
(Non-lmearity in a cone occurs when the force versus displacement characteristic

deviates from a straight line. The principal causes of non-linearity arc—

~

1. Insufficient rigidity in the cone^

2. Non-linear suspension, and
3. Non-uniform flux density.

Lack of rigidity in the cone is usually the result of reduction in the mass of the cone
to achieve high sensitivity. In addition to the other defects—ragged response and
poor reproduction of transients—this has a nr^arked cffcct in increasing the harmonic
^distortion over the whole freouenry range (Ref. 15 Fig. 3).

All cone or diaphragm suspensions are non-linear to a greater or less extent—their

sdffiiess usually increases with larger amplitudes. The total harmonic distortion of

any such loudspeaker is fairly low (of the order of 1 %) at frequencies of about 300 c/s

and above, and is not appreciably affected by non-linearity in the suspension. As the

frequency is decreased, however, the distortion rapidly rises in loudspeakers having
non-linear suspension. For example, one 10 inch dynamic loudspeaker with a non-
linear suspension gives 10% total harmonic distortion with an input of 2 watts at

60 c/s, and 30% distortion with an input of 10 watts at the same frequency (Ref. 13A
Fig. 6.34). On the other hand a good quality loudspeaker is capable of handling an
input of 10 watts at 60 c/s with only 3% total harmonic distortion, or an input of
2 watts at 60 c/s with less than 1% distortion (Ref. 36 Fig. 25).

When a loudspeaker is used in a well designed vented baffle, or in a suitable horn,

the maximum amplitude of the cone will be decreased and the distortion arising from
a non-linear suspension will also be decreased.

Non-uniform flux density up to the maximum amplitude of operation is another

source of harmonic distortion. This distortion is usually less than 1% so long as

the amplitude of movement is small, consisting of odd harmonics only unless the field

is not symmetrical about the voice coil. However at high input levels the distortion

is usually severe. In one case total distortion at 50 c/s with an input of 5 watts, was
reduced from 9% to less than 5%, by careful design (Ref. 84).

At frequencies above 3000 c/s, the harmonic distortion with single large cone
loudspeal^rs is negligibly small compared with the frequency-modulation distortion

—

sec (ii) below.

With dual loudspeakers, or a dual cone loudspeaker, the total harmonic distortion

tends to reach a peak in the vicinity of the cross-over frequency—see Sect 5(iii),

also Refs. 36, 1 16. In one example the total harmonic distortion is over 3% from 500
to 1500 c/s for a 15 inch duo-cone loudspeaker with an input of 5 watts.

The cross-over distortion, and the other forms of distortion described above, all

increase rapidly as the input power is increased.

The harmonic distoi^on below the bass resonant frequency is selective

(Fig. 13.54). When the load imposes a greater impedance to the harmonic than to

the fundamental, the measured harmonic distortion increases. At a frequency equal

to one-half of the bass resonant frequency the second harmonic rises to a peak since

the second harmonic frequency is equal to that of the bass resonance. Similarly

at a frequency equal to one-third the frequency of the bass resonance, the third har-

monic rises to a peak, and so with higher harmonics.

At frequendea nbove about 1000 c/a all harmonics tend to increase since the

impedance of the load to the harmonics is greater than the impedance to the funda-
mental. This is offset to some extent by the fact that with a triode valve or with most
of the commonly used negative feedback circuits, as the load impedance is increased,

so the distortion decreases. The nett effect is foimd by the combination of these

separate effects.
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A system has been developed (Ref. 152) for automatically recording the total har-
monic distortion of a loudspeaker over the a-f range. This is particularly helpful

in detecting narrow frequency bands where the distortion is high.

One method of recording the performance of a loudspeaker with regard to non-
linear distortion is to measture on the axis the maximum sound level before a certain

amount of harmonic distortion ii produced. This may be plotted as a curve of
maximum undistorted sound pressure as a function of frequency (Ref. 153). Alter-

natively the distortion may be plotted as a function of frequency for constant electrical

input. ‘In all cases the loudspeaker must be tested in the enclosure for which it has
been designed.

References 13A (pp. 163-173), 20, 21, 23, 36, 61, 106, 108, 109, 133, 152.

(ii) Frequency*modulation distortion in loudspeakers
The origin of this form of distortion is the Doppler effect whereby the pitch rises

when the source of soimd is advancing towards the listener and falls when it is receding
(Refs. 3, 13A p. 18). The effect in loudspeakers is entirely independent of non-
linearity. If a loudspeaker has two input frequencies, say 50 and 5000 c/s, the

acoustical output can be resolved, like a frequency-modulated wave, into a carrier

frequency (the 5000 c/s input) and sidebands (intermodulation frequencies) plus

the 50 c/s input. The distortion may be measured in terms of the distortion factor,

and so made comparable with the total harmonic distortion when a single input
frequency is applied. The distortion factor on the axis is given by

d.f. “= 0.33 AJi cent (1)

where /I, amplitude of cone motion (each side of the mean position) in inches

at the modulating frequency -say 50 or 100 c/'s

ft ^ modulated frequency (variable frequency),

and d.f. distortion factor in per cent, defined as the square root of the ratio of

the power in the sidebands to the total power in the wave.

The distortion factor is proportional to the variable modulated frequency /*, and is

quite small below 1000 c/s. As a typical example take a 12 inch loudspeaker with

an equivalent single frequency power input of 0.125 watt to the voice coil—

ft 1000 2000 5000 10 000 c/s

d.f, 0.65 1.3 3.2 6.4 %
This condition applies to an input of 4.2 watts with a loudspeaker efficiency of 3%.
Tests have indicated that the greater part of the distortion above 3000 c/s with

single loudspeakers is due to frequency modulation distortion ; this is reduced very

considerably by the use of separate high and low frequency loudspeakers.

References 3, 7, 13A.

(iii) Transient distortion
A transient is a waveform, usually with a steep wavefront, which does not repeat

at periodic intervals. Any sudderi* commencement or cessation of a periodic wave
has a transient component. For reproduction without distortion the acoustical

waveform must be the same as the input waveform.

It is known from the theory of linear dynamic systems of minimum phase shift

type that the amplitude response, the phase characteristic and the transient response

to various applied waveforms are merely equivalent ways of observing the same in-

herent performance of the circuit (Ref. 131). Poor transient response leads to fuzzy

reproduction with poor definition. Some requirements for good reproduction of

transients are

(1) the loudspeaker must respond to the highest audible frequencies,

(2) the loudspeaker frequency response characteristic must be smooth and

uniform, and free from sharp peaks and dips,

(3) the loudspeaker must be sufficiently damped, particularly near the bass

resonant frequency,

(4) the bass resonant frequency should be as low as possible, and

(5) the phase-shift characteristics of the loudspeaker should be good.
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Reasonably good response to transients is obtainable with loudspeakers having a

frequency response to 10 000 c/s, but better response is achieved with an increase

to 15 000 c/s. Generally speaking it is safe to say that a loudspeaker with a smooth
response characteristic has a better transient response than one having sharp reson-

ances, but considerable skiU is required for an accurate interpretation of the response

characteristic (see Ref. 131 for assistance in this direction).

Loudspeaker damping at the bass resonant frequency has been dealt with in

Sect. 2(x). With a suitable choice of loudspeaker and enclosure, and with a suffici-

ently low amplifier output resistance, critical damping or any desired lesser degree is

obtainable. There are differences of opinion as to the amount of damping to be used

for good fidelity. Some prefer critical damping without any overshoot, others prefer

a slight overshoot with its more rapid uptake (e.g. Ref. 174).

At frequencies above 400 c/s, the cone of a direct radiator loudspeaker ceases to

aa as a piston, and the effective damping at any point on the cone, at any frequency

within this range, is likely to be less, and may be very much less than that with a true

piston cone.

Homs provide acoustical damping over a wide frequency range, and well designed

horn loudspeakers have better transient response than direa radiators.

The phase-shift characteristics of loudspeakers are not readily evaluated.

Above 1000 c/s the smoothness of the response characteristic appears to be the best

available guide to good phase-shift characteristics ; below 1000 c/s the “ envelope

delay ** may be used to supplement the information which can be derived from the

response charaaeristic (Ref. 138).

When a tone burst* is applied, some of the frequencies generated are not harmonic-
ally related to the applied signal, and they cause an annoying type of distortion some-
what similar to intermodulation. The car is very sensitive to this type of inharmonic

distortion (Ref. 131).

Ringing at the frequency of the bass resonance becomes progressively less pro-

nounced as the frequency of the applied tone burst is increased away from the resonant

frequency.

^Testing loudspeakers for transients

There are four methods of testing loudspeakers for transient response

—

1. Applied unit impulse,

2. Suddenly applied square wave,

3. Suddenly applied tone burst, and
4. Shorter’s method.

Applied unit impulse gives all the information at one test, but is hard to interpret

because it causes all the peaks to ring simultaneously (Ref. 131).

The suddenly applied square wave is more selective, since it emphasizes the ringing

of the peaks of nearly the same frequency as the applied wave (Refs. 13A, 15, 36,

126, 131).

The suddenly applied tone burst method is capable of giving much valuable in-

formation. Ref. 131 gives a theory of ringing and interpretation of results. It

seems that those loudspeakers that sound best generally reproduce tone bursts well,

although this is better substantiated for the high frequencies than for the low (Refs.

131, 138, 166).

References to tone burst methods : 44, 88, 121, 131, 133, 138, 158, 166, 213.

It has been demonstrated (Refs. 44, 88) that a smooth frequency response curve

means a rapid build-up of a transient. The decay characteristic, after the input

voltage has ceased, requires further consideration. Each lightly-damped resonant

element, when shock-exeked by the sudden cessation of the applied voltage, will

dissipate its stored energy by radiating sound at its own natural frequency. The
method of testing by Shorter (Refs. 44, 117, 121) is to measure, at all frequencies, the

response at time intervals r. — 0, 10, 20, 30 and 40 milliseconds after the cessation of

the applied voltage. Good transient response appears to be indicated by

*A tone bunt it a wave-train pulse which contains a number of waves of a certain frequency.
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1. Attenuation of 35 db at 1000 c/s, increasing steadily to 50 db at 3000 c/s

and higher frequencies, for t = 10 milliseconds.

2. Further attenuation of about 10 db for t — 20 milliseconds.

3. Further substantial attenuations at f = 30 and t = 40 milliseconds. These
should never be negative, even over narrow frequency bands. A negative
value may indicate a spurious ripple frequency.

In double-unit loudspeakers, the important frequency region from the standpoint
of transient response is near or below the overlap frequency band (Ref. 36).

References 5 (Part 1), 13A (pp. 159-163, 375), 15 (pp. 138-141, 202-212, 332-339),

36, 40, 44, 54 (Part 4), 88 (pp. 59-64), 117, 121, 131, 132, 133, 135, 138, 150, 155, 158,

166, 172, 174, 179.

(iv) Sub-harmonics and sub-frequencies
In addition to harmonic frequencies, a direct radiator loudspeaker produces sub-

harmonics, that is frequencies one lialf, one third, one quarter, etc., of the applied

frequency. Of these, the one half frequency is the only one of consequence. It

occurs only in limited frequency regions, and it does not occur below a moderate,
critical, level. However when this level is reached, it increases rapidly at first, and is

accompanied by frequencies of 3/2, 5/2, 7/2, and 9/2 of the applied frequency (Ref.

188). Sub-harmonics are more objectionable to the listener than harmonics of the

same percentage, but they require a relatively long time to “ build up ” and are gener-
ally assumed to be not very obvious in ordinary sound reproduction. However one
authority states that a good correlation has been found between the number of sub-

harmonics produced by the speaker and the quality rating of the speaker as determined
by listening tests (Ref. 153).

References 13A (pp. 167-168), 19, 21, 133, 153, 171, 188 (pp. 751-752).

(v) Intermodulation distortion
Tests on the iniermodulation distortion of loudspeakers have been described but

no general conclusions can yet be derived (Refs. 108, 109> 171).

SECTION 8 . SUMMARY OF ACOUSTICAL DATA
(i) Definitiom in acoustics (iV) Electricalj mechanical and acoustical equivalent

{in) Velocity and wavelength of sound (iv) Musical scales

(i) Definitions in acoustics
Sound energy density is the sound energy per unit volume. The unit is the

erg p>cr cubic centimetre.

Sound energy flux is the average rate of flow of sound energy through any speci-

fied area. The unit is the erg per second.

The sound intensity (or sound energy flux density) in a specified direction at a

point, is the sound energy transmitted per second in the specified direction through

unit area normal to this direction at the point. It may be expressed either in ergs

per second per square centimetre or in watts per square centimetre.

Sound pressure is exerted by sound waves on any surface area. It is measured

in dynes per square centimetre as the r.m.s. value over one cycle. The sound pres-

sure is proportional to the square root of the sound energy density.

The pressure level, in decibels, of a sound is 20 times the logarithm to the base

10 of the ratio of the pressure P of this sound to the reference pressure Pq- Unless

otherwise specified, the reference pressure is understood to be 0.0002 dyne per square

centimetre.

The velocity level, in decibels, of a sound is 20 times the logarithm to the base 10

of the ratio of the particle velocity of the sound to the reference particle velocity.

Unless otherwise sjDccified, the reference particle velocity is understood to be 5 x 10“*

centimetre per second effective value
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The intensity level, in decibels, of a sound is 10 times the logarithm to the base 10
of the ratio of the intensity I of this sound to the reference intensity Z©. Unless other-

wise specified, the reference intensity /© shall be 10**^* watt per square centimetre.

Compiinnce is ease in bending. It is the reciprocal of stiffness.

See Chapter 14 Sect. 7 for volume range and peak dynamic range.

See Chapter 19 Sect. 5 for loudness and Sect. 7 for sound level and noise.

See also I.R.E. Standards on Acoustics : Definitions of Terms, 1951, Proc. I.R.E.

39.5 (May 1951) 509; "American Standard of Acoustical Terminology*’, A.SA.
Z24.1—1951.

(ii) Electrical, mechanical and acoustical equivalents
Electrical

Capacitance

Inductance

Resistance

E.MF
Impedance

Acoustical
acoustical capacitance

inertance

acoustical resistance

pressure

acoustical impedance

Acoustical unit

cmVdyne
grams/emVem*
acoustical ohms
dynes/cm*
acoustical ohms

Electrical

Capacitance

Mechanical
Compliance

Mechanical unit
cm/dyne

(iii) Velocity and wavelength of sound
The velocity of soimd in a medium varies according to the relation V = \/E/p

where E is the elasticity and p the density of the medium. For any particular me^um,
the velocity depends also on the temperature (because of its effect on the density of
the medium) and the intensity of the sound. In the audible range, velocity decreases

with decreasing intensity ; but in the ultrasonic range, velocity increases with de-

creasing intensity.

Ref. Kaye, G. W. C., and T. H. Laby, " Physical and Chemical Constants ” (ninth

edition. Legmans, Green and Co. London).

Velocity of Sound in Some Common Media

Medium metres/sec.

1

1
Medium 1

1 1

metres/sec.

Air (dry) 342 (at 18" C) Steel 4700—5200
Hydrogen 130 Nickel

i
4970

Water vapour (sat’d) 413 Glass 4000—5300
Water (sea) 1540 Brass 3650
Alcohol 1260

1

Wood 3300—5000
Aluminium 5100 Rubber r o

Copper 3970

Sound transmission in air at 20'"C and 760 m.m.

Frequency 30 50 100 200 400 1000 4000 c/s

Wavelength 452 271 136 67.7 33.9 13.6 3.39 inches

37.7 22.6 11.3 5.65 2.82 1.13 0.282 feet

Velocity of sound in air === 13 550 inches per second
= 1129 feet per second
= 344 metres per second.

/ X A - 1129

where / = frequency in cycles per second

and A — wavelen^ in feet.
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(iv) Musical scales

Every musical tone has a frequency which is measured in cycles per second.

A scale is a series of tones ascending or descending in frequency by definite in-

tervals.

The octave is the most important interval ; two tones are separated by one octave

when the frequencies are in the ratio 2:1.

Each octave is subdivided into a number of smaller intervals. In the equally
tempered scale the octave is divided into twelve equal intervals (1.0595 : 1) to allow
a change of key without retiming. Thus in the equally tempered scale, if any fre-

quency is multiplied by 1.0595 it is raised by one semi-tone ; if multiplied by 1.1225

it is raised by one tone. All normal musical instruments follow the equally tempered
scale.

In addition, there are several systems of what is called the natural scale, or )ust
intonation, in which for example C# has a different frequency from Db (Ref. 90
Part 1).

Table 1 gives one version of “ just intonation.”

TABLE 1

Tone Interval

C Unison
Semitone

D b Minor second
D Major second (— tone)

D# Augmented second

E b Minor third

E Major third

F b Diminished fourth

E^ Augmented third

F Perfect fourth

Ftf Augmented fourth

Gb Diminished fifth

G Perfect fifth

Gt Augmented fifth

Ab Minor sixth

A Major sixth

Af Augmented sixth

Bb Minor seventh

B Major seventh

Cb Diminished octave

B$ Augmented seventh

C' Ocuve
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The frequency of all tones is determined by the “ pitch.** The international

standard pitch is a frequency of 440 c/s for tone A (equivalent to 261 .63 for C) whereas
the “ physical pitch **

is a frequency of 256 for C.

The octaves of C in the two examples above are :

cccc CCC CC c c* cii cHl civ cv

16.4 32.7 65.4 130.8 261.6 523.3 1046.5 2093 4186 c/s

16 32 64 128 256 512 1024 2048 4096 c/s

The frequency of any tone may be calculated by multiplying the value of C next
below it by the frequency ratio of the tempered scale as given by the appropriate row
in Table 1.

References 13 (pp. 334-335), 89, 90, 91, 92, 93, 127.

SECTION 9 : STANDARDS FOR LOUDSPEAKERS
(i) Voice coil impedance for radio receivers (ii) Loudspeaker standard ratings for

sound equipment,

(i) Voice coil impedance for radio receivers

The American R.M.A. Standard REC-104 (Jan. 1947) “ Moving coil loudspeakers

for radio receivers ’* specifies a voice coil impedance of 3.2 ohms r 10% measured
at the first frequency above resonance giving a minimum value tested without a

baffle. This impedance differs from that specified for sound equipment (see below).

This standard (REC-104) is applied to loudspeakers having a maximum pole piece

diameter not over 1 inch.

(ii) Loudspeaker standard ratings for sound equipment
The American R.M.A. Standard SE-103 “ Speakers for sound equipment ** (Ref.

95) lays down certain definitions and ratings which are summarized below.

The loudspeaker impedance {Z is the complex value of the electrical imped-
ance given as a function of frequency, and is measured at the accessible signal ter-

minals of the speaker.

Published data to give magnitude and phase angle as function of frequency.

The loudspeaker rating impedance (R <^^) is the value of a pure resistance,

specified by the manufaaurer, in which the electrical power available to the speaker

is measured. The value shall be 4, 8 or 16 ohms.

Loudspeakers may also be rated in terms of power drawn from standard dis-

tribution lines. In this case it is necessary to specify the power and the line voltage.

The loudspeaker measurement source impedance {R is the value of a

pure resistance to be conneaed in series with the speaker and a constant voltage

source to measure the speaker performance. The value of R shall be 40% of the

value of the loudspeaker rating impedance R 5^.* This is equivalent to operating

the loudspeaker from a source having voltage regulation of 3 db.

The loudspeaker pressure rating (or pressure “ efficiency ”) is the differ-

ence between the axial sound pressure level (referred to a distance of 30 feet) and the

available input power level, and is expressed in db. For funher details sec Chapter

19 Sect, l(viii).

Standard Test Signal No. 1, as indicated by is a loudness weighted signal

covering the frequency band from 300 to 3300 c/s. (Refs. 95, 50).

^Somemanufacturen (c.g. R.C.A.) apply constant voltage to the loudspeaker, so that R is made zero.



20.9 (ii) LOUDSPEAKER STANDARD RATINGS : SOUND EQUIPMENT 875

The loudspeaker pressure-frequency response (L^) is the variation of the 30
foot axial free-space pressure level as a function of frequency, and is expressed in db.

The pressure level at distance d feet may be used to compute the pressure level

at 30 feet by the relation

- (L^ -f 20 logio d) ~ 29.5 db (1)

The loudspeaker directivity index (K^) is the ratio, expressed in db, of the

power which would be radiated if the free-space axial sound pressure were constant

over a sphere, to the actual power radiated. It is expressed in the form :

10 logic

27r

(P/Pay sin 6 dd d<f>

0
(2 )

where Pa = axial free space sound pressure, dynes/cm*

p ~ general free-space sound pressure at the same distance, dynes/cm*
and 6 and 4> are the angular polar co-ordinates of the system, and the speaker axis

is at 0 0.

(When standard test signal No. 1 is uscd,K^i is the speaker loudness directivity index).

The value of the directivity index {K may be calculated, over the frequency range
which determines loudness, by using the following table for a rigid piston vibrating

axially in an infinite baffle (based on curves in Ref. 50) :

df = 500 2000 5000 10 000 15000 25 000 35 000 45 000
= 3.0 3.0 4.0 7.0 10.5 15.0 18.2 20 db

where / = frequency in cycles per second

and d = piston diameter in inches.

When using standard test signal No. 1, the value of the loudness directivity index
K Cl is tabulated for similar conditions to those above :

d - 0 4 8 12 16 20 inches

Kst = 3 4.4 5.7 7.0 8.0 9.0 db
Values of K^x for various types of baffles and horns are given by Ref. 50.

The loudness directivity index /C^i is used to evaluate the loudness efficiency

rating, but the Standard refers to the article by Hopkins and Stryker (Ref. 50) for

detailed information. Loudness efflciency rating is defined as the ratio of the total

“ effective *’ acoustical power produced by the loudspeaker to the available electrical

power. The loudness efficiency rating is equal to

L/\Q (X)
LR - lOOe = 100 X 10

• ^ ^

where e ^ electroacoustical efficiency

— 20 logic Pa* ~ 16 — A — K^i
Pam ^ effective sound pressure on axis of loudspeaker at distance 30 ft., in

dynes/cm*,

it - 10 logic

Wj^ — maximum available electrical power in watts

and Ksv = loudness directivity index (see above).
' Sec Refs. 50, 121 (pp. 697-706).

Lqpdi|>e|dter efficiency in terms of acousticml power
(Based on SE-103—Ref. 95).

The loudspeaker efficiency (G^i^O in terms of acoustical power is the difference

between the output acoustitkl power level and the available input electrical power

level, and is expressed in db.

The symbol indicates the loudspeaker efficiency when standard test signal

No. 1 is used.
- 10 logic (4)

- 10 logic (Ws/W^,s) (5)

20 logic Ps ~ ~~ ^ l®8io 1^ loRio ^sr
+ 20 logic (1 -f" ^ sg/^ SR^

~~
(0)

loudspeaker efficiency in db
total radiated acoustical power, in watts

^ electrical power available to the speaker, in watts

^sw

where
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Wo — reference power = 0.001 watt

Efj = r.m.s. value of constant voltage of source, in volts

Rsr — loudspeaker rating impedance, in ohms
Rsg ~ loudspeaker measurement source impedance, in ohms

Pg = 30 ft. axial free space sound pressure, in dynes/cm*
and = loudspeaker directivity index, in db.

It is obvious that ^ the loudspeaker percentage efficiency, and
hence

Efficiency 2 4 6 10 20 30 100 %
-17 -14 -12.2 -10 -7 -5.2 0 db

The total radiated acoustical power in dbm is given by the electrical power available

to the speaker in dbm plus the speaker efficiency in db. For example, if the available

electric^ power is 10 watts = 40 dbm, and the speaker efficiency is — 13 db, then the

total radiated acoustical power will be (40 — 13) dbm 27 dbm ^ 0.5 watt.

See also “ American Recommended Practice for Loudness Testing ** Cl 6.4—1942
(Ref. 70).

For loudspeaker testing sec also Refs. 13A (pp. 353-376), 121 (pp. 607-609, 661-

706), 175 (pp. 292-295), 188 (pp. 768-773).

For Standards for multiple loudspeakers in sound systems see Chapter 21 Sect. 2(ii).
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SECTION 1 : LOUDSPEAKER ‘^MATCHING ”

(i) Loudspeaker characteristics and matching («) Optimum plate resistance (iii)

Procedure for “ matching ** loudspeakers to various types of amplifiers.

(i) Loudspeaker characteristics and matching
If the impedance of a loudspeaker were a constant resistance, the problem would

be simple. In reality, the magnitude of the impedance may vary in a ratio up to

10 : 1 and the phase angle may be anything between 50° leading and 60° lagging

—

sec Chapter 20 Sect. l(v).

A loudspeaker, or output, transformer is an impedance changing device, with an
impedance ratio approximately equal to the square of the turns ratio (see Chapter 5).

The transformer by itself has no ‘‘impedance ” in this sense—it merely reflects across

the primary the load impedance placed across the secondary terminals, multiplied

by its impedance ratio. Example : A transformer has a turns ratio 10 : 1 from
primary to secondary. Its impedance ratio is therefore 100 : 1 primary to secondary.
If the secondary load is 8 ohms, the reflected “ primary impedance will be 800 ohms.
The only limitations on the wider use of the same transformer are the primary induct-
ance, which will reduce the low frequency response, the maximum d.c. plate current
and the maximum power output.

(ii) Optimum plate resistance
The power output of a loudspeaker is equal to the power input multiplied by the

efficiency. The power input to the primary of the loudspeaker transformer, under
the usual operating conditions, is equ^ to the square of the signal plate current multi-
plied by the reflected load resistance

—

Power input in watts = (1)

where /, — signal plate current in amperes, r.m.s.

and Ri^ == load resistance reflected on to the primary of the transformer.

The signal plate current is given by

7, - + Rj) (2)
where m == amplification faaor of power output valve

Eg sig]^ grid voltage, r.m.8.

and Tg = effective plate resistance of power output valve.

Consequently, at the bass resonant frequency where the resisunce may rise to

a high value, it is possible to have maximum plate circuit efficiency and yet to have

880
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less than the maximum electrical power output, because the signal plate current is

reduced by the high load resistance. This effect is most pronounced with low values

of plate resistance, and with triode valves or negative feedback the loudspeaker
acoustical output may actually fall at the bass resonant frequency. With pentodes
without feedback the reverse occurs, since a pentode approximates to a constant
current source, and there is a high pe'ik of output at the bass resonant frequency.

A similar effect occurs at the hi^er frequencies, the highest level of response
occurring with pentodes, an intermediate value with triodes having — 2r„ and
the lowest with constant voltage at all frequencies (a condition approached when a
high value of negative feedback is used).

For any one loudspeaker, there is a value of plate resistance which pro-
vides most nearly constant response at all frequencies.

Reference 5.

(ill) Procedure for matching loudspeakers to various t3rpe8 of
amplifiers

When the load resistance is constant, the only procedure necessary is to select a

transformer ratio so that the resistance refleaed into the primary is the correct load

for the amplifier. When the load is a loudspeaker, the procedure is outlined below.

Class A Triodes, either singly or in push-pull, may be treated very simply by
arranging for the loudspeaker impedance at 400 c/s to equal the correct load for the

amplifier. Thanks to the shape of the triode characteristics, the rise of impedance
at ^e bass resonant frequency decreases the distortion, and although the power output
from the valve is lower than at 400 c/s this is counterbalanced by the rise of loud-

speaker efficiency at this frequency. The rise of impedance above 400 c/s results

in a tendency towards a falling response, but loudspeakers specially designed for

use with triodes are capable of giving fairly uniform response up to their limiting

frequency. As a result, the designer of an amplifier with a triode output stage need
not consider the impedance versus frequency charaaeristics of the loudspeaker, but
only the response.

The ratio of the nominal load resistance to the output resistance of the ampli-

fier is not unimportant. If Rj /Ro is very high, the loudspeaker is being operated

with nearly constant voltage at all frequencies. If R^/Ro is around 2 or 3, the voltage

applied to the loudspeaker is slightly greater at frequencies where the loudspeaker

impedance rises—this is generally an advantage. also Chapter 13 Sect. 2(iv).

Pentodes without feedback are very critical with regard to load impedance
[Chapter 13 Sect, 3(viii)]. Steps which may be taken to minimize the serious dis-

tortion include :

(1) The choice of a loudspeaker with a smaller variation of impedance with fre-

quency, at least over the low frequency range [Chapter 20 Sect. l(v)].

(2) Shunting the load by a capacitance, or a capacitance in series with a resistance,

to reduce the impedance somewhat at high audio frequencies [Chapter 13 Sect. 3(viii)].

However, if the capacitance is sufficient to reduce the impedance to a more or less

horizontal curve, there will inevitably be anenuation of the higher frequencies.

(3) Shunting the load by an inductance, through the use of a fairly low inductance

of the transformer primary [Chapter 5 Sm. 3(iii)c ; Chapter 13 Sm, 3(vii), (viii)].

This only affects the low frequency peak, and is undesirable because of the resultant

distortion.

(4) The use of a vented baffle to reduce the low frequency impedance peak [Chapter
20 Sect. 3(iv)].

(5) The seleaion of a loudspeaker impedance at 400 c/s rather lower than the

nominal value, so that there is a variation on both sides of the nominal value instead

of only on the upper side [Chapter 13 Sea. 3(viii)].

(6) The seleaion of an output valve capable of giving considerably more—say

3 times—the desired power output, so as to reduce the distortion with an incorrea

load impedance.

(7) The use of negative voltage feedback (see below).
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Fortiinately> owing to the characteristics of music, the input voluge applied to the

grid of the power amplifier at high frequencies will normally be less than the maximum.
This somewhat reduces the distortion at high frequencies.

Pentodes with negative voltage feedback, when operated well below maximum
power output, are less affected by the loudspeaker impedance variations than pentodes
without feedback. If the feedback is large, the output voltage remains nearly con>

stant irrespective of the loudspeaker. There is an optimum value of amplifier output

resistance to give most nearly uniform response at all frequencies with any one loud-

speaker.

When operated at maximum power output with the small degree of feedback usual

in radio receivers, the load resistance is critical. Satisfactory operation with low
distortion can only be obtained by reducing the grid input voltage.

With a large amount of feedback, as for a cathode follower, the impedance at 400
c/s should be the nominal value for the valve. The increase of impedance at other

frequencies will not then cause distortion. Sec also Chapter 7 Sect. 5(iv).

SECTION 2 : MULTIPLE AND EXTENSION LOUDSPEAKERS
(i) Multiple loudspeakers—-general (it) Sound systems (iii) Extension loudspeakers

(iv) Operation of loudspeakers at long distances from amplifier.

(i) Multiple loudspeakers—general
Two or more loudspeakers may be connected to a single amplifier either to reinforce

the sound in a large space, or to give a pseudo-stereophonic effect. In all normal
cases the loudspeakers will each handle the whole frequency range and operate at

approximately the same level. The usual arrangement is to connect the loudspeakers

in parallel either on the primary or secondary side. In the former case an a-f choke

may be used in the plate circuit with capacitive coupling to the transformer primaries

(Fig. 21.1). If the correct load resistance is the nominal impedance of Ti and
r, should each be 2R If there are N loudspeakers in parallel, each should have a

nominal impedance of The value of Cj may be calculated as a coupling con-

denser [Chapter 12 Sect. 2(ii)] into a resistance R^. If R^ — 5000 ohms, Ci may be

IfiF for about I db loss at 60 c/s. The value of Li may be calculated as for an a-f

transformer [Chapter 5 Sect. 3(iii)c and Table 2 p. 213]. The total attenuation is

the sum of that due to Li, the coupling condenser Ci and the transformer T,. A suit-

able value for Li is normally from 10 to 30 henrys.

Fig. 21.1. Choke-capacitance coupling to two or more loudspeakers in parallel.

Pig. 21 .2. Transformer coupling to 500 ohm line, across which two or more loudspeakers

are connected in parallel.

Alternatively the parallel loudspeakers may be connected across a 500 ohm (or any

other convenient value) line from the secondary of transformer T, as in Fig. 21.2.

Here 7% will have a 500 ohm secondary and will reflect an impedance R; into the

primary. and Tt will have nominal impedances each 1000 ohms. If there are

N loudspeakers in parallel, each will have a nominal impedance of N x 500 ohms.
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The simplest arrangement is to connect the secondaries in parallel as for extension

loudspeakers (Fig. 21.5).

Loudspeakers may also be connected in series or in series-parallel, provided that

the units are identical, with identical impedances. If loudspeakers having different

impedances are conneaed in parallel, the power output from each will be inversely

proportional to its impedance

—

Loudspeaker No. 1. Impedance Ri Power output Pi
Loudspeaker No. 2 Impedance Power output P,

Conneaed in parallel with applied voltage E :

Pi ^ E^/Ri ; Pi = E^/Ri etc. for any number.
If it is desired to operate two loudspeakers with power outputs in the ratio A to \y

where A is greater than 1 :

PJPi = A ; Ri/Ri - A
The impedance of the two in parallel will be

R - RiRJ{Ri + R^).

Example : A monitor loudspeaker is to operate with an input power of 1 watt

and is to be conneaed aaoss a combined loudspeaker load of 30 watts with a total

(line) impedance of 500 ohms. The ratio of power is 30 : 1 so that the impedance
of the monitor loudspeaker (measured across the primary of its transformer) should

be 30 X 500 =^ 15 000 ohms. In this case the monitor will have negligible effect on
the combined impedance.

(ii) Sound systems
In medium and large installations it is convenient to design amplifiers for a constant

output voltage. The usual output voltage in U.S.A. is 70.7 volts but higher voltages

100, 141, 200 etc. are also used (R.M.A. SE-lOl-A, July 1949, SE- 106, July 1949).

Each amplifier normally has its own distribution line suitably loaded by loudspeakers.

Each loudspeaker may be arranged—by the use of transformer tappings—to take

from the line any desired power, while any loudspeaker may be moved from one
line to another without affeaing its output level. If the loudspeaker transformers

arc correaly matched to the voice coil impedance and the line voltage, the matching

of the whole distribution line to the amplifier will be correa when the line is loaded

to the full capabilities of the amplifier.

The American Standard (R.M.A. SE-106) specifies transformer secondary im-

pedances of 4, 8 or 16 ohms ; this does not apply to transformers which are furnished

only as part of a loudspeaker. The primaries are tapped to provide output power

levels of 1 watt and proceeding upwards and downwards in 3 db steps (i.e. 1, 2, 4

watts etc., 0.5, 0.25 etc.) when the standard input voltage is applied.

(iii) Extension loudspeakers
An extension loudspeaker is one which may be added to the existing loudspeaker

in a radio receiver, for which provision may or may not be made by the set manu-
facturer.

The most common provision for an extension loud-

speaker is shown in Fig. 21.3 in which the extension

loudspeaker (marked “ EXT **) is fed through a

blocking condenser connected to the plate of the

power valve. It is necessary for the user to arrange

for flexible leads to be taken from two terminals on
the chassis, aaoss the primary of the stepdown trans-

former, to the permagnetic extension speaker. If

Pig. 21.3. Common form of the extension speaker has the same refleaed load
extension loudspeaker. impedance as the transformer of the original speaker,

the power output will be shared equally between the two, but the impedance of the two

speaker primaries in parallel will be only half what it should be for maximum power

output. If no provision is made to provide correa matching, the arrangement will be

quite practical, except that the power output ofboth speakers together will be less than

with correa matching.
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An alteinative arrangtinent» which has much to commend it, is the use of an ex-
tension speaker with an impedance of about twice that of the speaker in the set. This
means that the extension speaker will operate at a lower sound level than the one in

the set, but the mis-matching will be less severe and the maximum volume obtain-

able from the set will not be seriously affected.

If negative feedback is used in the receiver, the effect of the connection of the

external speaker on the volume level of the loudspeaker in the set will not be very

noticeable at low or medium levels, although the same problem arises in regard to

the overload level.

Fig. 21 .4. Extension loudspeaker with provision for switching either loudspeaker alone.

Fig. 21.5. Extension loudspeaker connected to the voice coil circuit.

It is possible to modify the previous arrangement by means of switches which can

open-circuit the voice coil of the first speaker and at the same time close a switch in

the primary circuit of the second speaker. This is illustrated in Fig. 21.4 fix>m which
it will be seen that only one speaker will be operating at the one time and there is

therefore no problem with correct matching. With this arrangement, the extension

speaker should have the same impedance as the one in the set and the power input

to both speakers will then be equid. The two switches and could, of course,

be combined into a single wafer switch.

The previous arrangements have all adopted an extension from the primary of the

loud speaker transformer and therefore at a high impedance. There are advantages

to be gained in using the voice-coil circuit for the extension, as illustrated in Fig. 21 .5.

This avoids the necessity for a step-down transformer on the extension speaker and
for a blocking condenser. The set manufacturer may fit two terminals on the loud-

speaker housing, connected to the voice coil, as an alternative to Fig. 21 .3. To obtain

the same power from both speakers, it is necessary for the voice-coil impedances to be
equal. If it is reqtiired to have one speaker operating at a higher level of sound than

the other, the impedance of the second (lower output) speaker should be made higher

than that of the first speaker. In such a case it is possible to obtain correct matching
by calculating the impedance of both voice-coils ifi parallel and selecting a step-down
transformer to suit. Very few voice-<»ils have an impedance less than about 2 ohms,
so that it is possible to use quite ordinary wiring in the connections of the extension

speaker. If the second speaker is to be situated more than say 10 feet from the first

speaker, it may be desirable to use heavy wire, such as power flex (twin plastic is very

convenient). In some cases it may be desired to operate the extension speaker at a

rather lower level than the first speaker, in which case losses in the extension line may
be desirable.

A single-pole double-throw switch may be used to change over firom one to the

other voioe-ooil as shown in Fig. 21.6 (A). Here switch S is used to open-circuit

the first voice-coil and at the same time to close the circuit to the second voice-coil.

The further refinement of a series volume control R is shown in the extension speaker

circuit, so that the volume may be reduced below that .of the speaker in the receiver.

The resistance R should have a maximum value about 20 times that of the voice-coil

impedance, but even so this arrangement cannot be used to reduce the volume to zero.

In order to have a complete control over the volume from the extension loudspeaker,

the arrangement of (^ may be used in ^^diich R is a potentiometer with the moving
contact uken to the mt^ension speaker.
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The series resistor volume control shown in Fig. 21.6 (A) increases the effective

impedance of the extension loudspeaker circuit at low volumes, but this is not a
serious detriment since the volume will be low and the mis-matching of only minor
importance, particularly if negative feedback is used. The potentiometer method of
volume control in Fig. 21.6 (B) has to be a compromise, and is incapable of giving
satisfaaory matching imder a wide range of conditions. A reasonable compromise
for the resistance R would be about five times the impedance of the voice-coil, but
this will result in appreciable loss of power even at maximum volume. For perfect

matching, resistance R should be taken into account, but for many purposes the effect

Fig, 21.6. Extension loud-
speaker circuits incorporating

volume control of the extension

speaker.

may be neglected provided that R is not less than five times the voice-coil impedance.
At low levels this arrangement has a high impedance but here again the effect will

not be serious.

Another form of volume control is a tapped secondary winding, with the extension

speaker connected through a rotary switch to .a selected tap. Taps may be made
with each one 70% of the turns of the one above it, giving roughly 3 db steps, or

80% for 2 db steps. This method causes serious mis-matching, and is not advisable

unless there arc several main loudspeakers and only one “ extension ** with volume
control.

The best method of volume control is a L type level control (Fig. 21.11) which
provides constant input resistance and may be continuously variable (see Chapter 18).

All the preceding arrangements are limited to the use of either of two speakers or

have given a choice between one and both. The ideal arrangement is to permit
the use of one or other or both. This is particularly helpful when the extension

speaker is used in a different room and one may wish to operate the extension speaker

alone. Tuning-in may be done by switching over to both speakers, adjusting the

volume level to suit the extension speaker, and then switching over so that only the

extension is in operation. Then, if at any time the speaker in the receiver is required

to operate, this may be done simply by moving the switch without causing any inter-

ference to the extension speaker.

Fig. 21.7. Extension loudspeaker

circuit incorporating switching to

operate either or both speakers.

If it is desired to use a single secondary winding on the transformer it is possible

to arrange two speakers as shown in Fig. 21.7 so that cither or both may be operated.

With this arrangement the resistor R (which should have a resistance equal to the

voice-coil impedance of one of the speakers) has to be used to provide correct matching
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one speaker only is operating. Only half the full power output is available

when one speaker is operating alone ; the full power output i8> however> available

when both speakers are operating together (switch position 1). This has the result

that the switching in of the second speaker does not affect the volume level of the

first speaker, the resistor R really being a dummy load to take the power which
would otherwise be supplied to the second speaker. The two switches Si and 5,
may be made from a si^e wafer wave-change switch.

A preferred arrangement, which does not result in any power loss imder any cir-

cumstances, is the use of a tapped secondary winding on the transformer. The full

winding on the secondary is used for one or other loudspeaker, while the up is used

for both operating together ; this involves a more elaborate switching arrangement

but one which may be justified in certain circumstances

The use of an appreciable amount of negative voluge feedback results in nearly

constant voltage across the load under all conditions, and minimizes changes in

volume level with any form of switching.

When the loudspeaker is some distance from the transformer secondary, the power
loss in the connecting wiring should not exceed 15%.

Line length for 15% line power loss in low impedance lines :

Wire size Load Impedance (Ohms)

A.W.G. S.W.G. 2 ' 4 6 1 8 10 15

14 16 60 ft. 120 ft. 180 ft. 240 ft. 300 ft. 450 ft.

16 18 38 ft. 75 ft. 113 ft. 150 ft. 190 ft. 285 ft.

18 19 23 ft. 47 ft. 70 ft. 95 ft. 118 ft. 177 ft.

20 21 15 ft. 30 ft. 45 ft. 60 ft. 75 ft. 112 ft.

22 23 9 ft. 18 ft. 28 ft. 37 ft. 47 ft. 70 ft.

Reference 20.

(hr) Operation of loudspeakers at long distances from amplifier

When one or more loudspeakers arc to be operated at a considerable distance from

the amplifier, it is usual to have at the amplifier a transformer to step-down, for

example, to a 500 ohm ** line *’ which may be in the form of ordinary electric power
wiring for distances up to several thousand feet. At the far end there must be
another step-down transformer from 500 ohms to the correct impedance to match
the voice coil circuit impedance. In such a case the ** line ” does not itself impose
any appreciable load ; the loudspeaker impedance is reflected back through the trans-

former to load the line.

Line length for 15% line power loss in 500 ohm lines :

Wire size (A.W.G.) 19 21 23 25
Wire size (S.W.G.) 20 22 24 26
Length of line (feet) 4750 2880 1780 1500

Although 500 ohms is a popular value, any lower or higher value may be used pro-

vided that the resistance of the line is not too great, and that the capacitance acrou
the line does not seriously affect the high frequency response.

A very popular line impedance is 600 ohms.
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SECTION 3: LOUDSPEAKER DIVIDER NETWORKS
When two loudspeakers are used in a 2 way system, it is necessary to have a frequency

dividing network. The attenuation charaaeristic may have an ultimate slope of
6, 12 or 18 db per octave, but the most generally satisfactory compromise is 12 db
per octave. A slope of 6 db per octave is usually insufficient to prevent overloading
of the high frequency unit at frequencies below the cross-over frequency.
The theory of frequency dividing networks is covered in Chapter 4 Sect. 8(x).

The simplest possible arrangement is Fig. 4.53A for which the values of and C©
arc given on page 184 for known values of Ro and the cross-over frequency f^. In
order to obtain reasonably satisfactory performance, the high-frequency unit should be
a fairly substantial 5 in. or Larger loudspeaker, and the cross-over frequency should
preferably be between 800 and 1200 c/s. The high frequency response will obviously
be restricted. The low frequency unit should have reasonable response up to about
2000 c/s. One of the most popular arrangements for good fidelity is the series-

connected constant-resistance type of Fig. 4.53B giving an ultimate attenuation of
12 db. Both inductors and both capacitors have identical values. Here Li —
Rf^/(2\/2nff) and Ci — \/i\/2rrf J^q). For example, let the voice coil impedance
Ro he 10 ohms, and the cross-over frequency 800 c/s.

Then Li = 10/(2 x 1.41 x n x 800) — 1.41 millihenrys
and C, - 1/(1.41 x tt x 800 x 10) 28.2 /iF.

The parallel-connected constant resistance type is also used (Refs. 21, 24).

Air cored multilayer solenoids may be used for inductances up to 8 millihenrys.
Suitable sizes of formers are li in. dia., with axial length J in. for inductances from
0.5 to 2.0 mH and II in. for inductances from 2.0 to 8.0 mH. The winding wire
may be 17 A.W.G. (18 S.W.G.) double cotton enamelled copper. The outside dia-

meter will be less than 4 in. for the values quoted above.

FIG. 2).S

SI»CAKCtt

M. r,

S^CAKC*

Fig. 21.8. Filter type fre-
quency dividing network,

series connection.

The number of turns may be calculated from the formulae of Chapter 10 Sect.

2(iv)A or alternatively from* curves (Ref. 11 for 17 A.W.G. D.C.E.).

Iron cores introduce distortion, and are therefore undesirable. However if iron-

cored inductors are used, an air gap of 0.008 in. or 0.010 in. should be provided

(Ref. 6 p. 101). Ferrite cores present possibilities for this application.

In the filter type arrangement which is also popular, the two inductors and the

two capacitors have different values, and the nominal attenuation is 12 db per octave

(Fig. 21.8). Taking the design constant m = 0.6, we have

Lo - RJ(2rr/,) Co = l/(2rr/eRo)

Ln = Ro/(3.2nf,) Co - O.S/inf.Ro)

where L is in henrys and C is in farads (Refs. 6, 19).

In all cases the series connection is preferable to the parallel connection. Resistance

in the inductors has a slight effect on the attenuation at the cross-over frequency, while

it also introduces insertion loss (0.3 to 1 db). Care should be taken to keep the re-

sistance as low as practicable. The usual position is between a single power amplifier

valve (or two in push-pull or parallel) and the loudspeakers. The insertion loss is

therefore a loss of maximum output power. The divider network may be connected

either on the primary or secondary side of the output transformer, the latter being

mote usual— in this case the transformer must be suitable for the total frequency

range of both units.
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If the dividing network is placed on the primary side> each of the two output trans*

formers is only called upon to handle a limited frequency range^ and may be of cheaper

construction. One interesting application is Fig. 21.9 (Refs. 9, 16). For a plate-

to-plate load of 5000 ohms and a cross-over frequency of 400 c/s the component

values are

:

Lx — 2.0 henrys (scries aiding) ; inductance Tx primary = 50 henrys min.

;

L, == 1.0 henry (with air gap') ; T, primary inductance = 2.0 henrys (with air

g»P) > Cl = 0.16 mF • Ct = 0.04 /iF : leakage inductance of Tx not over 1

heni7 : leakage inductance of T% not over 0.05 henry.

FIG. H.9

Fig. 21.9. Alternative form
of divider network using two
stepdown transformers {Ref. 9).

It has been shown that the arrangement of Fig. 21.9 produces less distortion than

the conventional circuit : this is due to two features. Firstly, the low-pass filter

Lx, 2Cx attenuates high frequencies propagating in either direaion ; as a result

the harmonic components of magnetizing current in T

x

have less effect on the high-

pass channel. Secondly, the low-pass filter attenuates high frequencies on their way
to Tx so that the transformer is only called upon to handle a limited range of fre-

quencies, thereby reducing the distortion (Ref. 9).

In the case of separate amplifiers for low and high audio frequencies, the divider

network preferably precedes the amplifiers. This permits separate attenuators to

be used for each channel ; these may be used for balancing the two units, or for tone

control.

If the high frequency unit is more sensitive than the low frequency one, a simple

form of fixed attenuator may be incorporated (Fig. 21.10). Here

Ri -f R, = R, and Rj/R, == (Ri/R.) - 1

where R, == Rt Rt/(^i -H

For example, to give (Ri/Ri) = 2 (i.e. an attenuation of 6 db) :

snci Rt = R«.

Pig. 21.10. Complete circuit from valve

plate to loudspeakers, incorporating the

filter of Pig. 21.8 with an attenuator on
the h. f. speaker.

L.F.

If it is desired to use this as a variable attenuator to give tone control, it should pre-
ferably be of the constant input impedance type such as the L pad [Fig. 21.11, also

see Copter 18 Sect. 3(iii)]. If a simpler type must be used, it may be designed as

for Fig. 21.10 to give the oorxea input impedance at the nomial operating position,

but with a sliding contact. It will then ^ve an incorrect impedance at any other
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setting ; the effect is only slight if the sensitivity of this unit is very much greater than
the other, as happens with horn and direct-radiator assemblies.

If one loudspeaker unit has a lower impedance than the other, an auto-transformer
may be used to provide correct matching. This may not be necessary if an attenuator

is used on one unit.

FIG. 21.11

Fig. 21.11. L type level control providing
constant input resistance.

It is important to check for the phasir^g of the two loudspeakers ; in the vicinity of
the cross-over frequency both units should be in phase (aiding one another). This
may be checked by the use of ^ single dry cell connected in series with the secondary
of the transformer ; in the case of 2 ohm voice coils there may be a 5 ohm limiting
resistor connected in series with the cell.

References 1, 2, 6, 9, 11, 12, 16, 19, 21, 22, 24, 25, 26.

SECTION 4 . REFERENCES

1. Sowerby, J. McG. “ Radio Data Cham 10—loudspeaker dividing networks ” W.W. 49.8 (Aug.
1943) 238.

2. Sieder, E. N. ‘‘ Design of crossover networks for loudspeaker units ” Q.S.T. 28.12 (Dec. 1944) 35.
4.

“ Matching transformers for loudspeakers ” Philips Tec. Com. 78 (Nov.-Dee. 1940) and 79 Gan.-
Feb. 1941).

5. Stanley, A. W. ** The output stage—effect of matching on frequency response ** W.W. 52.8 (Aug.
1946) 256.

6. Terman, F. E, “ Radio Engineers' Handbook " (McGraw-Hill Book Company, New York and
London, First edition 1943) pp. 249-251.

7. Langford-Smith, F. '* The relationship between the power-outout stage and the loudspeaker "
A.W.A. Tec. Rev. 4.4 (Feb. 1940) 199. Originally published in Proceedings of World Radio Con-
vention, Sydney, April 1938 (Institution of Radio Engineers, Australia). See also Ref. 7a.

7a.^^igford-Sreuth^^R output stage and the loudspeaker " W.W. 44.6 (Ppb. 9, 1939) 133 ;

8. R.C.A. “ Application Note on receiver design—output transformer ” (variation of impedance with
current) No. 75 (May 28, 1937).

9. Klipsch, P. W. “ Low distortion cross-over network" Elect. 21.11 (Nov. 1948) 98.
10. Lanrford-Smith, F. “ The design of a high fidelity amplifier—(1) The power valve and the loud-

speaker,” Radiotronics 124 (March-April 1947) 25. (2) Negative feedback beam power amplifiers
and the loudspeaker,” Radiotronics 125 (May-Junc 1947) 53.

11. A^Proi^, C. G. ** Design and construction of practical dividing networks " Audio Eng. 31.5 (June

12. Schuler, E. R. ” Design of loudspeaker dividing networks " Elect. 21.2 (Feb. 1948) 124.
13. MeProud, C. G. ” Two-way speaker system ” Part 3 Audio Eng. 32.2 (Feb. 1948) 21.
14. An|Kvine, O. L. "Impedance matching” Audio Eng. 31.11 (Dec. 1947) 20.
15. Jomcer, J. L. H. " Pentode and tetrode output valves ” Philips Tec. Com. 75 (July 1940) 1.
16. Klipsch, P. W. " Woofer-tweeter crossover network” Elect. 18.11 (Nov. 1945) 144.
18. Amos, S. W. " Feedback and the loudspeaker" W.W. 50.12 (Dec. 1944) 354.
19. Hilliard, J. K. " Loudspeaker dividii^ networks " Elect. 14.1 (Jan. 1941) 26.
20. " Impedance matching and power distribution in loud speaker systems " Technical Monograph

No. 2, Jensen Radio Mfg.
21. Smith, B. H. " Constant-resistance dividing networks " Audio Eng. 35.8 (Aug. 1951) 18.
72. White, S. “ Design of crossover networks" FM-TV 12.1 (Jan. 1952) 42.

Additional references will be found in the Supplement commencing on page 1475.

fl.O.N.—it



CHAPTER 22

AERIALS AND TRANSMISSION LINES

By W. N. Christiansen, M.Sc.
Section Page

1. Introduction 890

2. The transmission line 890

3. Aerials and power transfer 892

4. Characteristics of aerials 893

5. Effects of the earth on the performance of an aerial ... 894

6. Effects of the ionosphere on the reception of radio signals ... 901

7. The impedance of an aerial 901

8. Dummy aerials 906

9. Types of aerial used for broadcast reception 907

10.

References 911

SECTION 1 : INTRODUCTION
Aerials and transmission lines differ from simple electrical networks in that their

inductance, capacitance and resistance are not lumped but are distributed over dis-

tances such that the time required for electrical energy to travel from one part to

another has to be uken into account. In a single chapter it is, of course, impossible

to anempt to give a theoretical treatment of these devices. What will be done will

be to present some useful formulae, a few physical pictures of the processes which
occur and some results of practical experience with aerials and transmission lines.

SECTION 2 : THE TRANSMISSION LINE

(i) Introduction (iV) The correct termination for a transmission line (Hi) Impedance-
transforming action of a transmission line,

(i) Introduction
A transmission line consists of an arrangement of electrical conductors by means

of which electromagnetic energy is conveyed, over distances comparable with the

wavelength of the electromagnetic waves, from one place to another. The theory

of transmission lines provides a link between circuit theory and the held theory of

electromagnetic waves inasmuch as the propenies of such lines may be determined
either from the picture of a transmission line as a filter network with an infinite number
of elements, or from the picture of electromagnetic waves guided between (usually)

a pair of conducting surfaces.

Some of the properties of transmission lines will now be given.

(ii) The ^correef* termination for a transmission line
A tmiform transmission line has what is called a characteristic impedance This

is the impedance that would be measured at the end of such a line if it were infinitely

890
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long. The importance of this characteristic impedance lies in the fact that if any
length of line is terminated in an impedance of this value, then all the energy flowing
along the line is absorbed at the termination and none is reflected back along the line.

A result ofthis is that the input impedance of any length of transmission line terminated
in its characteristic impedance is equal to the characteristic impedance. At radio
frequencies, the characteristic impedimce of all normally-used types of transmission
line is almost purely resistive.

The value of the characteristic impedance for a low-loss line is

z, = Vl/c ( 1 )

where L and C are the distributed inductance and capacitance per unit length of the
line. The velocity of propagation of electromagnetic waves along such a line is

V = 1/v/IC (2)
With air as the dielectric, t; = 3 x 10® metres per second, which is the velocity of

light*. For other dielectrics

v — 3 X 10®/ metres per second (3)
where K = dielectric constant.

In cables with polythene dielectric, for example, K — 2.2 and v is therefore 0.67
of the velocity of light. This means that th6 wavelength of the waves in the cable
is only 67% of the wavelength in air.

For a low-loss transmission-line the characteristic impedance may be found if C
and L arc determined. Actually it is not necessary to determine both—one is suffici-

ent.

If we combine (1) and (2) we obtain

Z© = \/vC x)L.

For a transmission line consisting of a pair of parallel conductors

7 276 d
Zt = -7=. logi* - ohms

y/K r

^4)

(5)

where d is the distance between the centres of the conductors and r is the radius of
each conductor.

For a co-axial line

138

Vic (6)

where ri is the inside radius of the outer conductor and is the outside radius of the
inner conductor.

(Ui) Impedance-transfonniiig action of a transmission line
If the line is terminated in an impedance Z^ which is not equal to the characteristic

impedance Zq of the line (or, in other words, ffie load is not matched to the line), then
the energy is not completely absorbed at the termination, but some is reflected back
along the line. As a result of this, standing waves are formed on the line, and the
value of the input impedance to the line depends on the length of the line. The ratio

of the voltage (or current) in the backward wave to that in the forward wave is called

the reflection coefficient and has a value

r Z, ~ Zo
* ° z, + z.

The standing-wave ratio in the line is the ratio of the maximum to the minimum
voltage (or current) that appears at points along the line. (The distance between
a maximum and an adjacent minimum is one quarter wavelength).

The standing-wave ratio has a value

—

If Zi is resistive and has a value then (8) becomes

P ** o** Z^/R[^

depending on whether Ri is greater or less than Zq.

•A mofc predM vmiue b 2.9979 x 10* m^/tec.—we Chapter 9 Sect. IKUi) and Ref. BL

(9)
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For a transmission-line having no dissipation, the input impedance is given by

Zi = Zo
cos p/ -f y Zq sin pi

(10)Z# cos pi 4- yZ^ sin pi

where p = 2ir/A, A being the wavelenj^ of the waves in the^ transmission line and /

the length of the transmission line.

If / is equal to any integral number of half waves, then
cos pi = cos nn — ± I

sin — 0
andZ, -Z^, (11)

i.e. the input impedance is equal to the load impedance irrespective of the value of Zo.

On the other hand, if the line has a length equ^ to an odd integral number of quarter-
waves, then

Z, - ZoVZ^ (12)

This relation is interesting, because it shows the basis of the quarter-wave trans-

former, which is used extensively. The section of line will match a generator to a

load if Zo is chosen to be equal to the square-root of the product of the generator and
load impedances.

SECTION 3 : AERIALS AND POWER TRANSFER
(i) Introduction (it) Potver transfer,

(1) Introducdon
The function of a receiving aerial is to collect electromagnetic energy which is pass-

ing through the space surrounding the aerial, and to pass this energy into a radio re-

ceiver.

(ii) Power transfer
We consider first the simplest case of energy transfer between a transmitter and a

receiver, where two straight dipole aerials are placed a large number of wave-
lengths apart and are far removed from any reflecting surface, such as the earth.

Suppose that one aerial is energized by a transmitter, and that the other is connected
to a receiver. If the power of the transmitter remains fixed, then we find that the

power appearing at the receiver is dependent on a number of factors

—

(a) The received power is greatest when the aerials are parallel to each other (for

short aerials, the maximum occurs when the axis of each aerial is perpendicular to

the line joining the centres of the two aerials ; for aerials longer than one half-wave

length, ^8 is not necessarily so).

(b) The received power is inversely proportional to the square of the number of

wave-lengths between transmitting and receiving aerials.

(c) For aerials less than one half-wave in length, the power received is independent
of the length of either aerial, provided the aerials can be matched without Iom to

the transmitter or receiver. In practice, however, aerials very short compared with

‘a wave-length are characterised by high ohmic losses.

Paragraphs (b) and (c) may be summarized quantitatively as follows.

If Pj- is the power emitted from a dipole aerial (less than half-wave in length) and
is the power available for transfer from the receiving aerial to a receiver, and n is

the number of wavelengths between transmitting and receiving aerials, then

Although this formula applies only when the aerials are situated in free space (or,

as is shown later, when the transmitting and receiving aerials are of the short vertical

type, situated close to a flat perfectly conducting earth), the formula is useful in illus-

trating a very important fact, which is, that In the transfer of power between two
aerials, the number ofwave-lengt!^ rather than the distance, is the signifle-

ant parameter. As an illustration of this' we may compare the energy available
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at a receiver when the frequency of the emitted wave is (a) 600 Kc/s and (b) 150 Mc/s.
We assume that the energy radiated in each case is 1000 watts and the distance be-
tween transmitter and receiver is 20 kilometres.

On applying the formula (13) we find that in the medium-frequency case, the power
available at the receiver is 8.8 milliwatts, while in the v-h-f case the power available

is only 0.142 microwatts.

This means that if both signals arc to be amplified to produce, say 1 watt at the de-
tector then the amplification required in the first case is approximately 20 decibels

while in the second, it is nearly 70 decibels.

These figures partly explain why a crystal receiver is very effective for long-wave
reception, whereas a receiver required for v-h-f work usually has a large number of
stages of amplification.

SECTION 4 : CHARACTERISTICS OF AERIALS

(i) Effective area of a receiving aerial (iV) The potoer gain of an aerial (mi) The
beam-tvidth of an aeriaL

(i) Effective area of a receiving aerial
llie radio-frequency power passing through a unit area placed at right angles to the

direction from a short dipole transmitting aerial does not (in free space) depend on
the frequency. Its value is given by

3P^
Snl*

watts per square metre (14)

if the distance d from the transmiuing aerial is given in metres, and Pj. is in watts.

Why is the power available at the receiver dependent on the frequency ? The reason

is that the effective area for capture of energy by the receiving aerial depends on the

frequency.

The power available at the receiver is

= <PA (15)

where A is defined as the “ effective area of the receiving aerial.

If we substitute values of Pff and 0 from (13) and (14) we find that the effective

area for a short dipole is 0.1 19 A*. In the example given above, A is approximately

30 000 square metres in one case and is less than 0.5 square metre in the other. The
reason for the enormous difference in the energy available at the receiver in the two
cases is now clear.

In the following table, the effective areas of various types of aerial are given :

TABLE 1

Type
1

Effective Area

Short dipole 3A*/87r or approx. 0.1 19 A*

Half-wave dipole 0.130A«

Half-wave dipole with reflector 0.25 A* to 0.50 A* ^depending on spacing)

Broadside array with reflectors Physical area, approximately

Broadside array, without reflectors Physical area/2, approximately

Short vertical aerial near earth 3AV167r

It will be seen from the table that the effective area for capture of electromagnetic

energy by a short dipole is approximately equal to an area bounded by a circle which is

at a radial distance of X/l.6n from ^he dipole. The physical significance of this is

that such a circle very roughly forms the boundary between the region in which the

local induction field of the aerial predominates and the region in which the radiation
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field is the major component. Hence we can picture the aerial as capturing the energy

which falls within the region in which the induction field of the aerial is of significant

magnitude.

A broadside array of dipoles with a refiecting curtain can absorb all the energy that

falls on it. Without the r^ectors, it absorbs only half the incident energy and radiates

one quarter back towards the transmitter and one quarter in the opposite direction.

A similar effect occurs with a dipole. If it absorbed all the energy available to it

and reradiated none> then its effective area would be double the value given in Table 1.

A reflector is required to achieve this.

(ii) The power-gain of an aerial
Ihe power-gain of a receiving aerial is the ratio of the power appearing at the input

terminals of a receiver which is attached to the aerial to the power that would appear

at the receiver if the aerial were replaced by a simple type of aerial (usually a half-wave

dipole).

The power galny G, ofan aerial^ therefore, must be equal to the ratio of the effective

area A of the aerial to that of the comparison aerial.

With the half-wave dipole as the comparison aerial, we have
G - y4/0.130A* (16)

As an example we niay consider the case of an array ofN half-wave elements spaced

one half-wave length and arranged in the form of a rectangular curtain. Then from
Table 1 we find

A ^ Physical arca/2 (N/2)(A/2XA/2) = NAV8 (17)

Therefore G ^ ArAV1.04A* N (18)

i,e. the power-gain of a broadside array of half-wave elements is approximately equal

to the number of elements in the array.

(iii) The beam-width of an aerial
For a directional aerial having one major lobe in its directivity pattern there is a

rough but useful rule to determine the angular width of this lobe. If the aerial has a

breadth of n wave-lengths in any particular direction and the beam-width $ of the main
lobe is measured in the same plane, then

6 60ln degrees (19)

SECTIONS : EFFECTS OF THE EARTH ON THE PERFORMANCE
OF AN AERIAL

(i) Introduction (it) A perfectly-conducting earth {Hi) An imperfectly-conducting

earth {iv) The attenuation of radio waves in the presence of an imperfectly-reflecting

earth,

(i) Introduction
In the previous section the effect of reflecting surfaces has been disregarded. In

practice, these effects must be taken into account, except in rare cases. The two
** surfaces *’ to be considered are the earth and the ionosphere. We deal here with
the effect of the earth.

(ii) A perfectly-conducting earth
The effect of the earth on the propagation of radio-waves is complicated and no

attempt will be made here to treat it at all fully. As a first approximation one can
consider the earth as a perfectly conducting flat surface. This enables one to use a

device which simplifies the treatment considerably. One imagines an image of the

aerial in the reflecting surface, and then the problem may be treated as one in which
the aerial and its image are situated in free space. (T^ sign of the instantaneous

potentials in the image are reversed from thoU in the aerial).
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In Fig. 22.1 are shown the effects of the earth on the field pattern of a short vertical

aerial and of a short horizontal dipole. It will be seen that the earth has no effect on
the field pattern of the vertical aerial apart from removing the lower half of the pattern.

With the horizontal aerial, however, there is complete cancellation of the waves in

the horizontal plane and the resultant effect is zero.

The conclusion may be drawn from the diagram that where waves are arriving at

the aerial in directions parallel to the plane of the earth, then one would expect a

vertical aerial to be very effective while a horizontal aerial would be ineffective. (This
applies to a transmitting as well as to a receiving aerial). It will be seen later that this

conclusion does not fit the facts, in all cases, because the earth is not a perfect con-

ductor. At medium and low radio-frequencies, however, it is in agreement with the

facts—horizontal aerials are of no use in communicating between two points both close

to the earth.

When waves are arriving at the aerial in directions inclined to the horizontal (as,

for example, in the case of short-wave communication via the ionosphere) then either

horizontd or vertical aerials may be used. If the distance between transmitter and
receiver is not great, however, then the waves will be arriving at nearly vertical in-

cidence and the horizontal aerial will be superior, provided that it is placed at a suitable

height above the earth. The height at which the aerial should be placed above the

earth depends on the angle of elevation of the waves which arc to be received. The
height is different for horizontal and vertical aerials.

In Fig. 22.1, for an angle of elevation dy the distance d between the path lengths of

waves to the aerial and to its image should be equal to an even number of half-waves

in the case of a vertical aerial, and an odd number of half-waves in the case of a hori-

zontal aerial. Simple trigonometry shows that this corresponds to a height h given by
h = nA/(4 sin B) (20)

where ti is an even integer for a vertical aerial and an odd integer for a horizontal aerial.

Pig. 22.1. Effects of the earth on the field pattern of a short vertical aerial (A) and

of a short horizontal dipole (B). Both (A) and (B) are cross-section^ viewSy and in (B)

the sign -j- indicates direction of current into the paper while the sign — indicates the

opposite direction. Polar diagrams of a short vertical aerial and a short horizontal

dipoley both close to earthy are shown in (C) and (D) respectively.
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(Ui) An imperfectly-conducting earth
llie piopagatioii of radio-waves close to the surface of a finitely conducting earth

has been studied theoretically for many years. Zenneck first produced a solution

to the problem>and later Sommerfeld gave a more accurate analysis. Unfortunately,

the incorrectness of Zenneck’s analysis combined with a small error in Sommerfeld*s,

created some confusion that has persisted until the present day. As a result of the

errors, it appeared that a special type of wave was propagated in the vicinity of the

groimd-plane. This wave was called a ** surfsce-wave.** It is known now, that this

Zenneck surface-wave ** does not exist, but the name still appears in the literature

on wave propagation. It is applied to the waves that travel between transmitting and
receiving aerials when both are close (in terms of a wavelength) to the surface of the

earth, as for example, in medium-wave broadcasting. When the aerials are raised

several wave-lengths above earth, then the waves travelling between them are called
** space-waves.” These terms are artificial, but they serve some purpose in that they

indicate that the conditions ofpropagation between two aerials placed dose to the earth,

are markedly different from diose between two aerials elevated several wave-lengths

above the earth’s surface (as in v-h-f broadcasting).

In the conditions of propagation to which the term “ surface-wave ” is applied,

vertical aerials are superior to horizontal aerials. Thus vertical aerials are alwa3r8

used in medium-frequency broadcasting. (The horizontal portion of a medium-
frequency receiving or transmitting aerial plays no useful part, except to increase the

effidency of coupling to the receiver or transmitter).

When the aerials are raised several wave-lengths above the earth, as is usually the

case in v-h-f communication, then horizontal and vertical aerials have roughly equal

effectiveness.

When waves are not arriving at the aerial in a horizontal direction, then the differ-

ence between an imperfectly conducting earth and a perfectly conducting one is not

so marked. Hence for short-wave communication one can treat the earth as a perfect

conduaor without introducing serious error in the calcxilations.

(iv) The attenuation ofradio-waves in the presence ofan imperfectly-
reflecting earth

At short distances from a transmitting aerial the resistivity of the earth does not
have a major effect on the energy reaching the vicinity of the receiving aerial. The
prindpal effect of the earth is that the energy flowing through unit area placed at right

angles to the line of propagation is doubled. The reason for this is that the trans-

mitting aerial is now emitting its energy into a hemisphere instead of into a full sphere

as was the case in free-space propagation.

Instead of the relation (14) we have now
0 - 3Pj./4nd* (21 )

where the symbols have the same meaning as in formula (14).

For a similar reason the effective area for capture of radiation by the receiving aerial

is half that of the free-space case. For a short vertical aerial the effective area is

A = 3AV167r. (22)

The effects at the transmitting and receiving aerials, however, are such that the

power anenuaticm between the two is the same as in the free-space case, so (13) is

still applicable.

As the distance between the two aerials is increased, it is found that the attenuation

actually found between transmitter and receiver becomes increasingly larger than that

given by (13). This is the result of both the finite conductivity and of the curvature
of the earth.

For the range of frequendes used in medium-wave broadcasting, and for earth

of average conduaivity (a == 7 x 10“** ejn.u.), values of the power-flux per unit

area at the receiver are shown in Fig. 22.2.

Such curves are frequently given in terms of the strength c of the electric field of
the wave. To convert this into power-flux per unit area, one may use the relation

e *= V3770 volts per metre (23)
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Fig, 22.2. Attenuation at medium frequencies of the radiation from a transmitter

(1 KW radiated^ short aeriali average earth conductivity, a = 7 x \0~^* e.m.u., c = 15).

where ^ is expressed in watts /metre*.

Sometimes it is required to know the strength H of the magnetic field of the wave.
This is related to the electric field by the expression

H = {€(377) ampere-turn/metre* (24)

As a matter of interest, it may be noted that c and H are analogous to voltage and
current in electrical circuit theory. On this analogy the number 377 appears to denote

a resistance, and is called the intrinsic resistance of free space.t

At very-high-frequendes, the attenuation of waves between two aerials close to

the ground is rapid. This corresponds to the case of the so-called “ surface waves **

referred to in the previous section. Fortunately it is not difficult, at these frequencies,

to raise the transmitting and receiving aerials several wave lengths above ground and
achieve the conditions for “ space-wave propagation, where the attenuation is very

much less.

For such conditions, a rough but useful formula for the attenuation is given by

P^/Pr == (1.5 hjJi^/n*)^ (25)

where Ay. and are the heights (in wavelengths) above earth of the trans-

mitting and receiving aerials, and the other symbols are the same as in (13).

More accurate values may be found by using Figs. 22.3, 22.4 and 22.5.

*The ampere-turn/metre is the unit of magnetic field strength in the Rationalized Meter Kilogram
Second (M.K.S.) system of uniu.

1 ampere-turn/metre — 4 x lO-* e.m.u. (oersted).

fNote: f/H in e.m.u. - c; c/H in e.s.u. “ 1/c. ....
€ expretted in e.s.u. H expressed in e.m.u. Refer to Chapter 38 Sect. l(ii) on electrical and
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Fig, 22.3, Effect of raising the receixnng aerial above the earth (1 KW at 45 Mc/s

radiated over earth with conductivity a — 10"** e.m.u. and transmitting aerial 50 feet

above the earth). The same curves also apply when the transmitting and receiving

aerials are transposed.

Fig, 22.3 shows the effect of raising the aerial above the earth* for a frequency of

45 Mc/s, and indicates that unless the aerials are close to the earth, horizonul and

vertical polarizations have practically equal effectiveness.

Fig. 22.4 and 22.5 for frequencies of 75 and 150 Mc/s were derived by T. L. Eckers-

Icy for vertically polarized waves, but may be used also for horizontally polarized

•waves with little error when the aerials are at heights above earth correspondmg to

normal practice.

*An infinitely thoit dipole hM been ettumed.
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Fig. 22.4 (A) Attenuation at 75 Mc/s of the radiationfrom a transmitter (1 KW radiated

over earth with a == 10“^* e.m.u., e = 5, toith receiving aerial at zero height) ; (B)
Multiplying factor for height of receiving aerial above earth.
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SECTION 6 : THE EFFECT OF THE IONOSPHERE ON THE
RECEPTION OF RADIO SIGNALS

Radio propagation over long distances on the earth is possible because of the pre-

sence of layers of ionized gas in the higher atmosphere of the earth. Signals reflected

from the ionosphere are used exclusively in short-wave reception.

The principd reflecting layers in the ionosphere are the E and layers^ situated

at roughly 60 xniles and 200 miles, respectively, above the surface of the earth. The
E layer is a poorly reflecting surface and hence short-wave communication almost
exclusively takes place via the F* layer. In designing a receiving aerial for short-

wave communication, one must calculate the angle of elevation at which signals wrill

arrive at the aerial, and then use the relation (20) to determine the height at which the

aerial should be placed above earth. This calculation involves a knowledge of the

height of the ionospheric layer, the distance between transmitting and receiving aerials,

and the curvature of the earth.

The Australian reader is' referred to the “ Radio Propagation Handbook ” and the
“ Monthly Ionospheric Predictions ’* produced by the Ionospheric Prcdicticm Service

of the Commonwealth Observatory, for information on communication by way of the

ionosphere. In America the equivalent publications are the N.B.S. CirciiUu: 465
“ Instructions for the use of basic radio propagation prediction ’* and CRPL-D pub-
lieation “ Basic radio propagation predictions ** obtainable from the Central Radio
Propagation Laboratory, National Bureau of Standards, Washington, D.C. The
English reference is Bulletin A, published by Radio Research Station, National

Physical Laboratory.

Sec also Chapter 8 References 5, 7 and 10.

In medium-wave broadcasting the ionosphere does not reflect any appreciable

amount of energy dining daylight hours. At night, however, waves arc reflected

back to the earth from what remains of the E layer (unlike the F layer, the E layer

praaically disappears at night) and these waves provide a secondary, or fading, service

during the night hours over distances of hundreds of miles. Unfortunately, these

reflected waves reach the earth also at relatively short distances (50 to 100 miles) from
the transmitter and combine with the ground waves to produce a very objectionable

type of fading. Hence the primary or non-fading service area of a medium-wave
broadcasting station may be less at night than during the day. Aerials that favour

signals which arrive horizontally and discriminate against those that arrive from high

angles will diminish this undesirable effect. This normally cannot be done very

effectively because the height required for the aerial is neither possible nor economical

in a receiving installation. The best that can be done is to avoid types of aerials

that accentuate this effect. Where night-time fading of signals is encountered,

straight vertical aerials should be used. Loop aerials and inverted-L aerials with

long horizontal seaions should be avoided, and care should be taken that r-f coupling

between the power mains and the receiver is kept to a minimum.

SECTION 7 : THE IMPEDANCE OF AN AERIAL

(i) Introduction (it) Resistive component of impedance (Hi) Reactive component

of impedance (iv) Characteristic impedance of aerial (v) Examples of calculations

(vi) Dipoles (vii) Loop aerials,

(i) Introducdon
In the previous sections, the energy ideally available at the receiver terminals has

been calculated. This energy is available, however, only if the receiver is matched
to the aerial, and if there are no resistive losses associated with the aerial or aerial-

earth system.

If the input circuit of a receiver is to be designed to extract the maximum energy
from the radio-waves that are passing the aerial, then a knowledge of the component
parts of the impedance of the aerial is requir^.
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(ii) Resistive component of impedance
The first part of the aerial impedance to be considered is the resistive part coo*

cemed with the coupling between the aerial and the space around it. This is called

the Radiation Reaiatance of the aerial and is the resistance that would be measured

at the point of mairimuiTi current in a tuned aerial^ in the absence of resistive losses.

If a load resistance of this value

is placed in the aerial at the point

considered^ then the aerial would
extract from a passing wave an
amount of power equal to the

available power ** cdculated in

the previous sections.

The calculation of the radia-

tion resistance of an aerial is not

easy, and in most cases the calcu-

lations provide only approximate
answers. The reader is referred

to standard texts for these ap- «

proximate methods of calcula- |
tion.

I

If the impedance is measured S
at the base of an ideal vertical |
aerial, then the resistive oompon- 2

ent is called the Baae Radiation "

Retiataiice. Values of this j
for the types of aerial com- J
monly us^ in medium-fre- J
quency reception are given in

*

Fig. 22.6.
I

If the r-f resistance at the base

of an aerial is measured, it wiU
be found to be greater, in general,

than the calculated radiation re-

sistance. The difference repre-

sents the loss resistance associ-

ated with the aerial-earth system.
For a short aerial with small radi-

ation resistance, the loss resist-

ance may be many times greater

than the radiation resistance.

With such an aerial one can ex-
traa only a fraction of the power
i^y available at the TCnninals pig, 22.6. Base radiation resistance
of the aerial. inverted L aenal

of an

If we wish to calculate the power that may be extracted from the aerial in the pre-
sence of resistive losses we proceed as follows.

The power ideally available at the aerial may be calculated and we can use in-
for^tion such as that given in Fig. 22.6 to find the radiation resistance R/? of the
aerial. By measuring the base resistance and subtracting from this we are left

with R^^, the equivalent series loss resistance of the aerial-earth system. The equiva-
lent dremt is shown in Fig. 22.7. It may be noted that we have not yet calculated #,

the equivalent ejn.f. induced in the aerial by the radio-wave. This can be done
easily however, because we know the resistance Rjf and the power that would be
generated in a load resistance of this value if R^ were absent. Across such a load we
would have a voltage of €/2«
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Hence e = (25A)

When not negligible, then the load resistance R must
be increased to Rj^ + maximum power transfer.

In this case, the power in the load is

P' =
(2)7

(R« + Pd (26)

Hence the ratio of power actually extracted from the

aerial to that ideally available (or the radiation efficiency

of the aerial) is given by

(27)

To take a simple example, suppose that we have a vertical

aerial of 1/16 wavelength, and an earth resistance of 20
ohms and that we wish to calculate the radiation efficiency of the aerial.

From Fig. 22.6 we find == 1.6 ohms, and we arc given R^ =20 ohms. Then
P'/P — 0.08, which is the radiation efficiency of the aerial.

(lii) Reactive component of impedance
So far, only the resistive component of ffie base impedance of the aerial has been

mentioned and we have assumed that the reactive part has been tuned out. It is

most desirable that we should be able to calculate this reactive component, at least

roughly, from the aspects of both the design of the input circuit of the receiver and
the estimation of losses introduced by the timing reactances.

A simple way to make an approximate calculation of the reactance of an aerial,

is to treat it as a seaion of transmission line. We can simplify this treatment still

further by neglecting the resistive component of the aerial impedance and by assuming
that the transmission line has no loss. (This treatment breaks down when the base

of the aerial is close to the point of minimum current of an aerial, but this case is very
seldom met in an aerial designed for reception). Hence we can use the simple trans-

mission line formula (10),

If the aerial is a straight wire, then this may be taken as an open circuited length

of line. The terminating impedance is then infinite and (10) becomes
Z, = X, = - yZo cot (28)

This formula can be applied also to an inverted L aerial, by neglecting the bend in

the aerial and by uking I as the total length of wire in the aerial. If the aerial has a

more elaborate type of capacitance top, then one can proceed as follows. Imagine
the capacitance top broken at the point at which it joins the downlead of the aerial.

Use (28) to calculate Z^ for each section of the capacitance top, then combine in parallel

the values of Z<. The resultant is then the terminating impedance Z^ of the aerial

downlead. The impedance of this is then obtained from (10).

(iv) Characteristic impedance of aerial
As yet, we have given no indication of the value of characteristic impedance Z* to

be assigned to the aerial. Various approximate formulae are available for this, but

that of Steinmetz is possibly the best. This is

Zo - 138 log,o (A/d) - 104 ohms (29)

where A is the wave-length
and d is the diameter of the aerial conductor (or cage) measured in the same units

as A.

(v) Example of calculations
The following worked example uses much of the work covered so far in this chapter.

Example
A receiving aerial of the inverted-L type has a horizontal top section of 50 ft. length

and a 30 ft. vertical downlead. The aerial conductor is composed of 7/.029 in, copper

wire, (a) What is the input impedance of the aerial at a frequency of 1000 Kc/s,.

if the equivalent scries earth resistance is 20 ohms ? (b) What voltage will appear

at the input terminals of a receiver, matched to the aerial, if the receiving aerial is at

FIG. 22.7

Fig. 22.7. Equiva-
lent circuit of aerial-

earth system.
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a distance of 20 miles from a transmitter ? The transmitter has a short aerial (less

than quarter-wave) and radiates 500 watts. The ground between transmitting and
receiving aerials has a conductivity of 7 x lO”** ejn.u.

(a) Calculation of input impedance
The length of conductor is 80 feet or 24.4 metres, therefore // A =- 24 4/300 = 0.0813.

From (28), X* = — jZo cot InltX,

We obtain Zq from (29) :

Zi = 138 :ogio 1.36 X 10» - 104 = 603 ohms
and 2tr//A == 293^

Therefore Xt — — j 603 cot 29.3® - — j 1070 ohms.
Next, to obtain Rj^ we use Fig. 22.6. For this aerial the ratio of the horizontal

portion of the aerial to the total length is 0.625. By interpolation between plotted

values we find that Rj^ is approximately 1 .0 ohm. The series loss resistance is given

as 20 ohms, hence the total resistance at the base is 21 ohms.
The base impedance of the aerial is then

Z< = 21 — j 1070 ohms.
(b) Calculation of voltage at receiver terminals
From Fig. 22.2 we sec that at the given frequency and distance the power flux per

unit area 0 is 2.0 x 10~* watts/m* for a radiated power of 1 KW. Hence ^ is

1.0 X 10~* for 500 watts radiated. The effective area of the aerial is given in Table 1

as 3X*/I6n, Hence the power ideally available is

Pjf = 1.0 X 10-* X 3 X 300V16tr
~ 0.535 X 10“* watts.

From (25A) we find that the ejn.f. induced in the aerial (referred to the base radia-

tion resistance) is « = = 1.46 x 10“* volts or 14.6 millivolts.

Fig. 22.8. Equivalent rcuit of
aerial and input circuit of the

receiver.

The voltage appearing at the aerial terminals will be greater than the induced e.m.f.

because of the highly reaaive impedance of the aerial. The equivalent circuit of

the aerial and input circuit of the receiver are shown in Fig. 22.8. We see that the

aerial current is

I = 1.46 X 10“*/42 and the voltage at the receiver terminals is approximately

V = i 1070 = 0.373 volt.

(vi) Dipoles
The second type of aerial, the impedance of which we may wish to calculate is the

dipole aerial. Dipole aerials well removed from the earth may be treated in a manner
similar to that of a vertical aerial, because, at least approximately, a vertical aerial

with its image forms a dipole aerial. With the vertical aerial we measure the imped-
ance with respect to the neutral point (earth) of the equivalent dipole, so the impedance
is only half that of the equivalent dipole. Hence in calculating the impedance of a

dipole we can tise the results obtained previously, but multiplied by a faaor of two.

Because a dipole aerial (remote from the earth) has no earth loss, it is in general more
efficient than the equivalent vertical aerial with earth return.

The most commonly used variety of dipole aerial is the resonant, or half-wave

variety. When remote from earth it has twice the impedance of a quaner-wave
aerial, i.e. its impedance is resistive and has a magnitude of 73 ohms. When in the

vicinity of the earth, the impedance depends on the height above earth. The variation

is shorn in Fig. 22.9.

Reflectors are sometimes used with half-wave aerials at very high firequendes.
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In Fig. 22.10 is shown the effect, on the radiation resistance of a half-wave dipole,

of the spacing between aerial and reflector, when the latter is tuned to provide maxi-
mum forward radiation. (For further information on the effeas of reflectors the

reader is referred to Ref. 14).

(vii) Loop aerials

Another common type of aerial used in broadcast reception is the loop aerial. With
such aerials, the radiation resistance at medium frequencies is normally negligible

compared with the loss resistance of the conductors. The aerial may be treated as a

lumped inductance, the electrical constants of which can be calculated from well

known formulae.
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Fig, 22.9. Radiation resistance of horizontal half-wave dipole aerial plotted agaimt
height of aerial above the earth.
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Fig. 22.10. Radiation resistance of half-wave dipole aerial plotted against spacing

between aerial and reflector {tuned to provide maximum forward radiation).

SECTION 8 : DUMMY AERIALS

When a signal generator is used in adjusting a receiver and in measuring its per-

formance, it is necessary that the generator should present an impedance at the input

terminals of the receiver which is equal to that of the aerial. At a single frequency

this presents no difficulty ; one may calculate the aerial impedance in the manner

shown in the previous scaion and then add appropriate amounts of resistance and

reactance in series with the generator impedance to produce an impedance equal

to that of the aerial.

When the receiver is required to be used over a range of frequencies, the production

of a dummy aerial that will simulate the aerial is not quite so easy. If the aerial is

very shon and has a radiation resistance less than the aerial-earth loss resistance, then

we can assume the latter to remain constant in value. We have to produce, therefore,

a reactance which changes in the same way as that of the aerial. With a very short

aerial, the term cot pi in (28) is approximately equal to \/pl and we have

- JZo/Pl (30)

which may be reduced to

X, = (31)
- J

2nfC
where C is the total capacitance of the aerial.

Hence, for such an aerial, the dummy consists of a fixed resistor in series with a

fixed capacitor. The impedance of a longer *aerial may be represented moderately

well over a range of frequencies by a resistor, inductor and capacitor in series, all

shimted by a capacitor. For such networks we refer the reader to sources listed in

the bibliography.

For standard dummy aerials to be used in receiver testing, see Chapter 37 Seaions

1 and 2.
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With a receiver designed to operate with a loop aerial> it is not usual to use a dummy
aerial when testing the receiver. Instead the aerial is left connected to the receiver

and a known e.m.f. is induced in the loop. This is effected by connecting a second
loop to a signal generator^ and placing the two loops at a suitable distance from each
other. The e.m.f. induced in the receiving loop can be calculated if, in addition to

the distance, the dimensions of the loops, the number of turns, and the current in

the transmitting loop are known.

SECTION 9: TYPES OF AERIAL USED FOR BROADCAST
RECEPTION

(i) Introduction (i») Medium-frequency receiving aerials (in) Short-toave re-

ceiving aerials (w) V-H-P aerials.

(i) Introduction
Only simple types of aerials, such as are employed in broadcast reception, will be

described here ; no mention will be made of the more complicated aeriab used in
point-to-point communication services.

There are three important factors to be considered in the design of an aerial for

reception.

(a) Its effective area for the capture of radio energy and its efficiency should be
sufficiently great to provide a signal that will override the internal noise of the receiver.

(b) It should be placed as far as possible from sources of noise-interference and,
in particular, it should be situated outside the induction held of such generators.

(c) If the radio signal should arrive at the receiver by two different paths (c.g.

ground-wave and sky-wave) so that distortion of the received signal results, then
the aerial should have sufficient directivity to favour the wanted signal and reiect

the unwanted one.

At very-high frequencies, the effective area for capture of radio-energy by an aerial

becomes so small t^t the hrst factor is of great importance. In medium-frequency
reception, on the other hand, the second factor is the most important. One reason for

this is that at such wavelengths it is not easy to place the aerial outside the induction
field of noise sources. This may be seen from the following discussion.

At a distance of several wave-lengths from an aerial the power flowing through unit

area falls off as the inverse square of the distance from the aerial. This implies that

the field strength of the signal falls inversely as the distance [see (23)] from the aerial.

This field is called the radiation field of the aerial. An aerial has also another com-
ponent of its field which is the predominating one at points close to the aerial, but
falls off rapidly and becomes negligible compared with the radiation field at a distance

of a few wavelengths from the aerial. This is called the ** induction field." At a

distance of approximately one sixth of a wavelength (A/27r) from a short aerial, the

components of the induction and radiation field arc equal. At shorter distances the

intensity of the magnetic field of the aerial increases roughly as the inverse square of

the distance from the aerial while the intensity of the electric field increases roughly

as the inverse cube of the distance. It is obviously desirable that a receiving aeri^

should be situated outside this zone around a noise source in which the field intensity

increases very rapidly as the distance between receiving aerial and the generator is

decreased. This is comparatively easy at very-high frequencies where one sixth of
a wavelength may be only one or two feet. At medium frequencies, the corresponding

distance is of the order of 50 yards and it may be difficult to place the aerial at such a

distance from sources of electrical interference.

(il) Medium-frequency receiving aerials

Aerials short compared with one half-wave length arc generally used. These may
be of the straight-vertical, inverted-L or T types. The characteristics of these have
been discussed in previous sections.
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Very small aerials of this type are sometimes used indoors. Such aerials are use-

ful only when the required signals are of large intensity, because these indoor aerials

do not fulfil any of the three conditions listed above, except when close to broadcast

stations. Besides being inefficient because of their small size, they are also partially

shielded by earthed conductors in the house-wiring. They are also very liable to

pick up r-f noise carried along the power mains.

Loop aerials are sometimes used in broadcast receivers. When used indoors

they have the same drawbacks as the indoor capacitance type aerial, except that if

shielded, or bakneed with respect to earth, they are less sensitive to inductive inter-

ference from ni^uby sources of r-f noise. The reason for this is that a balanced or

shielded loop responds to the magnetic component of the field of an aerial, whereas

'the capacitance type aerial responds to the electric component. In the radiation

field, these two components are equal and are mutually dependent. In the im-
mediate vicinity of an aerial they are not equal, and the electric component increases

more rapidly than does the magnetic field as one approaches the aerial. Hence in

the vicinity of a radiation source of r-f noise, a loop aerial will pick up less energy than

will a vertical aerial.

A loop aerial is more sensitive to waves arriving at steep angles to the plane of the

earth than is a vertical aerial. Hence it should not be used where interference be-

tween ground and skywaves is experienced. In such conditions a straight vertical

aerial is normally the best type of aerial that can be used. In special circtimstances,

such as occvir sometimes in country ar^s, it is p>ossible to use another type of aerial,

called a wave-antenna, to reduce ground-wave - sky-wave interference.

The wave antenna consists of a horizontal wire several wave lengths long suspended

a few feet from the ground and directed towards the required broadcast station.

It functions because of an effect that has not been mentioned previously, called

wave-tilt. This is the production of a radial component of the electromagnetic field,

when the waves are passing over imperfectly conducting ground. This component
is picked up by the horizontal wire which, when a wavelength or more long, has
fna^imum directivity along its axis.

(iii) Sliort-WBve receiving aerials

Since shon-wave reception usually is concerned with signals of low field intensity,

efficient aerials placed well away from sources of interference are required. In an
earlier section it was shown that the height of the aerial above ground is also important.

Indoor aerials are most unsuitable for shon-wave reception. A half-wave dipole

placed at the correct height above earth and connected to the receiver by a trans-

mission line provides an efficient receiving system over a restricted range of fre-

quencies. In short-wave reception, however, one is concerned with a range of ap-

proximately 3 to 1 in frequency. If the aerial is to provide a reasonably good match
to the transmission line or receiver over such a frequency range, then a more elaborate

aerial than the simple half-wave type is required.

One way of doing this is to arrange a number of half-wave dipole aerials in the form
of a fem and connea them in parallel. Each dipole is tuned to one of the frequency

bands allotted for short-wave broadcasting. At resonance the half-wave dipole

matches a 70 ohm transmission line. The dipoles that are off resonance provide ffigh

and predominately reactive impedances of both signs in parallel with the 70 ohms
of the resonant dipole, and have small overall effect.

Such an aerial is conneaed to the receiver by a balanced transmission line. The
receiver must be provided with an input circuit that is also balanced with respect to

earth. Alternatively an aperiodic balance/unbalance transformer must be connected

between the transmission line and the receiver.

An aerial that has similar characteristics to the one described above, but is not of

the balanced type, is shown in Fig. 22.11. It is essentially half of the fan arrange-

ment of dipoles. A common type of co-axial transmission line, having a charaaeristic

impedance of 50 ohms, is suitable for use with this aerial. A few buried radial wires

roughly half-wave (at the mid-frequency) in length provide a good earthing system

for this aerial.
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(iv) V-H-F aerials
Because the effective area of an aerial at very high frequencies is small and the

amount of energy that it can supply to the receiver is correspondingly small, it is

essential that the efficiency of the aerial system should b>e high. At these frequencies

the signal power per unit area at the aerisd increases as the square of the height above
ground, so the aerial should be placed at the maximum available height.

At very high frequencies the dimensions of the aerial are so small that rigid rods,

rather than flexible wires, are used as aerial conductors. This simplifies the problem
of the mechanical support for the aerial. Half-wave dipoles and quancr-wave ver-

tical aerials with a counterpoise are the most common arrangements. The provision
of a reflector is not difficult and is sometimes advantageous.

Matching the aerial to a transmission line is effected, when necessary, by means of

sections of transmission line, rather than by combinations of lumped inductors and
capacitors. Space does not permit a treatment to be given here of the great variety

of line-sections, stubs and other impedance transforming devices that are in common
use at very high frequencies. Nor can we deal with the very large number of varieties

of aerial in use. A few of the common types are shown in Fig. 22.12. Of these,

(®)> (b), (c) and (d) arc designed for reception of venically polarized waves, and (e)

and (f) arc for horizontally polarized waves. The aerial (a) is the simplest type. It

consists of a quarter wave radiator connected to the inner conductor of a co-axial line.

Connected to the end of the outer conductor of the coaxial line is a quarter-wave
“ skirt,” which forms, in effect, the second half of a vertical dipole. The impedance
of the aerial is roughly 70-75 ohms and matches directly a common type of co-axial

transmission-line. The disadvantage of this aerial is that the “ skirt ” is coupled
to the outer conduaor of the transmission-line and vnh pick up signals or noise that

are present on this.

Type (b) consists of a vertical quarter-wave aerial with four horizontal quarter

wave elements which form an artifioial earth plane. The impedance of this aerial is

lower than that of the normal quarter-wave aerial above a full earth plane, and it
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requires a matching stub> or a quarter>wave/transformer to transform its impedance
to that of a usual type of co-axial transmission line. The impedance of this aerial

may be increased by a factor of four, by the device shown at (c), and the necessity of

providing an impedance transformer is eliminated. Type (d) is a discone aerial^

useful over a wide range of frequencies.

(e) Is the most commonly us^ type of horizontal aerial. It consists of two quarter-

wave arms> one connected to the inner> and one to the outer conductor of a co-axial

line. An outer quarter-wave sheath is connected at its lower end to the outer con-

ductor of the co-axial line. The effect of this is to isolate the latter from earth, and
hence preserve the balance of the aerial with respect to earth.

(«) (0 (c)
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(f) Is a modification of (c). The aerial conductors are made in the form of a conical
cage to increase the frequency-range over which the aerial is effeaive. In this aerial

another method of providing the transformation from the unbalanced transmission
line to the balanced dipole is shown. It consists of splitting the outer conduaor of
the co-axial line into halves, for a distance of one quarter-wave. At the top of this
“ split ” the halves of the dipole are connected directly to the outer conductor, while
the inner conductor of the transmission line is connected to one of them.
One of the most easily constructed aerials is the folded half-wave dipole, which is

shown in Fig. 22.12 (g). Whilst the radiation characteristic is the same as that of a
conventional half-wave dipole, the folding produces an impedance transformation.
When the conductors are of the same diameter throughout, the input impedance of
the aerial is approximately 300 ohms. This enables the aerial to be matched directly

to a 300 ohms moulded transmission line, which is commercially available. The
spacing between the parallel conductors is not critical but, as in the case of a trans-

mission line, it must be very small compared with a wavelength.
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SECTION 1 : INTRODUCTION

(i) Aerial coupling (iV) Tuning methods (iVi) R-F amplifiers (ft;) Design con-

siderations,

(i) Aerial coupling
In any radio receiving system it is necessary to have some means of effectively

transferring the modulated carrier voltage &om the aerial system to the grid of the

first radio frequency voltage amplifier. The usual method of achieving this result

is to use some form of aerial coupling transformer which will give the desired voltage

a larger amplitude than that of any other radio frequency voltages which may also be
present at the receiver input terminals.

There are many possible forms of aerial coupling arrangements, but the most
common type is the inductively coupled transformer, consisting of a primary and a
secondary winding. The tapped inductance, or auto-transformer, is also extensively

used, particularly with receivers tuning the broadcast F-M band and in portable

battery receivers using single turn loops.

The aerial coupling unit is equally applicable to either tuned radio frequency or

superheterodyne receivers, since the fund^ental problem of effective voltage transfer

is the same in each case.

Fixed tuned and untuned aerial stages are sometimes employed. The fixed tuned
arrangement is more often used where the desired frequency range to be covered is

only a small percentage of the operating frequency, e.g. in a band-spread range of a

multi-range receiver, or at v-h-f. The more usual praaice is to tune the secondary
of the transformer by means of a variable capacitor, or alternatively to make the in-

ductance variable, since this allows the optimum operating conditions, or a close ap-
proach to them, to be obtained over the required tuning ranges. It is not generally

of great importance whether the tuning is accomplished by using a variable capacitor

or a variable inductor. Because of mechanical difficulties with inductance tuners

the variable capacitor has been more widely used up to the present time. The in-

ductance timer is rapidly gaining favour, however, at frequencies around 100 Mc/s,
and higher, because of the difficulties due to common metal shafts in ganged capacitors

912
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and the inductance of the metal parts making up the capacitor. With the ganged
capacitor arrangement considerable trouble is experienced due to coupling from one
circuit to another, because it is not an easy matter to earth the shaft effectively be-

tween sections. The earthing wipers or leads have appreciable reactance and resist-

ance at v-h-f and these factors are no longer negligible in comparison with the tuned
circuit impedances. Insulated rotors and stators are of considerable assistance in

overcoming difficulties due to common shaft coupling.

(ii) Tuning methods
Apart from ganged capacitors, many types oftuners have been used at v-h-f, includ-

ing vane> guillotine, permeability, resonant line arrangements, etc., but aU appear to

have some disadvantages and it cannot be said that any one method is greatly superior

to all others. Permeability tuning has also achieved some success on the 540 to 1600

Kc/s A-M, broadcast band, but it does not appear likely, in its present form, to super-

sede the variable capacitor.

(Ui) R-F ampUfiers
In conjunction with the aerial stage it often becomes necessary to incorporate a

further stage to obtain additional radio frequency amplification and to increase further

the discrimination against undesired signals, such as those from other broadcasting

stations, and in the case of a superheterodyne receiver to limit the effects due to image
and other spurious responses. This additional stage usually takes the form of a pen-

tode voltage amplifier operating under class A| conditions and using a fixed or variable

tuned circuit to act as a load impedance ; an imtuned stage may be used in some
cases. The valve is connected between the aerial transformer and the r-f tuned

circuit which is in turn coupled to a converter valve or another r-f voltage amplifier.

Whether the r-f stage carries out its various functions efficiently depends on a num-
ber of factors. Firstly it is necessary that the input resistance of the valve should not

be too low at the operating frequency, as this will adversely affect the performance

of the input circuit—the aerial circuit in the case of one r-f stage. In addition, the

noise generated by the valve should be low, and in a superheterodyne receiver the

noise voltage should be very much less than that developed by the converter valve if

there is to be appreciable improvement in the signal-to-noise ratio. Also the r-f

stage gain should not be too low, otherwise the converter noise will still have an ap-

preciable effect on the signal-to-noise ratio. This last requirement calls for valves

operating at v-h-f to have fairly high values of mutual conductance, since the tuned

circuit impedances are low and the stage gain is the produa of these two factors.

Grid-to-plate capacitance should be small in conventional voltage amplifiers to avoid

the necessity for neutralization. Input and output capacitances are also important

as they set a limit on the possible tuning range. Further considerations of operating

conditions for valves used as r-f voltage amplifiers are given in Chapter 2 Sect. 4,

and in Sects. 5, 6, 7 and 8 of this chapter.

Since the fundamental principles of operation of the aerial and r-f circuits are very

similar whether we use a t-r-f or superheterodyne receiver, it can be taken that the

coupling methods and the stage gain and selectivity calculations will apply equally

well in both cases. Each type of receiver presents its own particular problems but

it is not intended to enter into a discussion of these matters here. Moreover the

arguments relating to the relative merits and de-merits of the two systems are well

known and details can be found in the references listed at the end of the chapter.

A question which sometimes arises is the desirability of having more than one r-f

stage in a superheterodyne receiver. It should be quite clear that, provided the gain

of a single r-f stage is sufficient (say 10 to 15 times) to over-ride the effects of con-

verter noise, no appreciable improvement in signal-to-noise ratio is obtained by
adding further r-f stages of the same type. The advantage of additional r-f stages

lies in the improved selectivity which is possible against image and other undesired

frequencies. It is generally preferable to obtain any additional amplification which

may be required in the i-f and a-f stages, depending on the purpose for which the
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additional gain is required. Further^ a qumber of tuned r-f stages using ganged
capacitors presents a rather difficult tracking problem, as well as giving rise to the

increased possibility of unstable operation. Normally, only the transformer secondary

is tuned and the overall selectivity characteristic is not as good as can be obtained with

fixed^tuned i-f transformers. Tlie gain and selectivity of the tuned r-f amplifier

varies with the signal frequency, and a fixed intermediate frequency will allow more
constant gain and higher gain per stage, for a given range of signal frequencies. The
higher gain per stage is due to the higher dynamic impedance of the i-f transformer

when the intermediate frequency is lower than the signal frequency. Even for an
intermediate frequency higher than the signal frequency, larger suge gains are pos-

sible because of the better L/C ratio which can generally be obtained.

Even in cases where signal-to-noise ratio and r-f selectivity are not a problem, it is

still sometimes advantageous to include a r-f stage. The r-f stage is used as a buffer

to prevent the radiation of undesired signals from the receiver. A typical case of

radiation occurs with a v.h.f. F-M receiver operated in conjunction with an efficient

aerial system. If no r-f stage is used, radiation can occur at the oscillator frequency

due to voltages at this frequency appearing at the input circuit of the frequency changer.

This is serious because it opens up the possibility of interference between radio

receivers which are operating in close proximity to one another.

It is not proposed, in this chapter, to deal in any great detail with grounded grid

and other special types of r-f voltage amplifiers, as these are rather specialized applica-

tions which are not normally used in the design of narrow-band receivers covering

limited bands of frequencies in the range from say 50 Kc/s to 150 Mc/s. However,
at frequencies in excess of about 50 Mc/s, input stages using a grounded-grid triode

are generally capable of giving bener signal-to-noise ratios than circuits using the

conventional grounded-cathode pentode voltage amplifier, but only at the expense
of r-f selectivity. At the lower frequencies the input resistance of the pentode is

much higher than that of the grounded grid triode, and so improved gain in the aerial

coupling circuit can be used to offset the deterioration in sig^-to-noise ratio due to

valve noise. Clearly a better input ciremt is possible using a pentode having a lower
equivalent noise than with a pentode having the same input resistance but higher

equivalent noise, and valve types should be selected with this in mind.
In cases where a wide range of frequencies has to be covered, and where the pass

band of the receiver must be very wide (e.g. in television or multi-channel F-M link

receivers), the grounded-grid triode offers considerable improvement in signal-to-

noise ratio even at frequencies well below 100 Mc/s. Other applications occur in

draiits where neutralization cannot be obtained by normal methods or where the

circuit requirements are such that the grid must be earthed.

A special circuit (Cascode) which is of interest (see Ref. AlO Chapter 13) uses a

grounded-cathode triode voluge amplifier, which is neutralized, followed by a

grounded-grid triode. This circuit has high input resistance and low equivalent

noise. It offers appreciable improvement in signal-to-noise ratio over the other two
types of circuits, partictilarly at frequencies in excess of about 70 Mc/s. The com-
bined circuit can be considered as equivalent to a single grounded-cathode triode

having zero plate-grid capacitance, and a mutual conductance and noise resistance

equal to that of the first triode valve (the valves used can be types 6J4 or 6J6 etc.).

Triode circuits of the types mentioned should not be used blindly, particularly

at the lower frequencies, l^cause the plate resistances of triodes are extremely low
when compared with those of pentodes, and so the r-f stage gain may be insufficient,

because the damping of the tuned circuits wiU be heavy, and also the r-f stage gain
may be insufficient to make the effects of converter noise negligible. Detailed in-

formation on grounded-grid and triode r-f amplifiers can be found in Refs. B8, B18,
AlO and A4.

(iv) Design consideratians
The design methods to be discussed are equally applicable over any part of the range

of frequencies mentioned above, but their practical application is rath^ more difficult

as the frequency becomes greater, mainly because of the physical size of the com-
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ponents (including valves) and because the circuit layout is increasingly important
if satisfactory results are to be obtained. Electron transit time effects in valves be-
come of greater importance as the frequency is raised because of the changes which
occur in the valve input and output admittances*. The valve input admittance must
be considered when designing an aerial or r-f circuit as it will affect the dynamic im-
pedance of the circuit, and consequently the selectivity and gain. Valve sockets

and other components will add further damping to the input circuits. The effects

of valve noise will also be governed by the dynamic impedances of the input circuits

and so the various valve effects must be considered in conjunction with the external

circuits. This becomes of greater importance as the frequency increases.

A design difficulty with aerial and r-f stages is in obtaining satisfactory perform-
ance over a large tuning range. The three to one frequency coverage normally em-
ployed on dual wave receivers for the medium (540—1600 Kc/s) and shortwave
(e.g. 6-18 Mc/s) bands presents some problems in regard to tracking, and constancy
of gain and selectivity. The L/C ratios obtainable with a variable capacitor giving

an incremental capacitance range of at least 9 : 1 are satisfactory on the medium wave
range but are rather poor on the shortwrave band. For these reasons it is common
practice to limit the coverage on shortwave bands, in the better class of receiver, to

enable improved all round performance to be obtained ; a frequency ratio of about
1.3 : 1 is usual in the region of 10 to 20 Mc/s, with larger ratios at the lower frequen-
cies. An obvious advantage of multi-band receivers is the greatly improved ease of
tuning, apart altogether from other considerations of better performance.

To obtain the reduced frequency coverage writh variable ganged capacitors having
a capacitance range of about 10-400 various arrangements of scries and parallel

fixed capacitors arc used. If the circuits arc arranged to use a combination of series

and parallel capacitors for bandspreading, it is possible to make the tuning follow

practically any desired law. Further, if the tuning range is small, the osdjlator fre-

quency in a superheterodyne receiver can be above or below the signal frequency
and three point tracking can still be obtained using series padders in both the signal

and oscillator circuits. These matters will receive further consideration in Chapter 25
Sect. 3 on superheterodyne tracking.

Methods for measuring the value of ky the coefficient of coupling, are given in

Chapter 26 Sect. 4(ii)E and (iii)B, C. Methods for measuring the primary resonant

frequency of an aerial or r-f transformer are covered in Chapter 37 Sect. 4(ii).

SECTION 2 . AERIAL STAGES

(i) Difficulties involved (li) Generalized coupling networks (Hi) Mutual inductance

coupling (iv) Tapped inductance (v) Capacitance coupling (vi) General summary.

(i) Difficulties involved

The principal difficulty in the design of an aerial stage is that the type of aerial with

which the receiver will eventually be used is, in general, not known. If the aerial

impedance were known it would usually be a fairly simple matter to draw an equiva-

lent circuit of the aerial and aerial input stage and to determine the complete perform-

ance by solving for the conditions existing in the circuit. When the conditions arc

not known, however, it is usually best to adopt constants for an aerial system which
will have the most adverse effect on the receiver performance and to solve for these

conditions. A compromise is then made in the circuit arrangement to minimize the

effects of changes of gain, selectivity, and tracking with other circuits in the receiver.

(ii) Generalized coupling networks
Fig. 23.1 shows the generalized form for an aerial coupling unit. Ey is the voltage

induced in the aerial. is the voltage applied to the grid of the first amplifier stage.

*Valve admiltances are covered in Chapter 2 Sect. 8.
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Zi Z% and Z, are intended to represent any possible arrangement of components for

coupling the aerial to the receiver, where Zi includes aU impedances external to the

receiver mput terminals and Zj^ is the load

impedance. This generalized T section

can be made to represent all possible coup-
ling arrangements, since it is well known
from circuit theory that any complex net-

work composed of linear bilateral imped-
ances can be transformed, at any one fre-

quency, into an equivalent T network

From the generalized network

J&i Z^Z^ 4“ {Zi “h Z^Z% -f* Z ( 1 )

This expression is of little assistance unless it is applied to the specialized networks
used in radio receivers. Additional

generalized expressions for this net-

work are developed in K. R. Stur-

ley*8 “ Radio Receiver Design ”

Part 1, Chapter 3. It is proposed to

deal specifically with a few of the

more common types of coupling cir-

cuits.

(iii) Mutual inductance
coupling

Fig. 23.2A shows one of the most
widely used aerial coupling circuits.

El is the voltage induced in the

aerial and Z^ represents the aerial

constants, wUch may be any com-
bination of inductance, capacitance

and resistance. Li is the aerial coil

primary winding which has a r-f re-

sistance Ri, Lf is the secondary

winding coupled by mutual induct-

ance to Li, Rt is the r-f resistance

of Lf Cl is used to tune the sec-

ondary circuit to resonance ; it

should be noted that the setting for

Cl when the aerial circuit is con-

nected across the primary is different

from the setting obtained when L|

is on open circuit. Fig. 23.2B shows

theT section equivalent of the aerial

transformer, and Fig. 23.2C shows
an alternative equivalent secondary

nc:n.2(A)

ric.avaO ACMIAL TAANSrOAMCA.

circuit which is very helpful in understanding the idea of ** reflected** impedances.
For the present, the effects of valve loading will not be considered. When the second-
ary is tuned to resonance, the aerial circuit gagi is given by

where

El
El

M

M/C,

Z [r 4. (2)

All

Ra + JXa
Ri 4" f wLfi

WULt
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~ + j^Al
and |Z^J ^VRai^ +
It should be noted that the condition for secondary circuit resonance (partial resonance
“ S ”) is that

^ cj^M^Xai

\Zai\*
and the “ reflected ** resistance and reactance in the secondary are given respectively by

“* -
|Z.,I- ®

If the mutual inductance M is also made variable, tne maximum value of secondary
current (and of Ef/Ei when the primarv circuit Q is low) is obtained when

““ ' 2o.C,VM^

- ™
where Rp is the dynamic impedance of the secondary circuit. The approximations
involved in these equations are discussed in Ref. B12.

From this it can be shown, withM and Ci adjusted for maximum secondary current,

that the selectivity of the tuned circuit is half the value it would have if considered in

the absence of the primary. This condition of optimum coupling is not usual in

broadcast receivers, except where matching to a transmission line, since the coupling

between primary and secondary is made loose to prevent serious tracking errors due
to the variable reactance “ refleaed ” into the secondary circuit over a band of fre-

quencies. The expression most generally required is that of eqn. (2) and the calcu-

lation of volugc gain need only be made at, say, two or three points across the tuning

range.

It should be noted, however, that in some cases loose coupling can lead to a con-
siderable reduction in signal-to-noise ratio if site noise is not predominant, e.g. at

the higher frequencies on the short-wave band it is advantageous to use optimum
coupling, or slightly greater, to improve the signal-to-noisc ratio (see Ref. A2 Chapter

26).

The effects of valve input admittance can be included by considering an additional

resistance and a capacitance shunted across C,. The value of the resistance com-
ponent may be negative or positive dependiifg on the type of valve and the operating

conditions, e.g. some types of converter valves have a negative input resistance.

Having obtained the stage gain it is next important to find the selectivity of the

circuit. As an approximation for ordinary types of aerial coils it is usually con-

venient to determine the selectivity of the secondary as for a single timed circuit.

The simplest approach is to consider the resultant Q of the secondary circuit at the

resonant frequency when all the secondary resistance, including that due to reflection

from the primary and valve loading, is included. The value of Q is given by
oiL ^ff/R tffi where L is the resultant secondary inductance. The selectivity is then

foimd as for a single timed circuit, resonant at the frequency under consideration,

using the universal curve given in Chapter 9 (Fig. 9.17) in conjunction with the methods

detailed in Chapter 26 Sect. 4(iv)A. This method is satisfactory provided that the

amount of mistiming is not too large a proportion of thfc central reference frequency,

and that the aerial coil follows the usual praaice with the primary resonated above or

below the tuning range or is designed for connection to a transmission line (or aerial)

of which the characteristic impedance is largely resistive ; otherwise the variations

in and L^jf would have to be considered. Further, in a number of practical

cases it is permissible to calculate R^ and use L, when finding the value for Q, since
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che reflected reactance may not be very large. It is often sufficient to calculate selec-*

dvity at, say, the mid-frequency of the tuning range, although it should be noted that

selecdvity is a funcdon of frequency and dependent on the circuit operating condidons.

It is now worth while considering three special cases for the aerial coupling trans-

former :

(1) Where the aerial can be represented by a capacidve reactance in series with a

resistance.

(2) Where the aerial behaves like an inducdve reactance in series with a resistance.

(3) Where the aerial is coupled to a transmission line which ** looks ** like a pure
resistance at the aerial terminals ; or the aerial itself, coupled to the receiver, looks like

a pure resistance.

Any aerial can be made to appear resisdve if the reactance components are tuned

out by a suitable arrangement of the aerial coupling network ; this is a common pro-

cedure with fixed frequency installadons.

In CMC (1) it is usual to make the primary circuit resonate below the lowest tuning

frequency, since this offers a good compromise with regard to constancy of gain,

fracking, etc. This arrangement is also advantageous because the effect of the aerial

is merely to move the primary resonant frequency sdU further away from the tuning

range, thereby minimizing the effect of the aerial on the secondary without losing too

much gain. In general the high impedance primary winding is resonated at 0.6 to

0.8 of the lowest tuning frequency, either with the aerial capacitance alone, or with

an added capacitor. In either case the resonant frequency must not be close to the

intermediate frequency in a superheterodyne receiver, and normally a broadcast band
primary is resonated at a lower frequency than the i-f so that no aerial which is likely

to be used will resonate the aerial primary at the intermediate frequency.

Since the gain obtained from an aerial transformer with its primary resonant out-

side the low frequency end of the tuning range decreases towards the high frequency

end of the range, a small capacitance is often added across the top of the transformer.

This capacitance increases the gain at higher frequencies and idlows a substantially

flat gain and noise characteristic to be obtained from the transformer over the desired

range. This type of aerial transformer is fairly representative of those likely to be
encountered on the medium and long wavebands. Practical values for the coefficient

of coupling between primary and secondary are a compromise between various factors

such as gain, tracking error and signal-to-noise ratios ; usu^ values are from 0.15 to

03, with most aerial coils using values of about 0.2 (this should include any added top

capacitance coupling). The value for primary Q is of the order of 50, and the second-

ary Q is about 90 to 130 in typical aerial coils using the range of coupling coefficients

stated, although Q values greater than 200 can readily be obtained by using special

iron cores. Values of seoemdary Q above 100 generally caU for smaller values of k
than 0J2 if good tracking is to be achieved.

If for tome particular reason it is necessary to use a higher coefficient of coupling
than say 0.4, then the primary inductance sl^uld be small md arranged to resonate

with the aerial at about y/2 of the highest signal frequency. This improves the

tignal-to-noise ratio but may give rise to tracking difficidties.

Cmc (2) normally applies with untuned loop aerials but the condition can occur

with some types of aerials on the shortwave bands. In this case it is usual to make
the coefficient of coupling fisirly high, of the order of 0.5 or more, and a useful rule is

to make the value of primary inductance approximately equal to 0.4 of the loop (or

aerial) inductance (see Refs. B17 and A2, p. 44).

For use with domestic type receivers operating on the short wave band, the standard

dummy antenna is uken as being 400 ohms resistive, even though the aerial reactance

will not be zero across the tuning range, as this gives an indication of average operating

conditions. The aerial coupling transformer for this type of receiver can be designed
using the procedure given in Case (3) below.

The untuned loop antenna (which should be balanced to ground for best resulu)

finds application with poruble receivers, and in some cases with ordinary A-M broad-
cast receivers. Loops have also been i»ed in F-M receivers operating on the 40-50
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Mc/f band, but not in receivers for the 88-108 Mc/s band because of the ease with
which a half-wave dipole can be arranged inside the receiver cabinet. With loops it

is necessary to keep stray capacitances to a minimum so as to avoid resonance effects

within or dose to the band of frequencies to be received ; this also assists in achieving

good tracking because a loop that behaves like a small fixed inductance can be com-
pensated for quite readily in the aerial coil secondary.

The number of turns used in untimed loop aerials is not very critical, since a loss

in effective height by using fewer turns can be offset by the increased voltage step-up

possible with the coupling transformer. To keep stray capadtances low the fewer
nuns used the better. The best compromise for receivers operating on the medium
or short-wave bands is a single turn loop, or perhaps a few turns (say not more than
four) of wire wrapped around the carrying case for medium wave portable receivers

(this wire can be litz or copper braid, and even rubber covered hook-tip wire is often

satisfactory). The best type of single turn loop is one made out of copper tubing (or

any other good oonduaor such as aluminium or one of its aUoys) with the tube dia-

meter not less than about 0.25 in. and preferably considerably larger than this ; the

loop area should always be as large as possible. If the loop is to be used on the long-

wave band it is preferable to use a few nims (about ten) of litz wire rather than a single

turn loop. This is necessary because of the drop in Q which occurs with the single

turn loop at the lower frequencies. However, satisfaaory results have been achieved

with a 0.25 in. diameter copper tube loop at a frequency of 500 Kc/s.

In many cases a two winding transformer is not used and the loop is made part

of the tuned drcuit (being in series with the main tuning inductance and earthed at

one side). An alternative arrangement is to tap the loop across part of the main tuning

inductance ; this can be made to give very satisfactory results.

Because the inductance of loops (of the type being considered) is usually very small,

it is often difficult to measure, the Q at the working ffequendes. Tids difficulty

arises with standard types of Q meters because the maximum capadtance is limited

to about 400 /i/iF. A useful method (suggested by J. B. Rudd) is as follows :

Couple the loop fairly tightly to an inductance which is suffidently large to be nmed
to the working frequency. Measure the Q of the inductance with the loop open dr-
cuited (call this Qi) and then the Q (call this Q') with the loop short circuited at its

terminals. The Q of the loop (Q^) is given by

Ql
where Qi

Q'

yQiQ'

Qid - y) - Q'

magnification factor for the primary inductance with the loop open
dreuited.

magnification factor for the primary inductance writh the loop terminals

short circuited.

y - 1 - (L'/L,)

L' — inductance of primary with loop short dreuited.

and Li = inductance of primary with loop open circuited.

See (vi) below for some discussion of directly tuned loops.

Case (3) permits of a fairly simple solution. Normally k is about 0.2 or less, and
the primary wrinding reactance (at the geometrical mean fi^uency of the tuning range)

is made equal to the characteristic impedance of the transmission line or aerial. A
particularly simple solution has been made by Rudd (Ref. B12) to give conditions

for two point matohing in the tuning range. The procedure is as follows :

Geometrical mean angular ftequency = ==\/ cujco, where oj and a>, are the

lower and upper angular frequency band limits. The primary inductance — Li ^
where Zq is the characteristic impedance of the transmission line.

The required coeffident of coupling is then determined from

«>

« CU,/Wi s= /t//iwhere «
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and Q, ~ secondary circuit Q in the absence of the primary. The value for Q,
should include the effect of valve loading, and so

where Q is for the unloaded secondary

and R is the valve input resistance.

A useful approximate formula for estimating the aerial coil gain imder this condition

2jsJ Zo
'

This expression gives the maximum possible value of gain and corresponds to eqn. (7a)

given previously.

Although elaborate methods are available for calculating optimiun signal-to-noise

ratios etc., the details above should give a fairly close approximation to the required

practical conditions where the aerial coupling circuit is a compromise between the

various conflicting factors discussed previously. These factors of gain, selectivity

etc. should be carefully considered as in nearly every case the performance of a re-

ceiver is largely governed by the aerial coupling circuit.

(iv) Tapped inductance
Another common type of aerial coupling arrangement is shown in Fig. 23.3. This

arrangement has found wide application in receivers tuning the 88-108 Mc/s F-M
band because of its simplicity and the

ease with which the correct aerial tap-

ping point may be found. This can also

be considered as a particular case of the

generalized aerial circuit. This circuit

can be treated in a simplified manner
^

ductoZepler (Ref. A2). The required

tapping point on the total coil, which

is usually a solenoid, can be found

approximately from the turns ratio tappcd inductance acwal tranvo^mw

where n, = total number of turns

Til = number of turns across which aerial is conneaed
at ^ 2n X operating frequency

Q, = magnification factor for complete circuit

and Zo = impedance of the aerial (or the characteristic impedance of a trans-

mission line).

The gain is foimd from equation (10),

El 2aJ Zo

The selectivity is calculated using the same methods as before, from the equivalent
circuit. Whether this equivalent circuit takes the form of a series or parallel tuned
circuit is usually not important, as the results obtained are substantially the same,
and provided the circuit Q exceeds about 10 the Universal Selectivity Curves can be
applied directly in either case.

It should be noted that the treatment is only approximate, as the exact upping point
is dependent on the coupling between the two sections of the aerial coil winding.
However, for a wide variation in coupling, the correct upping point is not very differ-

ent from that obtained by the above procedure, which assumes unity coupling, and
the loss in secondary voltage as compared with optimum coupling is quiu small.
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Valve input loading is usually a problem at v-h-f and a procedure to minimize this

effect is to tap down across Lo. This will allow a higher value of dynamic impedance
for the tuned circuit with improved selectivity, and under some conditions the in-
crease in impedance can more than offset the loss in voltage gain caused by tapping
down.

(v) Capacitance coupling
A further type of coupling arrangement fairly commonly used is shown in Fig. 23.4.

Ftg. 23.4. Capacitance Coupled Aerial

Transformer.

This shows a common disadvantage with the circuit of Fig. 23.3 in that the variation

in gain across the tuning range is quite appreciable. The treatment is quite straight-

forward and is left to the reader ; a fairly complete analysis is given in the references.

(vi) General summary
From the considerations detailed above, it can be seen that the coupled circuit

arrangement of Fig. 23.2 is generally most satisfactory since it readily lends itself,

with minor modifications, to applications using balanced or unbalanced aerial systems.
Under some conditions of receiver operation other methods are used because of the

practical consideration of ease of adjustment for best operation, or for use with a

particular type of aerial system.

Fixed tuned aerial stages arc sometimes used with receivers covering a limited range
of frequencies. A typical case would be in the range of 88-108 Me s where the loaded

Q of the aerial coil may be less than 20. In such a case a simple arrangement is for

the secondary to be resonated near the centre frequency in the band ; this introduces
gain variations of about 2 : I across the tuning range. The gain variations can be
offset by resonating the secondary at a point in the band such that the gain vari^itions

offset those in r-f or mixer stages. The overall gain variations for the band under
consideration can be limited to less than 1.5:1 with a superheterodyne receiver using
a tuned r-f stage, and as the loss in gain and signal-to-noisc ratio is not very serious,

the saving in the cost of a gang section is often well worth while when weighted against

the other factors. If the aerial circuit loaded Q is above about 20, this method is not
recommended because of the deterioration in circuit performance. In some cases it is

preferable to tune the aerial circuit and use an untuned r-f stage (when this is prac-

ticable).

One type of coupling circuit which has not been mentioned previously is the directly

tuned loop. In this case the kx)p provides the tuned circuit inductance as well as the

direct signal pick-up. As for any other loop, the area and the Q should be as large as

possible. This loop w'ill probably be used, in most cases, with portable receivers.

If the loop can be placed in such a position that its Q is not materially affected by the

presence of the receiver and batteries, then its performance will usually be superior

to that of the single turn loop (an improvement of about 6 db can be expected). How-
ever, this arrangement is seldom convenient and in many cases better results are

possible with the single turn loop (or one with a few turns as discussed previously)

because any effect on its Q can be offset to a large extent by the use of an aerial coupling

transformer having a high Q winding in the tuned circuit. The improvement can

be seen most readily by considering a low Q loop, having a small inductance, connected

directly in series with an aerial coil which has a high Q and whose inductance is

practically the whole of the tuned circuit inductance.

In some cases it is required to use an additional external aerial w^ith the loop to

increase signal pick-up. There are many possible arrangements but amongst the

simplest is the use of a small capacitance (say 10 to 20 connected between the

R.D.H 30



922 (vi) GENERAL SUMMARY 23.2

external aerial and the top of the tuned circuit (i.e. to the grid connection) or alter-

natively a tap on the aerial coil secondary a few turns up from the earthy end. For

a directly tuned loop the aerial is tapped into the loop in the same way as for the other

coil arrangement ; alternatively the scries capacitor arrangement is satisfactory. The
main disadvantage of both these simple arrangements is the large change in gain which
occurs across the tuning range, but for medium-wave commercial portable receivers

additional circuit complications are seldom justified.

The subject of aerial-to-receiver coupling is a large one and only a few of the more
important design faaors have been considered. For more complete information

on particular systems it is necessary to consult the text books and references.

SECTION 3 : R-F AMPLIFIERS

(i) Reasons for using r-f stage (it) Mutual-inductance-coupled stage (Hi) Parallel

tuned circuit (iv) Choke-capacitance coupling (v) Untuned and pre-tuned stages

(vi) Grounded grid stages.

(!) Reasons for using r^f stage
The necessity for adding a r-f amplifier in a superheterodyne receiver arises from

the need for

(1) greater gain

(2) improved rejeaion against undesired signals

(3) improved image frequency rejection

(4) reduction of the effects of spurious frequency combinations,

(5) improved signal-to-noise ratio,

(6) the prevention of radiation at the local oscillator frequency (under some
conditions).

In the case of the t-r-f receiver, additional r-f stages are usually added for reasons

(1) and (2) above.

The design of a r-f stage is quite similar for both types of receiver and so they will

not be considered separately. The only point which will be mentioned is that, in the

case of the t-r-f receiver the final r-f amplifier feeds into a detector stage which, if a

diode is used, heavily loads the tuned circuit unless a tapping point is used. For this

reason it is common praaice to incorporate anode bend or linear reflex detectors which
do not appreciably load the input circuit. However, a diode is convenient as a means
of supplying an a.v.c. bias voltage of the correct polarity, a condition not fulfilled

by the other tw'o types of detectors mentioned without additional circuit arrangements.

(ii) MuCuaLinductance-coupled stage
The most common arrangement for coupling a r-f amplifier valve to the following

stage (Fig. 23.5) is by means of a transformer using a tuned secondary with the primary
winding resonated either above or below the tuning range. The primary winding
resonates with the valve output capacitance, winding capacitance, stray wiring capacit-

ances and sometimes an added capacitor,

these being lumped together and shown as

Cp. If the winding is of the low imped-
ance type it is made to resonate at approxi-

mately 1.2 to 1.5 times the highest tuning

frequency. Under this condition the load

presented to the valve is induaive and
thus will give rise to regeneration by intro-

ducing a negative resistance component
plus a capacitance into the r-f valve input

circuit.
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If the winding is of the high impedance type, then it is usual to. resonate the primary
at approximately 0.6 to 0.8 of the lowest tuning frequency, but the resonant frequency
should not be close to the intermediate frequency in superheterodyne receivers.

Under this condition the valve has a capacitive load which causes degeneration by
introducing a positive resistance component plus a capacitance into the r-f valve input
circuit due to the “ Miller Effect.” It is not usual to resonate the primary winding
within the tuning range because of the very large changes in gain and selectivity which
would be introduced. In addition, the problem of tracking the various tuned circuits

becomes almost hopeless.

When the aerial coil primary is of the low impedance type it is usual, although not
essential, for the r-f stage to be of this type also and vice-versa. This simplifies

tracking problems.
The methods to be used for calculating the gain and selectivity of this arrangement

are set out in detail in Chapter 9 Sect. 6(ii) under the heading “ Coupled Circuits—
Tuned Secondary.” For the usual practical arrangement the stage gain is given
approximately by
where ~ mutual conductance of r-f amplifier valve,

w — 2rr ' operating frequency,

M ky LiLo ^ mutual inductance,

and secondary circuit Q including effect of valve input resistance, but not
“ reflected ” resistance from the primary.

The selectivity can also be calculated, approximately, by the method suggested for

aerial coils.

When designing a stage of this type it is necessary, as in the case of the aerial coil,

to arrive at a compromise between gain, selectivity and tracking errors. This usually

leads to a value for the coefficient of coupling of approximately 0.15 to 0.3, with the

lower values preferred for good tracking between aerial, r-f, and, in the case of the

superhet., the oscillator stage.

As with aerial coils, the primary Q is about 50 (or perhaps less) and the secondary

Q from say 90 to 130 in typical coils using this range of k values. Higher Q generally

calls for the lower values of k.

In the case of receivers working at say 50-400 Kc s it is often inconvenient to re-

sonate the primary winding in the manner suggested. Under these circumstances

it is sometimes necessary to damp the primary winding heavily so that no pronounced
resonance occurs. It is then permissible to resonate the winding within the tuning

range. This procedure can lead to a severe loss in gain but is sometimes justified

under practical conditions where the loss of gain is outweighed by other factors.

The addition of top capacitance coupling, i.e. a small capacitance from the plate

connection to the grid connection of the following stage, is often employed to equalize

gain variations across the tuning range. The value of the capacitance is usually of

the order of a few micro-micro-farads and the exact value is best determined experi-

mentally. It should be noted that fhe presence of this capacitance will alter the co-

efficient of coupling, stage gain, selectivity and the primary resonant frequency, as

well as circuit tracking. There is always some capacitance coupling present with any

practical transformer and this largely determines the relative physical arrangement of

the primary and secondary windings, which are connected (in nearly all practical

cases) so that the capacitance coupling adds to the mutual inductance coupling.

(ill) Parallel tuned circuit
A simple parallel tuned circuit is sometimes used in the r-f stage, and can be made

to give higher gains than the transformer coupled arrangement. The difficulties

encountered are that

(1) large gain variations occur across a band of frequencies

(2) the skirt selectivity is rather poor

(3) tracking with conventional aerial circuits is difficult

(4) the tuning capacitor has to be isolated from B-| .

For these and other reasons this circuit is not in common use in broadcast receivers,

but it might be incorporated in a receiver working at high frequencies covering a
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restricted tuning range with some possible advantage. The gain of the stage is given

by
where gm — mutual conductance of r-f amplifier valve,

Q«// = Q of r-f coil when loaded by plate resistance of r>f amplifier and input

resistance of following stage,

o) 2it X frequency,

and L inductance of tuned circuit.

Seleaivity is calculated as for any other single tuned stage, using the methods of

Chapter 9 or Chapter 26, Sect. 4(iv)A.

(iv) Choke-capacitance coupling
Fig. 23.6 shows a common r-f coupling circuit for use at v-h-f such as on the 88-108

Mc/s F-M broadcast band. The usual arrangement takes the form of a r-f choke,

resonated well below the lowest tuning frequency, coupled to a timed circuit LjC*
by means of a capacitor C. The choice of a suitable value for C will allow some re-

duction in variations of stage gain across the tuning range as it can be considered as

part of a voltage divider formed with the tuned grid circuit. A further useful function

of the arrangement is that when a suitable resonance frequency has been chosen for

the choke, the total stray capacitance across the tuned circuit is effectively reduced,

thereby reducing limitations on the timing range ; a small value for C assists

in this latter regard. However, the application of the circuit is largely one of practical

convenience and, as always, is a compromise.

With a choke resonated at 1/v^ of the

lowest tuning frequency in a receiver with

a low frequency limit of 87.5 Mc/s and an

upper limit of 108.5 Mc/s, the values

obtained for the additional capacitance

shunted across the tuned circuit were 3.6

fi/iF at 88 Mc/s and 4 fifiF at 108 Mc/s,
excluding the input capacitance of the fol-

lowing stage. The value of C was 10 /x^xF.

Because of the low value of dynamic im-

pedance for this circuit at v-h-f, the effect

of the plate resistance of the r-f valve can usually be neglected (but see Ref. A8).

In this case the selectivity for the circuit can readily be calculated as for a single tuned

circuit, including the effects of the input resistance of the following stage, without

introducing very large errors. The gain may be calculated with sufficient accuracy

as for the case of the simple tuned circuit acting as the anode load and multiplying

the result by a suitable factor to allow for the voltage division due to the capacitive

reactances at the frequency being considered. This factor is readily found from a

knowledge of the equivalent capacitance due to the choke circuit, at the working
frequency, and the value seleaed for C.

(v) Untuned and pre-tuned stages

Untuned, or in some cases pre-tuned, r-f stages are sometimes used in receivers

where economy and/or limited space are important factors, or where only a small

frequency range is to be covered. Unfortunately in the case of portable battery re-

ceivers, where the application could be valuable, the use of untuned r-f stages is made
difflicult by the fairly low values of mutual conductance for the usual r-f amplifier

valves, l^e gain obtained is limited and it may be preferable to use an additional

i-f suge if the r-f stage cannot be tuned and gain is a prime requirement. With
mains operated receivers the problem is different, as many suiuble valve types are

available and quite good stage gains (about 5 times or more, on the medium and short

wave bands) can be obtained over a wide range of frequencies. Suiuble design
methods using untuned suges for the medium and short wave bands have been given

in R.CA, Application Note No. 116 (reprinted in Radiotronics No. 124) to which the

reader is referred for full details A typical coupling circuit of the type discussed in
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the Application Note is shown in Fig.

23.7.

(vi) Grounded~grid stages

J —

^

UNTUNED R-F STAGE.
As previously mentioned this type of

^

amplifier will not be discussed in detail.

However, the following equations should prove to be of assistance, and are generally
a sufficiently good indication since experimental techniques usually provide the most
suitable method for determining the best operating conditions for this type of amplifier.

Voltage gain = — (/x -f 1)

Resistance loading across input circuit

(loading across output circuit ^ r^).

M + 1

For ^ 1 the optimum load impedance is given by

Rl = r,\/T+Rj7

Noise factor - N -^2 +
Ri R,

where Ri = load impedance connected between plate and B-f
r, = valve plate resistance

— valve amplification factor

— valve mutual conductance

R, — valve input resistance at working frequency

Ry = equivalent noise resistance of first valve

R, = equivalent noise resistance of second valve

Rq = generator impedance e.g. aerial resistance

A

I

= voluge gain of input circuit

and At — voluge gain of first stage, excluding the voluge gain of the input
circuit.

It should be noted that it is always advisable to operate the heater and cathode of

the valve at the same r-f potential. This is readily achieved by using suitable chokes
in the heater leads. For more detailed information on grounded>grid amplifiers

see References B8, B18, A 10 and A4.

SECTION 4 : IMAGE REJECTION

(i) Meaning of image rejection (ii) Image rejection due to aerial stage (m) Other

considerations,

(i) Meaning of image rejection
With the superheterodyne receiver it is necessary to consider not only adjacent

channel seleaivity due to the aerial and r-f stages but also whether the selectivity

of these stages is sufficient to preveht signals on image frequencies from passing into

the i-f amplifier. If there were no tuned circuits ahead of the converter valve a signal

lower in frequency than the oscillator frequency, and which differs from the oscillator

frequency by the value of the intermediate frequency, would pass into the i-f amplifier.

Similarly a signal higher in frequency than the oscillator frequency, and which differs

from the oscillator frequency by the value of the intermediate frequency, would also

pass into the i-f amplifier.
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When one of these frequencies is the desired one (it may be either the lower or the

higher), the other is referred to as its image frequency. Clearly the desired and un-

desired signal frequencies are separated by twice the intermediate frequency. Putting

this statement in symbolic form :

ftmag« ~ fo$e “f* ft-f whcn foie ^ fag
ft mage ~ fosc ft-f When fote fag

where = desired signal frequency.

As an example : On the 540-1600 Kc/s A-M broadcast band the oscillator fre-

quency is normally above the signal frequency. If the reasons for this are not obvious,

consideration of the oscillator tuning range and the values of variable capacitance

required will make it so. The usual i-f is 455 Kc/s and if a signal frequency of 1000

Kc/s is taken,

then f.mage ^ (1000 + 455) 4- 455 = 1910 Kc/s.

Since the converter cannot discriminate between the two signals of 1000 Kc/s and 1910

Kc/s, it is necessary for the aerial circuit, and r-f circuit if this is used, to make the

magnitude of the 1000 Kc/s voltage much greater than the magnitude of the 1910

Kc/s voltage. Otherwise severe interference can result when signals are being trans-

mitted at both these frequencies.

When making calculations for image rejection the worst conditions are usually

found at the high frequency end of the tuning range, provided that the selectivity of

the tuned circuits docs not vary appreciably with change in frequency. This is

because the separation between the two frequencies is a smaller proportion of the fre-

quency to which the receiver is tuned. It should also be clear that higher values

of i-f will materially assist in reducing image effects because of the wider frequency

separation between the desired and undesired signals ; it is for this reason that some
v-h-f receivers use intermediate frequencies of the order of 10.7 Mc/s.

(ii) Image refection due to aerial stage
The image rejection due to an aerial stage alone is calculated from

where Q - wL,ff/R,ff (i.e. loaded value for secondary circuit),

Lgff ^ L 2 , the secondary circuit inductance,

Rfff
— total secondary circuit series resistance including that due to re-

flection from primary circuit and valve input resistance (Valve input

admittance is discussed in detail in Chapter 2 Sect. 8, and further

comments are given in Sect. 5 of this chapter),

/ image frequency when oscillator frequency is higher than signal

frequency,

and /o ^ signal frequency under oscillator conditions as for /.

If the oscillator is lower in frequency than the signal frequency then/ and /„ should
be interchanged.

Exactly the same expression and procedure are used to calculate the image protection

afforded by a r-f stage. Since the calculated image rejection is a voltage ratio, the
ratios obtained for the various stages are multiplied together, or the ratios expressed
in decibels can be added to give the total image protection provided by the input cir-

cuits to the convener.

(iii) Other considerations
The image protection due to the r-f stage may be greater than that due to the aerial

stage. A typical example occurs when the loading on the aerial stage due to the r-f

amplifier valve has a positive value of input resistance and the loading on the r-f stage

due to a pentagrid convener, using inner grid oscillator voltage injection, has a nega-
tive value of input resistance. The resultant Q, simply from these considerations,

may then be higher in the case of the r-f coil. Also, since the resultant Q of the aerial
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coil is halved, under some conditions of operation, by using two point matching to

an aerial transmission line, the greater part of the image protection may here again

be due to the r-f stage. These considerations are particularly important at the higher

frequencies. On the long and medium wave bands sufficient image protection can
often be obtained from the discrimination afforded by the aerial coil alone, but on the

shortwave bands deterioration in image rejection is serious (and rapid) unless the inter-

mediate frequency is increased above the usual value of about 455 Kc/s.

It is important to note that a good image rejection ratio is desirable since this also

indicates the selectivity of the signal circuits and the degree of rejection against spurious

frequency combinations. A high degree of selectivity preceding the first r-f amplifier

valve has obvious advantages in reducing cross-modulation effects.

SECTION 5 : EFFECTS OF VALVE INPUT ADMITTANCE
(i) Important general considerations (lY) Input loading of receiving valves at radio

frequencies (A) Input conductance (B) Cold input conductance (C) Hot input conduc-

tance (D) Change in itiput capacitance (E) Reduction of detuning effect.

(i) Important general considerations
A fairly complete discussion of some of the factors relating to valve input admittance

has been given in Chapter 2 Sect. 8. These considerations are additional to the

following details which take into account electron transit time effects at frequencies

up to about 100-150 Mc/s, where conventional receiver design techniques begin to

fail.

From the receiver designer’s point of view the main factors (if we neglect changes

in valve output admittance but see Ref. A8) are

(1) A knowledge of the actual values of input resistance and capacitance (neither

of which is constant with changes in valve operating conditions) with which he will

have to contend when these are shunted across the tuned circuit (this must include

the effects of feedback etc.), and

(2) A knowledge of the effects on input capacitance, in particular, when the signal

voltage changes, giving rise to an alteration in a.v.c. bias. From this information

the amount of detuning of the circuits can be determined. As the input components
arc in parallel with the tuned circuits, it is often more convenient to discuss the values

of conductance, susceptance, and admittance rather than resistance, reactance, and
impedance. Several extremely useful lists of values of conductance and capacitance

for some common types of receiving valves are given in Chapter 2 Sect. 8, and further

details of some additional types are set out later in this section. In cases where the

value of short circuit input conductance at a required frequency is not given, then a

close approximation can be found by multiplying the conductance value by
/Frequency required\*

^

Wrequericy' stated— /
* extrapolation should not be carried too far e.g. a

conductance value at 100 Mc/s should not be used to find a conductance at 455 Kc/s,

but will give a reasonable approximation at, say, 10 Mc/s.

A figure of merit, which forms a useful basis for comparing various types of r-f

voltage amplifier valves, is given by

8 m /
—

(org„VRi)
\ 8i

where - control grid to plate transconductance (mutual conductance)

short circuit grid ihp\it conductance
and Rt ^ short circuit grid input resistance.

At the higher frequencies cathode lead inductance is important.

If the valve types on which information regarding short circuit input admittance is

required arc not listed, experimental techniques can always be resorted to and reason-
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ably accurate restilts are possible using a high frequency Q meter to determine the

capacitive and resistive loading effects. The usual precautions as to length of leads,

earthing etc. must be carefully observed when making these measurements, if the

results are to be of any praaical value. Something of this nature is usually required

when considering the effects of the converter valve on its input circuit, since the pub-
lished information is rather meagre. In this regard it is well to remember that some
types of converter valves, such as those using inner grid injection, e.g. types 6A8,

6K8, 6SA7, 6BE6 etc., give negative loading whilst other types such as X61M, X79,

6J8-G, 6L7, etc. (which use outer grid oscillator injection) give positive loading. In-

creasing the negative bias on the signal grid will reduce the loading effect with all types,

but at very high values of bias the negative loading may reverse its polarity and be-

come positive. [The reasons for these effects are discussed later in this section in

connection with input loading of receiving valves.] To reduce input conductance

some valve types have more than one cathode connection (see Ref. A8), and typical

examples are types 6AK5 and 6AG5, each having two cathode terminals. Even when
the cathode terminals are directly connected to ground the- length of the cathode lead

is still sufficient to provide appreciable inductive reactance at frequencies of the order

of 100 Mc/s. For this reason all plate and screen by-pass capacitors should be re-

turned to one cathode lead and the grid returns to the other. The alternating volt-

ages developed across the cathode lead inductance due to currents from the plate and
screen circuits are in this way prevented from being directly impressed in series with

the grid circuit, since it is the grid to cathode voltages which are of major importance.

Direct current divides between the two available cathode paths, but this is not import-

ant since the path taken by this current normally does not affect the grid input admit-

tance. To obtain grid bias the “ grid ** cathode lead employs the usual resistor and
capacitor combination. The r-f by-pass capacitors from the plate and screen circuits

connect directly to the other cathode terminal which is not directly connected to

ground in this arrangement. A typical circuit is shown in Fig. 23.8.

In pentodes working at v-h-f it is advis-

able to connect the suppressor grid terminal

directly to ground, when a separate terminal

is available for this electrode, rather than

to the cathode, because the suppressor lead

induaance would then be connected in

series with any external cathode lead induc-

tance. If this precaution is not taken the

coupling between control grid and plate is

increased, because of the capacitance from
control grid to suppressor and from sup-

pressor to plate, the junaion of these two
capacitances having an impedance to ground depending on the total lead inductance.

Similar considerations also apply to screen grid circuits, particularly when the valve

has a single cathode lead, and the shielding action of this grid can be seriously affected

if proper precautions are not taken, such as directly earthing by-pass capacitors.

These circuit arrangements are not very important at low frequencies where degenera-

tive effects may be more serious, necessiuting the connection of the suppressor grid

and by-pass capacitors directly to the cathode.

(ii) Input loading of receiving valves at radio frequencies*

(See also Chapter 2, Sect. 8 and R.C.A. Application Note No. 118 —Ref. B25).

The input resistance of r-f amplifier valves may become low enough at high radio

frequencies to have appreciable effea on the gain and selectivity of a preceding stage.

Also, the input capacitance of a valve may change enough with change in a.v.c. bias

to cause appreciable detuning of the grid circuit. It is the purpose of this Note to

disctiss these two effeas and to show how the change in input capacitance can be
reduced.

•From K.C.A. Application Note No. 101.

R-F amplifier WJTM TWO CATMODE
CONNECTIONS.
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(A) Input conductance
It is convenient to discuss the input loading of a valve in terms of the valve’s input

conductance rather than input resistance. The input conductance gi of conunercial
receiving valves can be represented approximately by the equation

gi kef + kkp (1)
where / is the frequency of the input voltage. A table of values of ke and kf^ for

several r-f valve types is shown below. The approximate value of a valve’s input
conductance in micromhos at all frequencies up to those in the order of 100 megacycles
can be obtained by substituting in Eq. (1) values of kg and from the table. In
some cases, input conductance can be computed for conditions other than those

specified in the table. For example, when all the electrode voltages are changed by
a factor n, changes by a factor which is approximately The value of is

TABLE OF APPROXIMATE VALUES OF kc AND FOR SEVERAL VALVE
TYPES

Valve

1

!

Description
! Plate Screen

Signal-

Grid

!

Supress-;

ke

micro
k,

micro
Type

i

volts volts bias or
;

-mhos/ —mhos/

!

volts volts i Mc/s Mc/s*

6A8 Pentagrid i 250 100 3
1

0.3 -0.05*

6J7 Pentode 1 250 100 3 0 0.3 0.05

6K7 Pentode ! 250 100 -3 0 ; 0.3 0.05

6K8 Triode-hexode 250 100 3 -
•

!

0.3 -0.08t
6L7 Mixer 250 100 ' 3 0.3 O.ISJ

6SA7>f Pentagrid i 250
i

100 0 0.3 l-0.03§
6SA7*f Pentagrid ! 250 100 2 0.3

i

-0.03§

6SJ7!I Pentode 250
;

100 3 0 0.3 !
0.05

6SK7f ‘Pentode 250 ; 100
;

3 ‘ 0 0.3 i 0.05

954 ‘Pentode 250 100 3 1 0 0.3 : 0.005

1851 Pentode 250 150 2 0 0.3 '! 0.13

6AC7/
1852f Pentode 250 150 - 2 0 0.3

!

0.13

0AB7/

1853f Pentode 250
1

200 3 0 0.3
j

0.065

•For oscillaior-Rrid current of 0.3 mA through 50 000 ohms.
tFor oscillator-grid current of 0.15 mA through 50 000 ohms.
4 For wide range of oscillator currents.
iiFor grid No. 1 current of 0.5 mA through 20 000 ohms.
iSelf-exdted. ^Separately excited.
• Denotes single ended valve type.

practically constant for all operating conditions. Also, when the transconductance

of a valve is changed by a change in signal-grid bias, varies directly with trans-

conductance over a wide range. In the case of converter types, the value of de-

pends on oscillator-grid bias and oscillator voltage amplitude. In converter and
mixer types, is practically independent of oscillator frequency.

In eqn. (1), the term k^f is b conductance which exists when the cathode current is

zero. The term k^f* is the additional conductance which exists when cathode current

flows. These two terms can be explained by a simple analysis of the input circuit

of a valve.

(B) Cold input conductance
The input impedance of a valve when there is no cathode current is referred to as

the cold input impedance. The principal components of this cold impedance arc a

resistance due to dielectric hysteresis, and a reactance due to input capacitance and

cathode-lead inductance. Because these components are in a parallel combination,

it is convenient to use the terms admitunce, the reciprocal of impedance, and sus-
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ceptance^ the reciprocal of reactance. For most purposes, the effect of cathode-lead

inductance is negligible when cathode current is very low. I'he cold input admittance

is, therefore, a conductance in parallel with a capacitive susceptancc. The conductance

due to dielectric hysteresis increases linearly with frequency. Hence, the cold input

conductance can be written as k^fy where is proportional to the power factor of

grid insulation and is the of eqn. (1).

(C) Hot input conductance
The term the input conductance due to the flow of electron current in a valve,

has two principal components, one due to electron transit time and the other due to

inductance in the cathode lead. These two components can be analysed with the

aid of Fig. 23.9. In this circuit, is the capacitance between grid and cathode when
cathode current flows, Cg is the input capacitance due to capacitance between grid

and all other electrodes, except cathode, gt is the conductance due to electron transit

time, and L is the cathode-lead inductance. Inductance L represents the inductance

of the lead between the cathode and its base pin, together with the effect of mutual
inductances between the cathode lead and other leads near it. Analysis of the circuit

of Fig. 23.9 shows that, with L small as it generally is, the input conductance, g due
to the presence of cathode current in the valve, is approximately

gk ^ gn^CJ^LCn -h gt (2)

where a> — Irrf. The term is the conductance due to cathode-lead in-

ductance. It can be seen that this term varies with the square of the frequency.

In this term, is the grid-cathode transconductance because the term is concerned

with the effea of cathode current flowing through L. In a pentode, and in the 6L7,

-this transconductance is approximately equal to the signal-grid-to-plate transcon-

ductance multiplied by the ratio of direct cathode current to direct plate current.

In the converter types 6A8, 6K8 and 6SA7, the signal-grid-to-cathode transcon-

ductance is small. Cathode circuit impedance, therefore, has little effect on input

conductance in these types.

For an explanation of the conductance, gn due to electron transit time, it is helpful

to consider the concept of current flow to an electrode in a valve. It is customary
to consider that the electron current flows to an electrode only when electrons strike

the surface of the electrode. This concept, while valid for static conditions, fails to

accoimt for observed high-frequency phenomena. A better concept is that, in a

diode for example, plate current starts to flow as soon as electrons leave the cathode.

Every electron in the space between cathode and plate of a diode induces a charge on
the plate ; the magnitude of the charge induced by each electron depends on the

proximity of the elearon to the plate. Because the proximity changes with electron

motion, there is a current flow to the plate through the external circuit due to the

motion of elecuons in the space between cathode and plate.

Consider the action of a conventional space-chargc-limiied triode as shown in

Fig. 23.10. In this triode, the plate is positive with respect to cathode and the grid is

negatively biased. Due to the motion of electrons between cathode and grid, there

is a current /<, flowing into the grid. In addition, there is another current It flowing

out of the grid due to the motion of electrons between grid and plate receding from the

grid. Whra no alternating voltage is applied to the grid, la and It are equal and the

net grid current Ig is zero.

Suppose, now, that a small alternating voluge (e,) is applied to the grid. Because

the cathode has a plentiful supply of electrons, the charge represented by the number
of electrons released by the cathode (Q*) is in phase with the grid voltage, as shown
in Figs. 23.1 1(a) and 23.1 1(b). The charge induced on the grid {Qg) by these electrons

would also be in phase with the grid voltage if the charges released by the cathode

were to reach the plane of the grid in zero time, as shown in Fig. 23.11(c). In this

hypothetical case, the grid current due to this induced charge (Fig. 23.11(d)) leads

the grid voltage by 90 degrees, because by definition, current is the time rate at which
charge passes a given point. However, the charge released by the cathode actually

propagates towards the plate with finite velocity ; therefore, maximum charge is

induced on the grid at a time later than that corresponding to maximum grid voltage,
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as shown in Fig. 23.1 1(e). This condition corresponds to a shift in phase by an angle
0 of Qf with respect to ; hence, the grid current lags behind the capacitive current
of Fig. 23.1 1(d) by an angle By as shown in Fig. 23.1 1(f). Clearly, the angle 0 increases

with frequency and with the time of transit r. Expressed in radians, 6 — a>r.

The amplitude of is proportional to the amplitude of the grid voltage ; the grid

current, which is the time rate of change is thus proportional to the time rate of
change of grid voltage. For a sinusoidal grid voltage, Cg -- Eg sin u>t, the time rate

of change of grid voltage is wEg cos cut. Therefore, for a given valve type and opera-
ting point, the amplitude of grid current is

/, KEgC^
and the absolute value of grid-cathode admittance due to induced charge on the grid is

y, - Ig/Eg Kw (3)

The conductive component {g,) of this admittance is

gt Yt sin 0 Y(0 - Ku)0 (for small values of 0).

Because 0 wt, this conductance becomes, for a given operating point,

gt Kio^r. (4)

Thus, the conductance due to electron transit time also varies with the square of the

frequency. This conductance and the input conductance, due to cathode-
lead inductance, are the principal components of the term k^P of eqn. (1).

This explanation of input admittance due to induced grid charge is based on a

space-charge-limited valve, and shows how a positive input admittance can result

from the induced charge. The input admittance due to induced grid charge is nega-
tive in a valve which operates as a temperature-limited valve, that is, as a valve where
cathode emission does not increase when the potential of other electrodes in the valve

is increased. The emission of a valve operating with reduced filament voltage is

temperature limited ; a valve with a screen interposed between cathode and grid

acts as a temperature-limited valve when the screen potential is reasonably high. The
existence of a negative input admittance in such a valve can be explained with the aid

of Fig. 23.12.

When the value of £’^2 ^*5- 23.12 is sufficiently high, the current drawn from the

cathode divides between gt and plate ; any change in one branch of this current is

accompanied by an opposite change in the other. As a first approximation, there-

fore, it is assumed that the current entering the space between g^ and g, is constant
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and equal to pv, where p is the density of electrons and v is their velocity, gt may
now be considered as the source of aU electrons passing to subsequent electrodes.

Suppose now, that a small alternating voltage is connected in series with grid

as shown in Fig. 23.12. During the part of the cycle when e^, is increasing, the elec-

trons in the space between g^ and are accelerated and their velocities are increased.

Because the current pv is a constant, the density of electrons (p) must decrease. In

this case, therefore, the charge at g^ is 180 degrees out of phase with the grid voltage,

as shown at a and b of Fig. 23.13. This diminution in charge propagates toward
the plate with finite velocity and induces a decreasing charge on the grid. Because

of the finite velocity of propagation, the maximum decrease in grid charge occurs at

a time later than that corresponding to the maximum positive value of as shown in

Fig. 23.13(c). The current, which is the derivative of Qg with respect to time, is

shown in Fig. 23.13(d). If there were no phase displacement (^ = 0), this current

would correspond to a negative capacitance ; the existence of a transit angle 6, there-

fore, corresponds to a negative conductance. By reasoning similar to that used in

the derivation of eqns. 3 and 4, it can be shown that the absolute value of negative

admittance due to induced grid charge is proportional to a>, and that the negative

conductance is proportional to to*. These relations are the same as those shown in

eqns. 3 and 4 for the positive admittance and positive conductance of the space-charge-

limited case.

A negative value of input conductance due to transit time signifies that the input

circuit is receiving energy from the “ B ** supply. This negative value may increase

the gain and selectivity of a preceding stage. If this negative value becomes too large,

it can cause oscillation. A positive value of input conductance due to transit time
signifies that the signal source is supplying energy to the grid. This energy is used
in accelerating electrons toward the plate and manifests itself as additional heating

of the plate. A positive input conductance can decrease the gain and selectivity of a

preceding stage.

It should be noted that, in this discussion of admittance due to induced grid charge,

no mention has been made of input admittance due to electrons between grid and plate.

The effect of these electrons is similar to that of electrons between grid and cathode.

The admittance due to electrons between grid and plate, therefore, can be considered

as being included in eqn. (3).

(D) Change in input capacitance
The hot grid-cathode capacitance of a valve is the sum of two components, the cold

grid-cathode capacitance, C<., which exists when no cathode current flows, and a

capacitance, C,, due to the charge induced on the grid by electrons from the cathode.

The capacitance C, can be derived from eqn. (3), where it is shown that the grid-

cathode admittance due to induced grid-charge is

Yt - Kw.
The susceptive part of this admittance is Yt cos 6, Since this susceptance is equal

to coCf, the capacitance Ct is

Ct = K cos 6 — K (for small values of 6).

Hence, the hot grid-cathode capacitance h
C, - C. -f K,

The total input capacitance of the circuit of Fig. 23.9 when the valve is in operation,

includes the capacitance and a term due to inductance in the cathode lead. This
total input capacitance, can be shown to be approximately

Ci — Cff -h Cit ~ gmii^ (5)

where the last term shows the effect of cathode-lead inductance. This last term is

usually very small. It can be seen that if this last term were made equal in magnitude
to Cg -f Cki the total input capacitance would be made zero. However, the practical

application of this fact is limited because g^ and gt change witli change in electrode

voltages, and gt changes with change in frequency.

When cathode current is zero, the total input capacitance is praaically equal to

Cg + Cc- Subtracting this cold input capacitance from the hot input capacitance

given by eqn. (5), we obtain the difference, which is K” — gmgt^» In general, K is
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greater than gmgt^- Therefore, in a space-charge-limited valve, where K is positive,

the hot input capacitance is greater than the cold input capacitance. In a temperature-

limited valve, where K is negative, the hot input capacitance is less than the told

input capacitance. In both valves K changes with cl^nge in transconductance.

Because of this change, the input capacitance changes somewhat with change in a.v.c.

bias. In many receivers, this change in input capacitance is negligible because it is

small compared with the tuning capacitances connected in the grid circuits of the high-

frequency stages. However, in high-frequency stages where the tuning capacitance

is small, and the resonance peak of the timed circuit is sharp, change in a.v.c. bias

can cause appreciable detuning effca.

(E) Reduction of detuning effect

The difference between the hot and the cold input admittances of a spacc-charge-

limited valve can be reduced by means of an imbypasscd cathode resistor, R* in Fig.

I8SI ,6AC7/t8S3

TYPICAL CHAftACTERISTlCS

E, - 6*3 VOLTS
plate volts 250

SUPPPESSOP VOLTS >0
SCREEN VOLTS • ISO

GPIO VOLTS VARIED

FPEOUENCY -40Mc/k

UNBYPASSEO CATHODE RESISTOR -R,,(bHMS])
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23.14. The total hot input admittance of this circuit is made up of a conductance
and a capacitive susceptance C,". Analysis of Fig. 23.14 shows that, if cathode-lead

inductance is neglected, the total hot input capacitance, C/, is approximately

C/ Cg Ce
1 4- K/C,
1 + gmRk ‘ (6)

6AB7/iaS3

TYPICAL CHARACTERISTICS

Inspection of this equation shows that ifK is positive and varies in proportion with

the use of the proper value of R* will make C< independent of In a space-

charge-limited valve, K is positive and is found by experiment to be approximately

proportional to It follows that the proper value of R* will minimize the detuning

effect of a.v.c. in a space-charge-limited valve. Eqn. (6) is useful for illustrating the

effect ot Rtf but is not sufficiently precise for computation of the proper value of Ru
to use in praaice. This
value can be determined

by experiment. It will

be found that this value.,

in addition to minimizing

capacitance change, also

reduces the change in in-

put conductance caused

by change in a.v.c. bias.

The effect of unbypassed

cathode resistance on the

change in input capacit-

ance and input conduct-

ance of types 6AC7/1852
and 6AB7/1853 is shown
in Figs. 23.15 and 23.16.

These curves were taken

at a frequency of 40 mega-
cycles. The curves for

the 6AC7/1852 also hold

good for the 1851.

It should be noted that,

because of degeneration

in an unbypassed cathode

resistor, the use of the

resistor reduces gain. The
reduced gain is 1/(1 -f

gmRk) times the gain with

the same electrode volt-

ages but with no unby-

passed cathode resistance.

The hot input conductance of a valve with an unbypassed cathode resistor can be de-

termined by modification of the values of A * in the table. The value of A * in the table

should be multiplied by ^»,/(l + gmRk)- The resultant value of when sub-

stituted in eqn. (1), with from the table, gives the input conductance of a valve

with an unbypassed cathode resistor. In the factor (1 -f grid-

cathode transconductance when Rik is by-passed.

When an unbypassed cathode resistor is used, circuit parts should be so arranged

that grid-cathode and plate-cathode capacitances are as small as possible. These

capacitances form a feedback path between plate and grid when there is appr^able

impedance between cathode and ground. To minimize plate-cathode capacitance,

the suppressor and the screen by-pass condenser should be connected to ground rather

than to cathode.
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SECTION 6 : VALVE AND CIRCUIT NOISE*

(i) Thermal agitation noise (ii) Shot noise (Hi) Induced grid noise (iv) Total

noise calculations (v) Sample circuit calculations (vi) Conclusions.

Maximum receiver sensitivity is not, in most cases, determined by the gain of the

particular receiver but by the magnitude of the input circuit noise, which is generated

by the antenna, the tuned input circuit, and the first tube. This is true of A-M, F-M
and television except that in F-M and television the random noise effect assumes
a far greater degree of importance than in the standard broadcast band. The reason

for this is twofold :

(1) At the frequencies where these two services operate, 50 to 250 Mc/s, the re-

lative values of the several different noise sources assume entirely new propHjrtions

and the heretofore unimportant and little known induced grid noise becomes one
of the predominant components of the total.

(2) Most random input and tube noise h proportional to the square root of the band-
width. Both television, with a 4 Mc/s band, and F-M, with a 200 Kc/s band, occupy
much wider sections of the frequency spectrum than anything previously encountered
by the commercial receiver engineer.

(i) Thermal agitation noise
When an alternating electric current flows through a conductor, electrons do not

actually move along the conductor but they are displaced, an infinitesimal amount,
first in one direction and then in the other. A voltage is built up across the conductor
equal to the magnitude of the current times its resistance. Applying heat to the con-

ducting material agitates the molecules of the conductor and, consequently, varies the

instantaneous position in space of the electrons. This random electron motion is,

in a sense, a minute noise current flowing through the material and is known as

thermal agitation noise. That is, the application of heat agitates the electron dis-

tribution of the substance thereby creating the noise.

The magnitude of the short-circuit noise current is given by
AKTAF_
~R ( 1 )

where i^* mean squared noise current (amperes*)

K - Boltzmann’s Constant (Joules per degree Kelvin), 1.3S x 10“**

T ^ temperature (degrees Kelvin)

JF “ bandwidth (c/s)

and R ^ resistance (ohms).

All noise currents and voltages are random fluctuations and occupy an infinite

frequency band. Because of the random effect, the most convenient terminology
to use in expressing their magnitude is average noise-power output. Mean-squared
noise current or mean-squared noise voltage, either of which is proportional to average

power, is generally used.

In the expression for various noise components the term dF refers to the effective

bandwidth of the circuit. This is determined from a curve of power output versus

frequency by dividing the area under the curve by the amplitude of the power at the

noise frequency in question. For most calculations, however, where only approxi-

mate values are desired, the bandwidth between half power points, or 0.707 voltage

points, will give sufficient accuracy.

The equation below expresses thermal agitation noise as a voltage in series with a

given resistor ;

AKT^FR. (2)

Both the above forms are true of all resistive circuit elements or combination of
elements including parallel and series-tuned circuits.

•This section is taken directly from an article “ Input Circuit Noise Calculations for FM and Tele-
vision Receivers ** by W. J. Stolze, published in Communications, Feb. 1947, and reprinted by special
permission.
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Referring to Fig. 23.17(a), let us suppose a resistance of 10 000 ohms were connected
to the input of an amplifier with a 5 Kc/s bandwidth, i.e., 5 Kc/s between half power
points or an audio band of 2.5 Kc/s. At room temperature, 20°C or 293‘K, the
term 4KT in the expressions for noise simplifies to 1.6 x 10-“, which may be used
in most receiver calculations. The noise in Fig. 23.17(a) is therefore :

= 1.6 X 10-“dFR
e. = V1.6 10 “ X 5 000 X 10 00^

— 0.89 microvolt.

The noise bandwidth is generally determined by the narrowest element in the entire
arcint under consideration. In the example for Fig. 23.17(b) the bandwidth of the
amplifier is narrower than the tuned circuit and therefore its AF is used in the calcu-
lations.

oL-300)jHJ^
® ?NC-85n>iF Fig. 23.17. Sample thermal noise circuits :

Frequency 1000 Kc/s ; Q — 100 ;

^<n L 300 microhenries {Ref. B33).

FKJ. 23. 17

Fig. 23.17(b) is a simple parallel-tuned circuit where the noise generating resistance
is equal to the tuned circuit impedance. Again let us assume the bandwidth to be
five Kc per second.

R - Q(oiL) - 100 > 1900 . 190 000 ohms
- 1.6 <10 '^^^JFR

- V'l .6
^ TO

Cft — 3.9 microvolts.

Thermal agitation noise voltage may be calculated easily with eqn. (2) but by using
the graph shown in Fig. 23.18 the room temperature values may be found directly.

too ipoo iqcxx) KXipoo imeg iomeg
RESISTANCE (ohmi) _ . 23

Fig. 23.18. Thermal agitation noise voltage versus resistance and band-width {Ref B33).

(ii) Shot noise
Another important component of the total receiver noise is shot noise. This noise

is generated inside the vacuum tube and is due to the random fluctuations in the plate
current of the tube, or, to state it in another manner, random variations in the rate of
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arrival of electrons at the plate. When amplified, this noise sounds as if the plate
were being bombarded with pebbles or as if a shower of shot were falling upon a metal
surface, hence the name shot noise.

Although generated essentially in the plate circuit of the tube, which is not a con-
venient reference point for sensitivity or signal-to-noise ratio (klculations, the shot
noise is nearly always referred to as a noise voltage in series with the grid. Since the
following equation is true,

e, =- ip/gm (3)
where a.c. grid voltage

ip ~ a.c. plate current,

and g„^ ^ transconductance,

by simply dividing the noise current in the plate circuit by the transconductance of
the tube, the shot noise may be referred to the grid and expressed in terms of grid
voltage.

Another step is taken, however, to simplify the noise nomenclature. Suppose a

given tube has a shot noise equal to microvolts in series with its grid. It is per-
fectly valid to imagine that this voltage could be replaced hy a resistance whose thermal
agitation noise is equal to e „ (the shot noise) and to consider the tube to be free of noise.
This imaginary resistance, which when placed in the grid of the tube generates a
voltage equal to the shot noise of the tube, is known as the shot noise equivalent
resistance or just as the equivalent noise of the tube. The advantage of this termino-
logy is that when the equivalent noise resistance of the panicular tube is known, the
noise voltage may be calculated directly for any given bandwidth by substituting values

in the following formula :

- AKTAFR,, (4)
where — equivalent noise resistance,

or at room temperature

1.6 X
(5 )

If the noise were expressed as a voltage or current its value would be correct only for

one particular bandwidth.

By knowing the R^q of

any two given tubes their

relative shot noise merit is

also known regardless of
what bandwidth they are

to operate at, while if the

noise voltages were given

alone the operating band-
width at which the calcu-

lation was made would
also have to be noted if

the relative merits of the

two tubes were to be
defined.

Noise-equivalent resist-

ance values for a number
of different tube types

(triodcs, pentodes, and
converters) and for various

circuit applications (am-

Fig, 23.19. Approximate calculated equivalent noise plihcre and mxers) ^
resistance of various receiving-type tubes {Ref. B33). be calculated by applying

the expressions presented in the chart. Fig. 23.19*.

When the term converter is used it refers to a tube that is used for frequency con-

version where the single tube acts as the local oscillator and the mixer (6SA7) ; the

term mixer where two tubes arc used, one as the mixer (6SG7), and one as the local

oscillator (6C4).

TRiOOC AMPLlflCR Ĉm

PC NTOOE AMPLIflCR
V9m CmV

TPlOOt MIXER
0o

PENTOOt mixer «co • —
Cc^ y

MULTICRIO
CONVERTER OR Mi XCR

Rto“ equi'^lent shot noise u -average screen cgrrent
RESISTANCE

Cm- GRID PLATE TRANSCON- Cc- CONVCRSK3N TRaNSCON

-

OUCTANCE OOCTANCE

le- AVERAGE PLATE current U-AVE RACE CATMOOE CURRENT

TVTTTW

•W. A. Harris Fluctuations In vacuum tube amplifiers and input systems/* R.C.A. Review, April

1941.
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TUBE

TYRE AffLICATlOR

PLATE

VOLTS*

SCREEN

VOLTS

TRANSCONOUCTAMCC

micromhos

couivalcnt

noise RESISTANCE

OHMS

BAC7 RENTOOC AMfttriER SOO ISO 9,000 720

•ACT RENTOOC MIXER 900 ISO 2.200 2,800

•AGS REHTOOE AMRLIfICR 2SO ISO 5,000 1,650

•AGS RENTOOC MIXER ZSO 150 1,250 6,600

•ACT RCNTOOe AMRLifiCR 900 ISO 11,000 1.540

•AKS fCNTOOC AMfLIFICR IBO 120 5,100 1,680

•AKS PCNTOOC MIXER IBO 120 1,260 7,520

•AKG fCNTOOC AMPLIFIER 160 IBO 2,900 B.BOO

•ATS TRIOOC AMPLIFIER 250 — 1.200 2,100

•AUG PENTOOE amplifier 2 SO ISO 5,200 2,660

•BAG 2 50 100 4,400 9,520

•BAG PCNTOOC MIXER 2 50 100 1,100 14,060

•BCG CONVERTER 250 too 475- I90P00

•C4 TRIODE AMPLIFIER 100 — 9,100 BIO

•C4 TRIOOC MIXER 100 — 770 9,240

•CS TRIOOC amplifier 250 — 2,000 1,250

6CS TRIOOC MIXER 2 50 — 500 SjOOO

CJS TRIOOC AMPLIFIER 2 50 — 2,600 960

•JS TRIOOC MIXER 250 — • 50 9,640

TRIOOC AMPLIFIER 100 — 5,900 470

^•JG TRIOOC MIXER 100 — 1,920 1,880

•KB CONVERTER 2 50 100 550» 290,000

•SAT CONVERTER 2 50 100 450* 240,000

•SBT-Y CONVERTER 250 100 950* •2,000

•SCT TRIOOC AMPLIFIER 250 — 1,925 1,890

•9GT PCNTOOC AMPLRICR 250 125 4,700 9,100

•SGT PCNTOOC MIXER 250 r25 1,1 BO 12,400

•SJT PCNTOOC amplifier 250 100 1,650 6,100

•SKT PCNTOOC amplifier 250 lOO 2JOOO II poo

CSLT TRIOOC AMPLIFIER 250 — 1,600 IP60
•SOT TRIOOC amplifier .250

ca=s=^s=Bss
1,100 2P00

!•) VAI.UC9 Of fLATC VOLTA6C AMO CUARCMT AMO 5CRCCM
VOLTACC AMO CUMflCMT ARC fOR iTflCAL OfCRATING
COMOITIOMS.

(«) CONVERSION TRANSCONOUCTAMCC > MICROMnOS FIG. 23. 20

After the equivalent noise resistance is known the value of r.m.s. noise voltage at

the grid of this tube can be calculated by applying the same expression that is used for

thermal agitation noise,

- 1.6 X 10-*®JF/?

or, by using the graph of Fig. 23.18.

Fig. 23.20 presents calculated equivalent noise resistance values for a number of

commonly used tubes acting as various types of circuit elements. These are, of

course, approximate hgiures.

It can be seen from Figs. 23.19 and 23.20 that the noise resistance or voltage is at

a minimum for a triode, increasing for the pentode and the multigrid tube, following

in that order.

Shot noise is unique among the noise sources in the sense that the shot-noise voltage

should be considered to exist in series with the grid inside the tube. The reason for

this is that nothing can be done to the external grid circuit that will alter the magnitude

of this component. Even though the shot noise must be tolerated, its effect can be

minimized by designing the input circuit for maximum, signal at the grid. This

does not reduce the magnitude of the noise but does improve the signal-to-noise-ratio

of the receiver.
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(iii) Induced grid noise

Also present in the receiving tube is a third source of noise which is generated
internally in the tube but whose magnitude and effect are determined partially by the
external input circuit. Known as induced grid noise, this minute current is induced
in the grid wires of the tube by random fluctuations in the plate current. It is known
that a varying electron beam will induce a current in any nearby conductor. There-
fore, the fluctuating plate current which is in a sense a varying electron beam, will

induce a noise current in the nearby grid conductors.

The input impedance of a vacuum tube has a re-

active and a resistive component. At relatively low

frequencies the resistive component is very high

(below about 30 Mc/s) ; as the frequency is in-

creased the resistive component decreases and its

magnitude eventually becomes comparable to or even

lower than the external grid circuit impedance. The
resistive component is composed of two parts, the

portion due to transit time effect, and the portion due
to the inductance of the cathode lead.

An expression for induced-grid-noise* for tubes

with control grid adjacent to the

cathode follows :

iV,. - 1.4 X
or when expressed in the form of a

voltage generator,

eV,. = 1.4 X 4Kr,dFR
where : T* = cathode tempera-

ture (degrees Kel-

vin)

Ggiiet = electronic (transit

time) component of

input conductance

and R fleet
~ electronic compon-

ent of input resist-

ance.

From eqn. (6) it can be seen that

the induced grid noise is propor-

tional to the electronic or transit

time component of the input resist-

ance. Measurement of the total

input resistance is a comparatively

simple matter with the use of a high

frequency Q meter, but the separa-

tion of the electronic and the cathode

inductance components, which are

essentially two resistances in parallel

between the grid and ground, is a

very difficult matter. Since most
high-frequency tubes are con-

FIG. n,72 struaed with either two cathode

Fig. 23.22 ' Approximate electronic input leads or one very short lead, assum-
resistance versus frequency {Ref. B33). ing ^he total measured input resist-

ance to be electronic would not introduce too great an error. Another factor in favour

of this approximation is that it would be the case for maximum induced grid noise and

any error introduced would more than likely be on the safe side.

“^76. North Fluauttioni induced in vtcuum-tubc grids at high frequencies Proc. I.R.B. Feb.

1941.

Fig. 23.21. Position of in-

duced grid noise in vacuum-
tube circuit {Ref. B33).
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Cathode temperature in most receiving tubds, v\ Jeh almost exclusively use oxide-

coated cathodes, is approximately 3.6 times the normal room temperature in degrees

K. Eqn. (6) can be rewritten therefore as

= 5 X 4iCrJFR,i,ci (7)

where T — room temperature (degrees Kelvin),

or, when T — 300 degrees Kelvin,

e*,.,. - 8 X 10-*^^FR,uct (8)

In circuit calculations this noise is essentially in series with a resistance equal to

located between the grid and ground—Fig. 23.21.

TTie approximate input resistance for a number of common receiving tubes in the

frequency range of F-M and television is given in Fig. 23.22. This chart can be used

to find approximate input resistance values for induced grid-noise calculations.

(iv) Total noise calculations
Osculations of total input noise are made by using the grid of the input tube as a

reference point. There are many sources of noise and each must be calculated and

referred to the grid reference point before a summation is made. Since noise is a

random effect and calculated on a power basis, the separate components cannot be

added directly but as the square root of the sum of the squares.

Total Noise = V + etc. (9)

The various noise voltages that must be referred to the first grid are :

(1) Thermal agitation noise of the antenna radiation resistance.

(2) Thermal agitation noise of the nmed grid circuit.

(3) Shot noise of the input tube.

(4) Induced grid noise of the input tube.

(5) Grid circuit noise of the following suges referred back to the first grid.

In Fig. 23.23(a) appears a diagram of a practical input circuit and the location of all

the circuit parameters and noise voluges. Fig. 23.23(b) is essentially the same except

that the antenna circuit is refleaed through the transformer and considered to exist

at the grid. This is the diagram that ii

Amemto Po^tatkMi P«»«w*c«

• Airttnra arttftoiK* "nicrmol

«wf •

9^*Tun€4 Circuit tmpudonc*

Cjiit • Tuned Circuit Thcrmol NoIm

R,l,^0«ctronk Input Pctittunc*

c • Induced Grid Noise

rU • Eeuwolent Shot Noloe Resistance

«shot^

N • Turns Rorioof Coupling Tiwformer

most useful in calculating the total input

circuit noise.

The steps necessary to find specific

values for each of these factors are shown in

Fig. 23.24. Antenna radiation resistance

varies widely with the type of antenna

chosen, but for F-M and television work
it is generally in the order of 75 to 300
ohms. When the noise is known in terms

of an equivalent resistance, as is the case

here for the antenna, tuned circuit, and
whot noise, the* equivalent voltage can be
either calculated or obtained directly

from Fig. 23.18.

In order to add the antenna, tuned cir-

cuit, and induced grid noise to the shot

Fig. 23.23. Position of various noise

sources in input circuit (R</. B33).

noise the effeaive voltage of these three

components at the grid, or between the

points A and B, must be known. Each

must go through what is essentially a re-

sistive divider and may be calculated as

shown in Fig. 23.25.

After knowing the magnitude of the

separate sources that exist between A-B,

the total noise voltage is
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(') UPON SPCClFlC ANTENNA

(2) Eawt* Vi «X 10 *® Rant AF -OR DIRECTLY FROM FiC 2M8

(3) ^'cKT* “oTc

(4) £c»\t“ Vi-6XI0"*®Rckt "O^ directly from fig 23-18

(•j) Rjj^tcT -fROM accompanying chart. FlQ 23 22

C«) E,o • V8XIO-*® RtLtCT AF

(7) Rcq'FROM accompanying CHART, FJG- 23 20

(a) CtMOT- V l axio-io AF R,q - or directly from fig. 23-18

fIgTTO^

Fig. 23.24. Procedure for calculating various noise voltages {Ref. B33).

V -f 7e.»i at A - B)* + (e,-, at A-B)® + («.*, at A-B)* (10)
One other factor may affea this total, however. If the total noise of the following

stages, which is calculated similarly, ignoring the antenna of course, is appreciable,

it must be added to the constants of Fig. 23.25. In reflecting it to the first grid the

second stage noise should be divided by the gain of the first tube. When the gain is

about ten or more this factor may usually be neglected.

Effective signal voltage across A-B is calculated in the same way as the antenna
noise in Fig. 23.25. The signal-to-noise ratio is now also known.

Since the signal-to-noise ratio is determined by the signal strength and the total

noise at the grid of the input tube, for a receiver that has a mixer, such as 6SK7, for

the input tube, the signal-to-noise ratio may be considerably improved by the addition

of an r-f tube, such as a 6SG7, which has considerably less total noise. By adding
additional r-f tubes (6SG7’s), however, since the total noise and signal at the grid

will be the same, the signal-to-noise ratio will not be improved.

Fig. 23.25. Circuit for reflecting various voltages to the grid {Ref. J533). To find
the effective voltage of the antennay the tuned circuity and the induced grid noise at

the grid of the tube let Ri equal one of the above noise resistances and e^ its generated
voltage. If Rz and R^ equal the other two noise resistances the effective voltage at

the grid is

ei

tiA-B - ^ R\ + R,
' Rt + R,

This calculation must be performed for the three components tn turn.

(v) Sample circuit calculations

For a sample problem let us calculate the total noise at the grid of an F-M receiver

r-f amplifier stage, assuming the circuit in Fig. 23.26(a) to be under consideration.

As a simplification of procedure the steps in the calculations will be numbered.

(1) N*Rant — 1200 ohms (calculated)

(2) Rtt,et = 1200 ohms (Figure 23.22)

{3) Re kt ^ QojL ^ 8000 ohms (calculated)

(4) jR,, = 3100 ohms (Figure 23.20)

At this point it will be convenient to redraw the circuit as shown in Fig. 23.26(b).

(5) Ne^ynt ^ 2 microvolts (Fig. 23.18)

(6) fi,,, = Vfi x 10-*“ X 200 X 10* X 1200

^ 4.4 microvolts (equation (8))
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(7) ^ckt ~ 6 microvolts (Fig. 23.18).

(8) — 3.5 microvolts (Fig. 23.18).

The next step is to find the effective voltage of each source between the grid and
ground (or A-B) as shown in Fig. 23.25.

2
(9) eant A-B = 2200 -h 1040 ^ ^ microvolt.

4.4
(10) A-B = 1200 -f r640

^ microvolts.

(11) X 600 = 0.42 microvolts.

and the total noise is therefore

(12) == V^3.5* 4- 0.93* -h 2.0* -f 0.42*

== 4.3 microvolts [equation (10)].

(vi) Conclusions

Seleaion of an input tube for a television

or F-M receiver is dependent upon many

varying circuit conditions and individual

requirements. The choice of using bal-

anced or unbalanced input, permeability or

capacitor tuning, noisy pentodes or quiet

modes that possibly require neutralization,

among others, lies entirely with the design

engineer. Considering these reasons and

various engineering and economic compro-

mises no particular tube can be chosen and

defined as the input tube. Complete

noise information about the circuits in-

volved is necessary, however, as this is one

of the determining faaors for good sensi-

tivity and signal-to-noise ratio

(o)

Fig. 23.26. Ty^cal F~M receiver

input circuit {Ref. B33).

SECTION 7 : INSTABILITY IN R-F AMPLIFIERS
(«) Causes of insiabihty (is) Inter-electrode capacitance coupling (Hi) Summary.

(1) Causes of instability
Instability in r-f amplifiers can be due to many causes and some of these are listed

below.

(U Inter-electrode coupling due to capacitances within the r-f amplifier valve.
This coupling may be augmented by additional capacitance external to the valve,
due to wiring etc.

(2) Coupling between r-f and aerial coils, and leads, due to lack of adequate shield-
ing or care in placement of the coils and leads relative to one another.

(3) Impedances common to several stages such as the meul shaft of a variable
capacitor, power supply impedance (including heater leads), capacitances between
switch contacts, a.v.c. line etc.
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(4) Feedback at the intermediate frequency or on harmonics of the i-f.

Feedback at i-f can be serious when there is only an aerial stage preceding the con-
verter. In some cases a simple expedient to overcome this difficulty is to connect a

scries resonant i-f trap between the aerial and earth terminals.

(5) Overall feedback from the a-f section into the aerial stage. This can be checked
by bringing the speaker leads into close proximity with the aerial terminal, and the
feedback usually manifests itself as a characteristic a-f howl. Practically all of the

above factors are under the receiver designer’s control even though the elimination

of undesired oscillations is often a very difficult practical problem. Further dis-

cussion is given in Chapter 35, Sect. 3(v).

(ii) Inter-electrode capacitance coupling
Coupling due to inter-electrode capacitances calls for special consideration since

these are an irreducible minimum when due care has been taken with the external

circuits. A description of the effects which may be expected has been given in some
detail in Chapter 2 Sect. 8 (see also Chapter 26, Sects. 7 and 8), where the nature of
the impedance reflected into the grid circuit has been discussed. The connection
with circuit instability is largely bound up in the magnitude of the input resistance

component of the reflected impedance appearing across the valve grid circuit, and as to

whether this input resistance is positive or negative. If the resistance is positive the

dynamic impedance of the grid input circuit is lowered and there is a loss in gain and
a broadening of the tuning characteristic. For a negative input resistance component
the opposite effects hold with the dynamic impedance of the tuned circuit increased

and the tuning becoming sharper. When the negative resi'pance, due to coupling

by inter-electrode capacitances from other circuits associated with the valve, equals

or is less than the positive resistance of the grid input circuit, oscillation will occur.

In the usual case for a r-f amplifier the primary winding of the r-f coil is resonated

outside the tuning range. For a high impedance primary resonated below the lowest

tuning frequency the plate circuit of the valve acts as a capacitance and the grid circuit

is affected as though a positive resistance and a capacitance were connected in parallel

across it. This effect is due to the total grid-to-plate capacitance. When the primary
of the r-f coil is resonated above the highest tuning frequency, the valve sees an in-

ductive load and a capacitance and a negative resistance component appear in parallel

across the grid input circuit. (This circuit is the aerial coil when only one r-f stage

is used).

For the case of the tuned anode load circuit i.e. a single tuned circuit connected

directly between plate and B i
, the valve secs a resistive load and there is only a capacit-

ance effectively reflected in parallel with the valve grid input circuit. In this latter

case, however, because of circuit mistracking, the valve may only see a resistive load

at a few points in the tuning range and at other settings of the tuning dial the load may
appear as either a capacitance or an inductance depending on whether the resonant

frequency is below or above the required signal frequency.

The above effects can be neutralized by suitable circuit arrangements but usually

the additional trouble and expense involved are avoided whenever possible.

To obtain a quantitive idea of the permissible values of grid-to-plate capacitance

which would just put a circuit on the verge of instability, an investigation was made by

Thompson (Ref. B4n w'ho gave the following results.

C ^ -
where C^p ^ total capacitance grid to plate (valve internal and external)

C2 for 1 r-f stage

/I < 1 for 2 r-f stages

[^0.764 for 3 r-f stages

to “ 2n \ operating frequency

= mutual conductance of r-f amplifier valve (assumed same type and

operating conditions in each case),

and Rp ^ dynamic impedance of the input and output circuits (assumed identical

in all cases for simplicity).
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Obviously, even for values of Cgp less than those obtained from the above expres-

sion, there would be a marked effect on the gain and selectivity of the circuits before

oscillation actually started.

(iii) Summary
Possible sources of feedback giving rise to instability can often be predicted from

the circuit and component layout diagrams of a receiver. An estimate can be made
of the possible magnitudes of many of the undesired voltages involved.

It should be evident that it is far better to avoid possible feedback and instability

by good electrical and mechanical design rather than spend many fruitless hours

tracking down an oscillation which could have been avoided.

A most helpful discussion of instability problems is given in £. E. Zepler’s “ Tech-
nique of Radio Design (in particular Chapter 9) and the reader is recommended to

consult this book as an excellent practical guide.

Some further considerations will be given to circuit instability in Chapter 26, in

connection with i-f amplifiers. These circuits, being fixed timed, are usually more
amenable to calculation of possible instability than r-f stages and the results obtained

more closely approximate to the practical set-up.

It is necessary to mention that at very high frequencies (say above 50 Mc/s or so)

the inductance of the screen-grid lead in screen-grid tetrodes and pentodes can cause

an apparent change in plate to control-grid capacitance which is often sufficient to

cause instability. If the screen is earthed by means of a capacitor, it is often possible

to select a capacitance yalue which will be series resonant with the screen lead in-

ductance, at the working frequency, and so form a low impedance path to ground.

This arrangement is often sufficient to prevent instability from this cause, even over

a range of frequencies. For further discussion sec Ref. A8.
It is also important to note that at the higher frequencies a capacitor does not behave

as a pure capacitance, and its effective inductance and resistance become increasingly

important as the frequency increases. With many types of capacitors it is possible

that the inductive reactance will exceed the capacitive reactance even at frequencies

as low as 30 Mc/s (with elccuolytics an additional r-f by-pass should always be used).

This effect is sometimes used to make the capacitor series resonant at the working
frequency. Even if the capacitor behaves as a small inductance it will be appreciated

that in some cases the reactance can be very low and effcaive by-passing is still pos-

sible. In tuned circuits the Q can be materially affected by the increase in r-f resist-

ance of the capacitors and both this and the previous effects should be checked.

The effectiveness of by-pass capacitors and their Q at the working frequency can
be readily checked with the aid of a Q nieter by placing the capacitor in series with
a coil of known inductance and Q, See Ref. B45. Finally, r-f chokes do not always

behave as such, and their resonant frequencies should always be checked (see also

Chapter 11 Sect. 6).

SECTION 8 : DISTORTION

(i) Modulation envelope distortion (n) Cross modulation distortion.

Modulation envelope distortion introduced by r-f voluge amplifiers is usually

small when compared with that introduced by the later stages in a radio receiver e.g.

the i-f amplifier, the detector and, perhaps, the frequency converter. This is par-

ticularly true when the magnitude of the signal voltage is small. Amplitude modula-
tion distortion in r-f amplifiers is usually caused by th^ curvature of the valve charac-

teristic relating control grid voluge to plate current. The usual explanation for the

introduction of this distortion is to consider that the ponion of the characteristic curve
being used can be represented by a power series relating the grid voltage (in this case

the modulated carrier wave) and the plate current. It can be shown from this treat-

ment that second order terms (terms conuining squares) in the series do not introduce
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distortion because of the selectivity of the tuned circuits. Third order terms (those

containing cubes) do introduce distortion of the modulation envelope.
R-F amplifier valves are usually designed so that the third order curvature of their

characteristics is minimized as far as possible. This is achieved by using a variable
pitch for the control grid winding and results in the well known variable-mu (or re-

mote cut-off) characteristic. The variable-mu (or more exactly “ variable gn**
characteristic) and the resultant shape of the Cg — ip curve, have a large bearing on
cross modulation distortion as will be discussed presently.

(i) Modulation envelope distortion
Because of the presence of the higher order terms in the power series representation,

the magnitude of the r-f signal which can be handled by a particular type of r-f valve

is limited if the distortion of the modulation envelope is not to be serious. Methods
of measuring and calculating the signal handling capabilities of r-f amplifiers have
been discussed in the literature and the reader is referred to K. R. Sturley's “ Radio
Receiver Design ** Part 1 Chapter 4 Sect. 7 for a description of these methods, and
to the other references listed at the end of this chapter.

(ii) Cross modulation distortion
Cross modulation distortion is an effect well known to receiver designers. It

occurs when two signals arc applied to any non-linear element such as a radio valve,

under certain operating conditions, having appreciable third order curvature of the
grid voltage-plate current charaaeristic. The effect is most noticeable when a strong

local signal is present and the receiver is tuned to a weak signal. Insufficient r-f

selectivity is often a major contributing factor in this regard. It is quite useless to

have good seleaivity in, say, the i-f amplifier once cross modulation has occurred in

the r-f or converter stage, as no amount of subsequent selectivity can remove the un-
desired signal which is now superimposed on the same frequency band as the desired

signal, and the modulation on both signals will be heard in the received output.

The r-f amplifier valve must also be designed so that the higher order modulation
terms are kept as small as possible. A variable-mu valve will materially assist in

handling a wide range of signal voltages without the grid voltage-plate current curva-

ture being such as to allow serious cross modulation to occur.

A careful choice of the bias voltage for the r-f valve, and making the cathode by-
pass capacitor of sufficiently small value to be effective at radio frequencies only, will

often assist in reducing cross modulation.

When the local interfering station is a very powerful one it often becomes neces-

sary to use special rejector circuits as well as high r-f selectivity.

Effects such as external cross modulation are not discussed here but reference can

be made to F. E. Terman’s “ Radio Engineers* Handbook ’* page 647 for some details.
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SECTION 1 : INTRODUCTION

In this chapter it is proposed to consider, briefly, some of the fundamental types of
oscillator circuits (used in conjunction with valves) which are commonly employed
in radio receivers. Of course' there arc numerous variations of the fundamental
circuits, but generally these changes arc only a praaical convenience for obtaining

some required special condition of operation from the basic circuit.

The types of circuits to be considered are :

(a) The tuned-plate oscillator

(b) The tuned-grid oscillator

(c) The Hartley oscillator

(d) The Colpitts oscillator

(c) The electron-coupled oscillator

(f) The negative transconductancc oscillator.

For those interested in the general theory of oscillation, and in the many special cir-

cuits available, a list of suitable references is given at the end of the chapter which will

serve as a starting point, at least, for a more complete survey of this field of knowledge.

Crystal oscillator circuits are not discussed here but a number of useful circuits are

given in Refs. 27 (page 164), 26 (page 97) and 31 ; the latter giving a discussion of

overtone (harnionic mode) crystal oscillators.

Before proceeding to a discussion of particular types of oscillator circuits, a few of

the fundamental principles will be briefly reviewed.

The simplest form of electrical oscillator consists of a combination of inductance

(L) and capacitance (C) connected together (as shown in Fig. 24.1), to which has been

added, initially, electric or magnetic energy. Suppose that the

capacitor C has been charged by some means. The energy

stored in the capacitor is then iCF*, where E is the maximum
potential difference between the plates. At this instant, when
E has its maximum value, the current in the circuit is zero.

ric.t4i The presence of the inductor will allow the energy stored

L

C

\i

947
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in the electric held of the capacitor to be transferred, and to form a magnetic held

around the inductor. The capacitor discharges until finally £ becomes zero and the

current / becomes a maximum. At the instant at which / is a maximum the energy

in the magnetic field is iLP, all the available energy is stored in the magnetic field

and there is no electric field. The process now reverses, the magnetic field collapses

and energy is transferred back to the electric field of the capacitor. This process

repeats itself indefinitely if there is no loss of energy in the circuit (radiation is not

considered here).

Since the total energy which is stored in each field in turn, is the same, it is per-

missible to write

- iLP ( 1 )

where E and / have their maximum values.

Also E - 1/cuC (2)

and so - L _ (3)

or /= I/IWLC (4)

where / is natural resonant frequency of the oscillations occurring in the circuit.

Since there is always some resistance (R) present with praaical circuit elements,

the amplitude of each successive oscillation will decrease until eventually all of the

energy is dissipated—mainly in the form of heat in the resistance -and the oscilla-

tions will cease. (This is discussed further in Chapter 9, Sect. 1). The addition of

extra energy to the circuit from some external source, such that the added energy

equals that being lost, would allow the oscillations to continue indefinitely. In the

circuits to be considered the power supply is the external source of energy, and the

valve is the device controlling the energy which is added to the L C R circuit, in the

correct phase and amplitude, to maintain oscillations.

With any valve oscillator an exact analysis of the method of operation is very difficult,

if not impossible, and it is usual to treat the circuits as being linear (at least for simple

design procedure) although they depend on conditions of non-linearity for their opera-

tion. This simplification is valuable because the mathematical analysis which can

be carried out yields a great deal of useful information concerning the behaviour of

the circuits. That the circuit operation is non-linear can be readily appreciated by

considering the fact that the amplitude of the oscillations, once started, does not con-

tinue to build up indefinitely. The energy gain of the system reaches a certain am-
plitude and then progressively falls imtil equilibrium is established. The limits arc

mually set by the valve—plate current cut-off occurs beyond some value of the nega-

tive grid voltage swing, and plate current saturation or grid current damping will

limit the amplitude of the grid swing in the p)ositive direction. For a discussion of

the factors governing oscillation amplitude, the reader should consult Refs. 1 and 2.

In the sections to follow, typical circuits applicable to radio receivers will be dis-

cussed. It is not proposed to give a mathematical analysis or detailed physical ex-

planations of the operation of the circuits, as this has b^ more or less adequately

done in many text books and periodicals. Suitable references are 1, 3, 5, 7, 10, 11,

24.

At the outset it may be mentioned that, since high oscillator efficiency is not usually

as important a factor as some other requirements in radio receivers, the design is

generally a combination of empirical and experimental techniques. A large number
of the circuit component values are pre-detennined by such considerations as tracking

the tuned circuit with signal circuits over a band of frequencies and maintaining

constant oscillator amplitude over the tuning range. Other faaors will be discussed

in Sect. 9 of this chapter.

Design procedures such as those used for class C ” power oscillators in trans-

miners are not carried out in detail for receiver oscillators, although obviously the

basic principles are the same in both cases ; this will receive further consideration in

Sect 9
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SECTION 2 : TYPES OF OSCILLATOR CIRCUITS
(f) Tuned-plate (ii) Tuned-grid (m) Hartley (iv) Colpitts (v) Electron-

coupled (vi) Negative transconductance oscillators.

(i) Tuned-plate oscillator
Fig. 24.2 shows three arrangements for the tuned plate oscillator. Circuits (A)

and (B) use series feed> and circuit (C) uses shunt feed. Circuit (B) is the usual

practical arrangement of (A) ; P is a padding and C a blocking capacitor.

The shunt feed circuit (C) is generally preferred in receivers for the following

reasons ;

(1) The rotor plates of the tuning capacitor can be directly earthed without using

additional series blocking capacitors directly in the tuned circuit.

(2) The resistor Ry can often be selected to assist in maintaining a constant ampli-
tude of oscillation over the tuning range, since it will give greater damping of the

tuned circuit as the frequency increases.

Either arrangement of the grid-leak resistor (P^) shown in circuits (B) and (C) is

satisfactory, but in circuit (C) it gives increased damping on the feedback winding

{Lf) which may be advantageous in maintaining constjmt grid voltage amplitude over
a range of frequencies.

Tight coupling and low values of mutual inductance (iU) are helpful in maintaining
frequency stability with mains voltage variations, as these faaors tend to make the

circuit relatively indq>endent of valve constants other than interelectrode capacitances

(see Ref. 21). Lf is made as small as possible, to reduce Af, and also to keep its

natural resonant frequency well above the tuning range ; this latter factor means
that stray capacitance across the feedback winding must be kept as small as possible.

The high natural resonant frequency for the feedback circuit is helpful in reducing

variations in the tuned circuit (due to reflected impedance), this being particularly

important since it reduces tracking error and limiutions on the maximum possible

tuning range.

The resonant frequency (/) of the tuned-plate oscillator is given approximately by

where Lq = inductance in timed circuit

G =-= capacitance in tuned circuit (this strictly includes any additional stray

capacitances shunted across G, e.g. in circuit (C) some capacitive re-

actance due to C would be present, depending on the value of R and
the frequency of operation)

R total series r-f resistance in tuned circuit [including in circuit (C) the

equivalent series resistance due to C and Ri being shunted across the

circuit]

fp plate resistance of valve

and /o natural resonant frequency of tuned circuit alone.

For our purposes it is sufficiently close to ukc

/ sas

2ir\/L,G

wheit O it the actual capacitance (including trinuners, padders etc.) tuning L..

(6)
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The important point to observe is that other components, including the valve,

affect the frequency of oscillation. As these components are capable of variation with

voltage or temperature fluctuations they will affect oscillator stability, and their effects

should be minimized as far as possible. Some improvement in stability is possible

by making the grid current small, which agrees with the condition of a low value for

Lfj but this is also governed by the permissible value of the grid resistor (Rg).

The condition for the maintenance of oscillation is given by

where Lq, G and R have the same meanings as previously,

(7)

Af = mutual inductance = kVLfLo (in the absence of additional capacitance

coupling)

k = coefficient of coupling
= amplification factor of valve

and gM = mutual conductance of valve.

The negative sign for Af indicates that oscillation will only occur for one connection

of the feedback winding.

A suitable factor of merit for an oscillator valve is the product which should

be as high as possible. This is also a suitable factor for power output valves, and
explains why types such as the 6V6 beam power valve work well in feedback oscillator

circuits.

The advanuges claimed for the timed-plate oscillator are its relative freedom from
frequency changes due to mains voluge variations and, when the circuit is used with

converter valves, freedom from signal-grid bias voltage changes.

The tuned plate oscillator in its standard form is not very satisfaaory for use at

frequencies above about 50 Mc/s.

(ii) The tuned-grid oscillator

The general circuit arrangement for a tuned-grid oscillator is shown in Fig. 24.3.

Much of the general discussion given in conneaion with the tuned-plate oscillator

is applicable to this circuit.

The timed-grid oscillator is probably the most
widely used in receivers for the standard long-,

medium- and short-wave bands. One of its

features is the ease with which oscillation can be
obtained. The arrangement of the components
offers little difficulty, and one particular ad-

vantage is that the tuned circuit is completely

isolated from the plate supply voltage.

The approximate frequency of oscillation (/) for this circuit is given by

/.
/ =

1 4-
LfR (8)

where /«

Lo
rp

R
and G

Xll-ny/Lfi ^ natural resonant frequency of tune4 circuit

tuned circuit inductance

plate resistance of valve

feedback winding inductance

series r-f resistance (total) in tuned circuit

total tuning capacitance.

The minimum value of Af required to maintain oscillation is given approximately by

r M o/n
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where A = LfRIL^Vj,
amplification factor of valve

gnt mutual conductance of valve

Vp plate resistance of valve

and Lf, R and G are as previously.

If Tp is large and R is small, frequency variation from the natural resonant frequency
is reduced, as can be seen from an examination of the equation. Also, as a point of
interest, it is seen that / is less than /o for the tuned-grid oscillator, and greater than /o
for the tuned-plate circuit ; so that the tuned circuit acts as an inductive reactance

(neglecting resistance effects) in the first case, and as a capacitive reactance for the

tuned-plate oscillator. These points are further discussed in Ref. 5. The useful

upper frequency limit for the tuned-grid circuit is about 50 Mc/s, as the value of the
feedback-winding inductance and the resonant frequency of the feedback circuit

become troublesome. This applies also to the tuned-plate arrangement.

(ill) Hartley oscillator
Fig. 24.4 shows two possible arrangements for the Hartley oscillator circuit. The

circuit (A) is the conventional series-fed circuit, but is not very convenient for use in

radio receivers for several reasons.

(1) The tuning capacitor G cannot be earthed without using blocking capacitors.

(2) The presence of blocking capacitors presents tracking difficulties.

(3) The coil Lo has H.T. applied which may be awkward when making adjust-

ments, panicularly during developmental work.

(4) Untracked stray capacitances are likely to be high.

The alternative arrangement of Fig. 24.4 (B) is the circuit most commonly employed
in receivers. I'hc tuned circuit is connected directly to ground. This arrangement
avoids the difficulties of circuit (A) ; furthermore it is particxilarly convenient for use
with converter valves of the 6SA7, 6BE6 pentagrid type.

The angular frequency of oscillation for the Hartley circuit of Fig. 24.4(A) (sec

Ref. 5) is given approximately by

«*>o\ 1 (10)

where <oo 1 \ LoG
iOQ 2rr ^ /„ (/o is natural resonant frequency of tuned circuit)

/?, r-f resistance of L,

Tp plate resistance of valve

Ln oscillator coil inductance ( Li r 2M)
and G tuning capacitance.

For the maintenance of oscillation

L, - Af Grp(R, I

'* L, t Af ’ C-t, -t MXi.. i Af)

where /x amplification factor of valve.

L| and L| arc the two seaions of L© coupled by mutual inductance

M and R^ and arc the r-f resistances of L, and L, respectively.

The frequency equation shows that the oscillation frequency / is higher than /o,

and to reduce this difference should be high and Ri small. Also, for the circuit

to oscillate readily, the mutual conductance of the valve should be high.

A Hartley oscillator offers advantages over the tuned-plate and tuned-grid circuits

at frequencies in excess of about 40 Mc/s, the greatest advantage being that the feed-
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back winding, being a part of the tuned circuit, does not offer the same difficulties

as the other cases, in which the natural resonant frequency approaches the operating

frequency.

In the case of the other two types of oscillators mentioned, if the feedback winding
has greater inductance than the tuned winding, the oscillator can easily change over

from one type to the other (i.c. tuned-plate becomes tuned-grid and vice-versa) and

satisfactory tuning is obviously impossible. This trouble is not as unlikely as may be

thought since it is often very difficult to obtain sufficient amplitude of oscillation as

the frequency increases.

The Hartley ciremt can be made to give satisfactory operation to frequencies at

least as high as 150 Mc/s, even with multi-grid converter valves (depending, of course,

on the valve type used), but its chief disadvantages are

(1) Its liability to parasitic oscillations as the frequency increases,

(2) The possibility of the circuit acting like a modified Colpitts oscillator because

of stray and valve intcrclectrode capacitances,

(3) That it is rather awkward to find the optimum tapping point for the best con-

ditions of oscillation, panicularly when the frequency becomes fairly high.

This is particularly so with valve types such as the 6BE6 on the F-M broadcast

band since the tapping point on the oscillator coil has a large effect on conversion

gain.

(1) and (2) generally manifest themselves as sudden changes in oscillation frequency

when tuning over the working range, or as “ dead spots, or through the oscillator

stopping altogether when the gang capacitance becomes less than a certain value.

It may be mentioned finally that the Hartley circuit has been extensively used on

all broadcast bands including the F-M 88-108 Me s band ; its application in re-

ceivers has been largely confined to use with pentagrid converters such as types 6SA7,

6BE6, 6SB7-Y and 6BA7.

(iv) Colpitts oscillator

A circuit for a shunt fed Colpitts oscillator is shown in Fig. 24.5(A). A suitable

arrangement (Ref. 9) for use in radio receivers operating at frequencies of the order

of 100 Mc/s is that of Fig. 24.5(B), In this latter circuit is the self-capacitance

(plus added capacitance if required) of the choke L in the cathode circuit, and C

^

is the grid-to-cathode capacitance ; Lo is the oscillator coil inductance and G the

variable tuning capacitor. The cathode impedance can readily be controlled by
connecting a variable trimmer across L.

The circuit of Fig. 24.5(B) has been successfully used with type 6BE6 converters

tuning the 88-108 Mc/s F-M broadcast band and avoids the necessity for upping the

oscillator coil as in the Hartley circuit.

The angular frequency of oscillation of the Colpitts oscillator, from the solution

of the circuit of Fig. 24.5(A), is given by

( 12)

The coDdsdon for oscillation maintenance ts that

"F ^i)
„ c.

+
L,

( 13)
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where <i>o ~ 2^ x /o (/o is the natural resonant frequency of the tuned circuit alone)

R — r-f resistance of Lo
fp ~ plate resistance of valve

pi ^ amplification factor of valve

Lo ~ oscillator coil inductance
and Cl and €% tunc Lq ; they also form a capacitive voltage divider across Lq ; and
the excitation voltage on the grid is proportional to C,/(Ci -f C,).

This circuit is most convenient for use at v-h-f, it is very easy to make oscillate,

and is not so liable to parasitic oscillations as the Hartley circuit. Its use on the

medium and short-wave bands has been rather limited because of difficulties in circuit

arrangement when covering frequency bands of about 3:1, and also because of the

very simple and satisfactory manner in which the tuned-grid and tuned-plate circuits

can be made to operate over these ranges. The Colpitts circuit readily lends itself

to inductance tuning and with this arrangment has been used satisfactorily on all

of the frequency ranges encountered in normal broadcast receiver design.

(v) Electron-coupled oscillator
Electron-coupled oscillators (Refs. 1, 22) can use a large variety of fundamental

circuits, such as the Hartley or Colpitts, for generating oscillations. The circuit

usually employs a tetrode or pentode valve, or, most often in receivers, is used with a

pentagrid converter. Valves having suppressor grids will generally give better fre-

quency stability.

The fundamental principle is that the actual oscillating circuit is connected to the

load circuit only by means of the electron stream within the valve. In this way changes
in load conditions and high tension voltages have a reduced effect on the actual fre-

quency of oscillation. The improvement in frequency stability with voltage varia-

tions appears to be closely bound up with compensating effects due to simultaneous

voltage changes on the plate and screen. Variation in load conditions would, ideally,

leave the oscillation frequency unchanged since the two circuits are only connected
unilaterally through the electron stream. Acmally, of course, interelectrode capacit-

ances and stray coupling prevent this condition from being completely fulfilled.

• PCNTACR'O CONVCRTCR UMNC CLCCTRON
couRlco martlcv oscillator

Those pentagrid converters which com-
monly use the Hartley oscillator circuit

arrangement arc typical examples of the

application of electron-coupling. One such
arrangement is shown in Fig. 24.6. It is

often advantageous in this type of circuit to

connect the screen to the rectifier output

through R as this reduces ** flutter ”
; the

high tension for the plate is obtained from
the power supply in the usual manner.

With this latter arrangement Cj generally consists of an electrolytic capacitor and a

mica capacitor (to act as a r-f by-pass) connected in parallel.

(vi) Negative transconductance oscillators
Several types of negative transconductance oscillators have been suggested using

r-f pentode valves. I'hcsc circuits have a negative bias on the suppressor grid and
rely for their operation on the fact that, over a particular range of negative voltage on
this grid, the suppressor-screen transconductance is negative. With suitable operating

conditions a positive increment in the negative suppressor grid voltage will allow the

plate current to increase and the screen current to decrease even when the screen

voltage is increased ; the changes in screen and suppressor voltage being approxi-

mately equal. The screen and suppressor arc coupled together by means of a capaci-

tor, and the tuned circuit is connected in a suitable manner between plate and screen.

Detailed descriptions of this type of oscillator can be found in Refs. 7 and 23. Cir-

cuits using this arrangement with pentode valves are not very convenient since the

negative transconductance is only of the order of —250 micromhos.

it.D.H
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Since this oscillator is a two terminal type it is often a very convenient arrangement

;

one particular example is its use as a beat-frequency oscillator in a radio receiver. A
particular form of the negative transconductance oscillator (Ref. 13)—which employs,

also, the principle of electron coupling—using a pentagrid converter valve (e.g. type

6A8, but not 6SA7, 6BE6 etc.) is shown in Fig. 24.7. The negative transconductance

is brought about as follows. Electrons moving towards the plate are turned back to

the inner screen (Gs) and the oscillator anode (Gg) when the control grid (G^) has a

more negative voltage applied to it. The net effect of an increase of negative voltage

on the signal grid is to increase the current to the oscillator-anode and to grid G3.

OUTPUT

Any increase in the current to G 3 is practically offset by a decrease in the current

to Gj, the outer part of the screen grid, and the result is that the screen current re-

mains fairly constant for wide variations in signal-grid voltage. The variation in

oscillator-anode current, however, is equivalent to a negative transconductance be-

tween the control grid (G4) and the oscillator-anode (G.,). In type 6A8 this amounts
to about —400 micromhos. Because of this negative transconductance it is possible

to create an oscillatory condition by coupling G* to G2, provided that the rest of the

circuit is suitably arranged.

The circuit of Fig. 24.7 has been used at frequencies up to 18 Mc/s. It has also

been employed in several types of communications receivers (having intermediate

frequencies of from 255 Kc/s to 3 Mc/s) as a beat-frequency oscillator and has given

very good results as regards stability of operation, particularly when temperature

compensation has been applied to the tuned circuit.

It is near enough, for praaical purposes, to take the frequency of oscillation as being

/. = i/(2n/Z^ (14)

SECTION 3 ; CLASS A, B AND C OSCILLATORS

An oscillator can be made to work under a variety of conditions. The impulses

applied to the tuned circuit, to maintain oscillation, can be such that the valve plate

current may be flowing from something less than 180 ' of the electrical cycle to almost

the full 360 Depending on the period for which the impulses are applied, the

oscillator may be classifled as Class A, B or C.

High quality laboratory oscillators often use the Class A condition, while high power
oscillators, such as those sometimes used in transmitters (where efficiency might
occasionally be more important than obtaining an output voltage relatively free from
harmonics) might possibly use Class C operation ; of course even in high power
transmitters a master oscillator is the usual arrangement and efficiency is not an
important factor in its operation. Oscillators in superheterodyne receivers do not

need to have very high efficiency, but the output must be relatively free from har-

monics if whistle interference is not to be a serious problem ; this generally leads to

something approaching Class B operation (Ref. 5).

It should be noted that, for all usual operating conditions, grid current flows for

at least part of the input voltage cycle.
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SECTION 4 : CAUSES OF OSCILLATOR FREQUENCY VARIA-
TION

(i) General (iV) Changes in supply voltage (iVi) Temperature and humidity changes

(iv) Oscillator harmonics.

(i) General
Frequency drift in the oscillator section of superheterodyne receivers (F-M or

A-M) is imponant for a number of reasons. The most obvious is that as a result

of such drift the actual intermediate frequency output from the frequency changer
will not be that to which the i-f amplifier is tuned> giving a loss in amplification and
the added possibility of considerable frequency distortion in A-M receivers, and non-
linear distortion in F-M receivers. Other special effects will be discussed separately.

Oscillator frequency variations which can be offset in the original design may be
due to changes in

(a) Supply voltage

(b) Temperature
(c) Humidity
(d) A.V.C. bias on the signal grid of multielcctrodc converter valves. This

will be discussed in Chapter 25 Sect. 2.

Also, it should be noted that a high percentage of oscillator harmonics can lead to

oscillator instability. Mechanical stability of the circuit is a prime requirement.

Detailed discussion regarding oscillator frequency stability can be found in Refs.

1, 4, 5, 10, 11, 15, 19, 20, 21 and 28.

(ii) Changes due to supply voltage
Some change in oscillator frequency always occurs when there is a change in the

voltages on the valve electrodes, because of changes in valve “ constants.*’

For the simple triode oscillator, plate voltage changes may be minimized by using

a supply voltage having good regulation ; the regulation requirement is often deter-

mined by the variations in the total current drawn by the complete receiver when the

signal voltages are changing. This may necessitate a separate voltage supply for the

oscillator valve, and where extremely high oscillator stability is required a separate

voltage regulator valve (e.g. OD3/VR150) may be incorporated. A common mani-
festation of poor regulation of the H.T. is the “ flutter ** experienced on the short-

wave bands.

For screen grid valves the same precautions are taken as for a triode, but often very
appreciable improvement is possible, with some valve tyj>es, by offsetting screen and
plate current changes one against the other. Although the principle of offsetting

changes due to various electrodes against each other is of assistance, it should be
noted that with some converter valves in which voltage changes are additive (e.g.

6J8-G), better stability is possible than with other valve types (e.g. 6A8, 6K8) in wUch
the plate and screen voltage variations are subtraaive. Pentagrid converter valves

of the 6SA7 class are particularly critical as to screen voltage changes and a separate

screen supply is often essential.

(ill) Temperature and humidity changes
After a receiver has been switched on, it is found that the oscillator frequency tends

to alter for some considerable time, up to say an hour or more. Usually it is found
that the internal effects of the valve heating up become negligible after a period of
about ten minutes. The base of the valve is responsible for a certain amount of drift,

but this can be minimized by the use of high-quality porcelain or micanol bases.

With the miniature valve types the elearode connections come straight through the

button stem instead of through a glass pinch, and the temperature variations due to

the complete valve assembly are kept to an absolute minimum.
The most serious frequency drift through temperature changes is generally caused

by capacitance variations due to the heating of the various dielectrics in the circuit.
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This is minimized by the use of high quality dielectrics such as special grades of por-

celain.

Inductance changes due to temperature rise also cause frequency variation^ and
low-loss dielectric formers are essential. If suHicipnt mechanical stability is possible

air cored coils are often preferable, but not always.

Good circuit layout is an essential requirement and all sources of heat should. be

kept away from tuning capacitors and coils.

When all the requirements as to dielectrics, circuit layout etc. have been met as

far as is possible, Enal temperature compensation is made by using capacitors having

negative temperature coefficients. These capacitors arc available commercially in a

wide range of capacitance values, and with various negative temperature co-efheients.

The manufacture of this type of capacitor is possible because of the availability of

ceramic materials having dielectric constants which decrease with an increase in

temperature^. It should be realized that exact compensation by simple capacitance

adjustment is only feasible, in general, at one point in a given tuning range, but a very

appreciable improvement over a band of frequencies is possible without exact com-
pensation at any one point. A method for obtaining exact compensation at two points

(although here again a compromise adjustment may be preferable) in a given tuning

range, using the principles of superheterodyne tracking, has been given by Bushby
(Ref. 19) ; it is also shown that a compromise adjustment is possible, although exact

compensation is not practicable, at three points in the tuning range. Methods for

carrying out long period frequency-drift compensation, due to temperature changes,

arc outlined in Ref. 19.

Changes in oscillator frequency with humidity can be minimized by using coils,

capacitors and insulating materials which arc properly baked to remove moisture

and then impregnated (with suitable waxes or varnishes) to prevent the absorption of

moisture,t

It may be worth noting here that carbon resistors have negative temperature co-

efficients. Wire-wound resistors have positive or negative temperature co-eflicicnis

depending on the type of resistance wire used.J

(iv) Oscillator harmonics
There is an effect, supposed to be due to cross modulation between the fundamental

frequency and its harmonics and between the harmonics themselves, which results

in the production of currents at the fimdamental frequency. These new currents

may be out of phase with the original current at the fundamental frequency and so

tend to shift the frequency of oscillation. Most of the evidence regarding this effect

is experimental and a complete explanation has not been given (sec Ref, 1, p. 82).

However, it does provide an additional reason for having a minimum of oscillator

excitation.

*Sce iIm Chapter 4 Sect 9(u)f and Chapter 38 Sect. 3<vi).

tSee Chapter 11 Sect. 7.

;See Chapter 4 Sect. 9<i).
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SECTION 5: 2VIETHODS OF FREQUENCY STABILIZATION
Some of the causes of oscillator frequency variations have already been discussed,

and some general methods of reducing the frequency changes have been outlined.

A large number of methods have been detailed in the literature for obtaining frequency
stability, such as the use of negative feedback, resistance stabilization and the various

methods using reactances as given by Llewellyn (Ref. 21). Since this subject is ex-
tensive, wc shall content ourselves here with stating a few of the main factors which
should be observed when designing an oscillator for a superheterodyne receiver.

Suitable references are listed at the end of this chapter.

(A) Mechanical stability of all components and wiring should be as good as

possible. Care is necessary to avoid mechanical vibration (such as that due to sound
waves from the loudspeaker).

(B) Circuit layout should be such that sources of heat (e.g. valves) are kept as

far away as possible from frequency determining elements. In some cases it may be
feasible to place the oscillator coil and tuning capacitor under the chassis, with' the
oscillator valve mounted on the top of the chassis.

(C) For feedback type oscillators, such as tuned-plate and tuned grid circuits,

the windings should be closely coupled. The feedback winding should be as

small as possible and stray capacitances across it should be low.

(D) Grid current should be kept as low as possible consistent with stable opera-
tion.

(E) All supply voltages should be as constant as possible. With pentodes it

may be possible to offset plate and screen current changes.

(F) All dielectrics in the circuit should have low temperature coefficients and be
non-hygroscopic. This applies panicularly to the valve socket which becomes
hotter during operation than most other sections of the oscillator circuit.

(G) Efforts should be made to stabilize the electrical constants of all components
by suitable heat treatment and impregnation.

(H) When designing the oscillator and signal circuits it will be found from the

data on superheterodyne tracking given in Chapter 25 Sect. 3, that there is some choice

of inductance and capacitance values (due to the distribution of trimming capacitances)

even though the frequency coverage and type of tuning capacitor arc pre-determined
by other conditions. Where it is permissible, the L C ratio of the oscillator tuned
circuit should be arranged so that it is as small as possible.

(I) The Q of the oscillator tuned circuit should be as large as possible con-

sistent with other circuit requirements.

(J) Better stability is possible if the valve can be connected across only part of the

tuned circuit. Often this is not convenient in radio receivers because of the reduction

in available oscillator voltage, but considerable improvement in stability is possible

in those cases where tapping down can be applied.

(K) When all other precautions have been taken, temperature compensation
should be carried out, using capacitors having negative temperature co-efficients

[sec Chapter 4 Sect. 9(ii)f also Chapter 38 Sect. 3(vi)].

(L) When possible causes of frequency drift are being considered it should not be

overlooked that valve interelectrode capacitances will change during the initial

warm-up period. A typical example occurs in the Hartley circuit of Fig. 24.4(B)

in which the heater-cathode capacitance is directly across part of L„ ; in this case

connecting one side of the heater directly to cathode and adding a suitable r-f choke
in series with the other heater lead will minimize the trouble. This arrangement

is also helpful in reducing microphonics caused by heater-cathode capacitance varia-

tions.

(M) Judicious location of negative temperature co-efficient capacitors is

helpful. For example if part of the compensating capacitance is located at the valve

socket terminals, short-time drift due to the valve and socket warm-up period can often

be very appreciably reduced.
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(N) The values of and Cq should be selected carefully to avoid “ squegging ”

(see Sect. 6). This should be checked with a large number of represenutive valves

of the same type.

(O) Selection of the most suitable valve type has received some discussion in

previous sections. Usually the choice is rather limited in receiver applications.

(P) Electron coupling to the load circuit is often helpful, and is used in many
applications. Most frequency changers employ this principle.

(Q) Harmonic operation of the oscillator may be advantageous in some cases,

since better frequency stability is sometimes possible when the fimdamental frequency

of operation is reduced. The disadvantage of this arrangement is the greatly in-

creased possibility of spurious frequency combination.

The majority of receivers use the oscillator fundamental frequency, and this fre-

quency is generally (but not always) higher than the received signal frequency. This
includes all broadcast bands up to 108 Mc/s.

(R) Increased spacing between the plates of variable capacitors is helpful

in obtaining good oscillator stability, as the effects of small variations in the position

of plates, during operation, is reduced. The opportunity to make use of this occurs,

for example, with the variable capacitors used in F-M receivers, where the capacitance

range may be approximately 5-20 /i/iF. In this case it is often possible to use double

spacing between the plates of the oscillator tuning capacitor.

SECTION 6 : UNSTABLE OSCILLATION

Unstable oscillation can be due to a number of causes, some of which have been
mentioned in Seaions 4 and 5.

Flutter has received some consideration and the cure is generally to use a separate

series resistor from the power supply to provide the B + for the oscillator plate (or

screen in some conveners), by-passed by a large capacitor (say an 8 ^F electrolytic).

Squegging (see Refs. 5 and 8) is caused by excessive oscillator-grid voluge am-
plitude and incorrect proponioning of the values for the grid resistance and capacit-

ance. The effect manifests itself as a variation in oscillator output which changes
at an audio or ultrasonic rate. The only precautions usually required are to select

suitable values for Rg and Cg and to adjust the oscillator grid current to the lowest

suitable value. Most valve manuals suggest that values for Cg should lie between
20 to 100 /Af(F depending on the operating frequency. Small values of the product
RgCg are called for at the higher frequencies. The effect should be carefully checked
with several valves of the same type. In some cases ** squegging occurs at the high

frequency end of the tuning range only, and this often calls for the use of a series grid

stopping ” resistor, or a parallel resistor shunted across the oscillator timed circuit ;

these resistors provide greater damping at the higher frequencies and so serve to equal-

ize the oscillator grid voluge across the tuning range.

Other miscellaneous effeas which are of interest are :

(A) Hum causing amplitude or frequency modulation of the local oscillator in a

receiver.

In A-M receivers the seleaivity of the i-f amplifier can cause the frequency modula-
tion to give rise to amplitude modulation (superimposed on the desired carrier) and
the hum, after detection, appears in the receiver output, in addition to the hum due
to amplitude modulation of the oscillator. With F-M receivers the hum provides

additional frequency modulation of the carrier. The cure is generally to improve the

power supply filtering.

(B) Frequency modulation, at an audio frequency rate, caused by vibration of the

oscillator tuning capacitor plates, or some other part of the oscillator circuit, by sound
waves from the loud speaker (often called ** microphonics ’*)* This effect is par-

ticularly troublesome at the higher carrier frequencies. The natural period of the

tuning capacitor is important and any method of altering this often provides a cure ;
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this frequency should not coincide with the bass resonant frequency of the loud speaker.

Often it is necessary to mount the capacitor on rubber and provide flexible leads to

the dial, etc.

(C) Microphonics caused by heater-cathode capacitance variations. This effect

is minimized by connecting one side of the heater directly to cathode, where this is

possible, and using a r-f choke in the other heater lead to avoid shunting the tuned
circuit with the heater circuit, e.g. see Fig. 24.6 where the result of omitting a r-f

choke would be to short out part of the tuning inductance.

Microphony in superhet. oscillators is covered in Ref. 32.

SECTION 7 : PARASITIC OSCILLATIONS
“ Parasitic oscillation ’*

is the name given to any imdesired oscillation in a circuit.

Tuned circuits will always have at least one additional resonance point determined
by the leads and stray capacitances. Usually in radio-frequency circuits these parasitic

oscillations have very high frequencies, but they become troublesome and lead to
“ dead ” spots and large fluctuations in oscillator amplitude if sufficient care is not

taken with the arrangement of leads and components. Audio frequency circuits

are also liable to this form of oscillation which in this case is generally apparent as

distortion.

The usual cure for these troubles is the use of “ stopping ” resistors (or neutraliza-

tion in some converter circuits) in series with one or more of the valve electrodes con-

cerned. Care is necessary, however, as the presence of the resistors may adversely

affect the performance of the stage concerned.

Carelessness in shunting large capacitors with small ones may result in an undesired

resonance. The leads provide the inductance and the circuit may be series resonant

in the working range of frequencies. Band-switching in all-wave receivers needs to

be carried out carefully if an undesired resonance is not to appear in a tuning range.

For a further discussion of parasitic oscillations the reader is referred to Ref. 8

(Chapter 12, p. 264) and Ref. 5 (Chapter 6, p. 269). Some useful data arc also given

in Ref. 9, p, 9,

SECTION 8 : METHODS USED IN PRACTICAL DESIGN

In the design of oscillator circuits for radio receivers many of the component values

required are specified by other circuit considerations. This is readily seen from the

procedure given in Chapter 25 Sea. 3 (in connection with tracking) for determining
the value of inductance, and the tuning, trimming and padding capacitance values for

the oscillator circuit.

In most cases, once a suitable valve has been selected (the choice here is usually

restriaed), details of the required grid-leak resistance, oscillator grid current (w^hich

in conjunction with Rg determines the grid voltage) electrode voltages etc. are directly

available from the valve data sheets. The type of circuit is usually restricted to the

tuned-plate, tuned-grid, or the Hartley for frequencies up to about 50 Mc/s and to

the Hartley and Colpitts for frequencies above this. It is required of the receiver

designer to reproduce, if possible, the specified operating conditions (although this

is often a rather tricky job) together with such modifications as he deems necessary.

For the feedback type of oscillator a useful “ rule of thumb is to make the number
of feedback turns about half to one third of the total on the main winding ; correct

amplitude is obtained by selecting the number of turns to give the required oscillator-

grid current. The tapping point on Hartley and Colpitts circuits also approximates,
very roughly, to this rule, which provides a convenient staning point for the necessary

experimental work.

With the feedback type of circuit, provided that the coupling between the windings
is sufficiently high, the number of turns on the feedback winding suggested by the
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above procedure will usually be somewhat greater than is necessary, and it is cmly

necessary to strip off the excess turns until the required conditions are approached.

Of course, this does not immediately ensure that the circuit will be satisfactory in

all respects, since the oscillator normally times over a band of frequencies. Owing to

the tolerances permitted in the manufacture of all valve types, it is necessary to check
the circuit with a number of valves. These, preferably, should include samples which
fall on the upper and lower limits of the permissible range of allowed by the par-

ticular manufacturer, otherwise satisfactory results may not be obtained in the mass
production of receivers.

Where the available operating data are given for voltages somewhat different from
those required, valve conversion factors (see Chapter 2, Sect. 6; can be applied to

obtain the new conditions.

Occasionally a receiver designer is faced with the problem of using a valve for which
some data are available, but for which conditions for oscillator operation are not given.

Several procedures are available. Exaa or approximate methods of analysis can be
used, just as for power oscillators (see Refs. 10, 11 and 24), but often it is possible to

arrive at a suitable set of operating conditions on the basis of past experience (or by
comparison with similar valve types for which the required data are given). The
only important faaor, as far as the use of the valve is concerned, is that the maximum
ratings—including the peak plate current—should not be exceeded. Other factors

previously discussed, such as keeping the oscillator grid current as low as possible

and operating the valve so that harmonic generation is not excessive, suggest that

conditions more nearly approaching Class B operation are called for, particularly

as high efficiency with receiving type valves is not often (if ever) a design requirement

in a radio receiver.

Once a suitable set of operating conditions has been obtained, experimental tech-

niques are resorted to, exactly as before. Preliminary calculations other than the

empirical methods suggested, as to tapping points, number of feedback turns etc.,

can be made if so desired, but the extra trouble involved is hardly worth the effort.

Methods for calculating the induaance required for feedback windings have been
suggested (see Ref. 8, page 117) but generally the results give values which are too

low. For this reason the experimental approach is generally the best procedure since

it must be resorted to finally, in any case, before a design is completed.

SECTION 9 : BEAT FREQUENCY OSCILLATORS
The use of a beat-frequency (or heterodyne) oscillator is called for in the com-

munications type of receiver ; for example when receiving Morse signals from a

c.w. transmitter. The principles involved are fully explained in the usual text books
(sec Ref. 10, page 446 and Ref. 25, pages 63, 67-70). The output from the local beat

oscillator is injected at a suitable point in the i-f amplifier, and when the resultant

voltage is applied to the detector circuit together with the received carrier voltage, one
of the currents at the detector output has a frequency which is equal to the differ-

tocc between the frequency of the two applied voltages ; this difference frequency is

the one heard in the receiver output.

The amplitude of the local oscillator voltage introduced into the i-f amplifier should
be sufficiently large so that it is always considerably greater than the voltage, at the

same point, due to the strongest signal likely to be received. If this condition is not
observed there will be appreciable loss in signal-to-noise ratio, and so one of the main
advantages of this methe^ of reception will be lost. Because the amplitude of the

oscillator voltage should be large, very careful screening is necessary if spurious fre-

quency responses are to be avoided, or at least be reduced to negligible proportions.

If locking between the local beat-oscillator and a very strong signal is to be avoided,
very loose coupling into the i-f amplifier is called for. This often suggests an oscillator

which can be electron-coupled to the load. The circuit of Fig. 24.7 is a particularly

useful one for this application, and only requires a single winding for the tuning coil.
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However> almost any oscillator circuit is suitable. Variation of the beat-frequency
is best accomplished by variation of the beat-oscillator tuning (say a range of d: 3
Kc/s) since it should be clear that the best conditions for reception normally occur
when the receiver is tuned exactly to the required carrier frequency.
The a.v.c. should not be operated by the beat oscillator as this would cause a serious

loss in receiver sensitivity. For this reason a.v.c. is often disconnected when hetero-
dyne reception of this type is being carried out.

Some receivers have the beat-oscillator voltage injected directly into the diode
circuit, but it does not necessarily follow that this is the most suitable point. At the
detector the incoming carrier voltage has its largest amplitude, and so the beat oscilla-

tor voltage also has to be correspondingly high. A simple solution which is helpful
in some cases is to inject the oscillator output voltage into the grid circuit of the last

i-f amplifier valve, which can be operated with fixed bias to provide constant gain.

Harmonic operation of the beat oscillator is sometimes helpful in obtaining im-
proved subility and in reducing undesircd interference effects.

Considerations as to stability of operation are of prime importance, and the factors

previously discussed should be kept in mind when designing this circuit.

Useful data on beat oscillator circuits are given in Ref. 8 (page 128), and also in

Refs. 26 and 27.
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SECTION 1 : THE OPERATION OF FREQUENCY CONVERTERS
AND MIXERS

(f) Introduction (ii) General analysis of operation common to all types (fit) The
oscillator section of converter tubes (iv) The detailed operation of the modulator or

mixer section of the converter stage (v) Conclusion (vi) Appendix.

Reprinted by special permission from the article by E. W. Herold entitled “ The
operation of frequency converters and mixers for superheterodyne reception ” in the

Proceedings of the I.R.E. Vol. 30 No. 2 (February 1942) page 84.

(i) Introduction
The better modem radio receivers are almost universally designed to use the super-

heterodyne circuit. In such a circuit, the received signal frequency is heterodyned

with the frequency of a local oscillator to produce a difference frequency known as the

intermediate frequency. The resultant signal is amplified by a selective, hxed-

nmed amplifier before detcaion. Since the heterodyne aaion is usually accomplished

by means of a suitable vacuum tube, it is the purpose of this paper to discuss the chief

similarities and differences among the rubes which might be used, as well as to explain

their behaviour.

The combination of signal and local-oscillator frequencies to produce an inter-

mediate frequency is a process of modulation in which one of the applied frequencies

causes the amplitude of the other to vary. Although this process was originally

called heterodyne deteaion and, later, first detection, it is now called frequency con-

version. The portion of the radio receiver which produces conversion may, therefore,

be identified as the convener. If conversion is accomplished in a single vacuum tube

which combines the functions of oscillator and modulator, this tube may logically be

termed a convener tube. When separate tubes are used for the oscillator and the

modulator portions of the convener, respectively, the tube for the latter purpose is

conveniently called a modulator or mixer tube. This terminology will be used in this

paper.

Although in some of the earliest superheterodynes, frequency conversion was
accomplished by a triode oscillator and triode modulator (Ref. 1) other circuits used

a single triode which served as both modulator and oscillator (Ref. 2). A triode used

in the latter way could, therefore, be called a convener tube. The introduction of

two-grid tubes (i.c. tetrodes) permitted a wide variety of modulator and convener
arrangements which frequently gave superior performance to that possible with
triodes (Ref. 3-7).

When indirealy heated cathodes became more common, conversion circuits in

which the oscillator voltage was injected in the cathode circuit were used. These

962
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circuits reduced considerably the interaction between oscillator and signal circuits

which would otherwise be present. (Ref. 8). When tetrodes and pentodes became
available^ the use of the triode was dropped except as the local oscillator. It was not
long, however, before the desirability of more complete separation of oscillator and
signal circuits became evident. Multigrid converter tubes were, therefore, devised
to permit this separation in a satisfactory manner, at least for the frequencies then
in common use. (Refs. 9-14). In some of these it was also possible to control the

conversion gain by an automatic-volume-control voltage, a decided advantage. The
most satisfactory of the earlier multigrid tubes was known as the pentagrid converter,

a type still widely used. A similar tube having an additional suppressor grid is used
in Europe and is known as the octode.

When it became desirable to add high-frequency bands to superheterodyne receivers

which also had to cover the low broadcast frequencies, the converter problem became
more difficult. The highest practicable intermediate frequency appeared to be about
450 to 460 kilocycles, a value which was only about 2 per cent of the highest frequency
to be received. Its use meant that the oscillator frequency was separated from the

signal frequency by only 2 per cent and the signal circuit, therefore, offered appreci-

able impedance at the oscillator frequency. A phenomenon known as “ space-

charge coupling,** found in the pentagrid converter, indicated that signal and oscillator

circuits were not separated as completely as would be desirable. (Ref. 15). In ad-

dition, the permissible frequency variations of the oscillator had to be held to less

than the intermediate-frequency bandwidth, namely, 5 to 10 kilocycles ; at the highest

frequency to be received, the oscillator frequency was required therefore to remain
stable within 0.05 per cent. In the pentagrid converter, the most serious change in

oscillator frequency occurred when the automatic-volume-control voltage was changed,
and was sometimes as much as 50 kilocycles. Economic considerations have led to

the use of at least a three-to-one frequency coverage for each band in the receiver.

With capacitance tuning, the circuit impedance is very low at the low-frequency end
of the high-frequency band so that failure to oscillate was occasionally observed in

the pentagrid converter.

In Europe, where converter problems were similar, a tube known as the triode-

hexode (Ref, 16) was developed to overcome some of the disadvantages of the pentagrid

converter. In the pentagrid tube, the oscillator voltage is generated by, and therefore

applied to, the electrodes of the assembly closest to the cathode (i.e., the inner elec-

trodes). In the European form of triode-hexode, the oscillator voltage is generated by
a separate small triode section mounted on a cathode common to a hexode-modulator

section. The triode grid is connected internally to the third grid of the hexode
section. In this way, by the application of the oscillator voltage to an outer grid and
the signal to the inner grid of the modulator, space-charge coupling was greatly re-

duced and automatic-volume-control voltage could be applied to the modulator section

of the tube without seriously changing the oscillator frequency. In some European

types, a suppressor grid has been added so that such tubes should be called triode-

heptodes.

The first American commercial development to provide improved performance

over that of the pentagrid converter also utilized oscillator voltage injection on an

outer grid but required a separate tube for oscillator (Ref. 17). This development,

therefore, resulted in a modulator or mixer tube rather than a converter. There were

many advantages accompanying the use of separate oscillator tube so that such a

solution of the problem appeared to be reasonably satisfactory.

The demand arose shonly, however, for a one-tube converter system with better

performance than the original pentagrid type for use in the standard all-wave receiver.

A tube, the 6K8, in which one side of a rectangular cathode was used for the oscillator

and the other side was used for the mixer section, \\^s developed and made available.

(Ref. 18). This tube used inner-grid oscillator injection, as with the pentagrid con-

verter, but had greatly improved oscillator stability. Another solution, also intro-

duced in the United States, was a triode-heptode which is an adaptation of the Euro-

pean triode-hexode. This type used outer-grid injeaion of the oscillator voltage
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generated by a small auxiliary triode oscillator section. A recent converter (the

SAT type) for broadcast use is designed to operate with oscillator voltage on both
cathode and first-grid electrodes. (Ref. 19). This tube, in addition to having ex-

cellent performance, requires one less connecting terminal than previous convener
tubes.

This paper will present an integrated picture of the operation of converter and
modulator tubes. It will be shown that the general principles of modulating or

mixing by placing the signal on one grid and the oscillator voltage on another, or by
placing both voltages on the same grid, are the same for all types of tubes. The
differences in performance among the various types particularly at high frequencies

are due to a number of important secondary effeas. In this paper, some of the effects

such as signal-grid current at high frequencies, input impedance, space-charge coup-

ling, feedback through interelectrode capacitances, and oscillator-frequency shift

will be discussed.

(ii) General analysis of operation common to all types

A. Conversioii transconductancc of modulator or mixer tubes
The basic characteristic of the converter stage is its conversion transconductancc,

i.e., the quotient of the intermediate-frequency output current to the signal input

voltage. The conversion transconductancc is easily obtained by considering the

modulation of the local-osdllator frequency by the signal in the tube and, as shown
in another paper (Ref. 17) is determined by the transconduaance of the signal elec-

trode to the output electrode. The general analysis of a modulator, or mixer tube,

is applicable to all mixers no matter how or on what electrodes the oscillator and
signal voltages are introduced.

Under the assumption that the signal voltage is very small and the local oscillator

voltage large, the signal-electrode transconductancc may be considered as a funaion
of the oscillator voltage only. The signal-elcctrode-to-plate transconductancc

may, therefore, be considered as periodically varying at the oscillator frequency

Such a periodic variation may be written as a Fourier series

fin = ^0 + cos -f ^2 cos 2a>o^ .

where a>o is the angular frequency of the local oscillator. Use of the cosine series

implies that the transconductancc is a single-valued function of the oscillator elec-

trode voltage which varies as cos (vqI. When a small signal, e, sin w,ty is applied

to the tube, the resulting alternating plate current to the first order in e, may be
written

*9 == gme, sin o>,f

00

— OoC, sin uj,t e, H a, sin cos

n 1

00

= Qtte, sin uiyt + \e, a„ sin (w< -f nw^)t

n - 1

H- sin (cu, — noi(y)c.

n 1

If a circuit tuned to the frequency (co^ -> mcuo) is inserted in the plate, the modulator
tube converts the incoming signal frequency «/;. to a useful output at an angular fre-

quency (oi, - nai„) which is called the intermediate frequency. Since n is an in-

teger, it is evident that the intermediate frequency, in general, may be chosen to be
the difference between the signal frequency and any integral multiple of the local-

oscillator frequency ; this is true even though a pure sine-wave local oscillation is

applied to the tube. The harmonics of the local-oscillator frequency need only be
present in the time variation of the signal-electrode transconductance. The ordinary

conversion transconductance is simply a special case when n 1 . The conversion

transconductance at the nth harmonic of the local oscillator is given by
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Substituting the value of the Fourier coefficient it is found that

%J 0

cos

When n is set equal to unity, this expression becomes identical with the one previously

derived. (Ref. 17).

Thus, the conversion transconductance is obtained by a simple Fourier analysis of

the signal-electrode-to-output-elearode transconductance as a function of time

Fig. 25.1. Signal - electrode

transconductance versus oscil-

lator-electrode voltage for a
typical mixer tube. The
applied oscillator voltutte is

shown at A and B , v the

reudting time variariou oj

transconductance.

Such an analysis is readily made from the tube characteristics directly by examination
of the curve of signal-electrode transconductance versus oscillator-electrode voltage.

I’he calculation of the conversion transconductance at the nih harmonic of the os-

cillator is made from this curve by assuming an applied oscillator voltage and making
a Fourier analysis of the resulting curve of transconductance versus time for its nth

harmonic component. The analysis is exactly similar to the one made of power
output tubes, except that, in the latter case, the plate-current-versus-control-electrode-

voltage curve is used. Fig. 25.1 shows a curve of signal-grid iransconductancc

versus oscillator-electrode voltage for a typical modulator or mixer tube. In the

usual case, the oscillator voltage is applied from a tuned circuit and so is closely

sinusoidal in shape as at A in the hgure. The resulting curve of transconductance

versus time is shown at B. Any of the usual Fourier analysis methods may be used

to determine the desired component of curve B. Half of this value is the conversion

transconductancc at the harmonic considered. Convenient formulas of sufficient

accuracy for many purposes follow. Referring to Fig. 25.2a, a sine-wave oscillator

voltage is assumed and a seven-point analysis is made (i.e., 30-degree intervals).

The conversion transconductances g,^ are

12' ^1)
^

(je»
- ge f 1.73 (?.

-
fa)l

g-: ,212,. : Kg. i
-

- if.
-

fa) - (f: +- fi)l

g - " gi)
-

2(,gs f..)i.

The values g 2 * etc., are chosen from the transconductance characteristic as in-

dicated in Fig. 25.2a. The values computed from the above formulas are, of course,

most accurate for g^i and of less accuracy for gri while a value computed from the

formula for is a very rough approximation.
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Simple inspection of the formula for g ny

the conversion transconductance used for

conversion at the fundamental^ is somewhat

instructive. It is evident that highest

conversion transconductance, barring ne-

gative values, as given by this formula,

occurs when g^ and are all equal to

zero, and and g^ are high. These

requirements mean that sufficient oscillator

voltage should be applied at the proper

point to cut off the transconductance over

slightly less than the cycle as pictured in

Fig. 25.2b. For small oscillator voltages

optimum operation requires the differ-

ences {g^ - g{)y (gi - gi) and (gi - gi) to

be as large as possible ; this is equivalent

to operation at the point ofmaximum slope.

It should be noted that the minimum peak i U-o-866e^—

^

oscillator voltage required for good opera- *

tion is approximately equal to one half

the difference between the oscillator-elec-

trode voltage needed for maximum signal-

grid transconductance* and that needed to

cut off this transconduaance. Thus,

inspection of the curve of transconductance

versus oscillator-electrode voltage gives

both a measure of the fundamental conver-

sion transconductance which will be ob-

tained and the amount of oscillator excita-

tion required. Conversion at a harmonic,

in general, requires considerably greater

oscillator excitation for maximum conver-

sion transconductance.

In praaical cases using grid-controlled

tubes of the usual kind, the maximum
fundamental conversion transconductance pjg 25.2a. Points used for 30-degree
which a given tube will give can quickly analysis of conversion transconductance.
be determined within 10 per cent or so by Fig. 25.2b. Oscillator amplitude and
simply taking 28 per cent of the maximum bias adjusted for high conversion trans-

signal -grid -to -plate transconductance conductance at oscillator fundamental,

which can be attained. For conversion at ^8% - gy 0-

second harmonic, optimum oscillator excitation gives a conversion transconductance

of half this value, while for third-harmonic conversion the value is divided by three.

Although the same characteristic of all modulator or mixer tubes is used to determine

the conversion transconductance, the shape of this characteristic varies between
different types of mixers. This variation will be more clearly brought out in the later

sections of the paper.

B. Convertiofi transconductance of converter tubes

In converter tubes with oscillator sections of the usual kind, the oscillator voluge

is usually present on more than one electrode. Furthermore, the phase of the os-

cillator-control-grid voltage is opposite to that of the oscillator-anode alternating

voluge, so that the two would be expected partially to demodulate each other. The
transconductance curve which should be used in this case is the one in which the

oscillator electrode voluges are simultaneously varied in opposite directions.

Fortunately, with most of the commonly used converter tuhen such as the pentagrid,

octode, triode-hexode, etc., the effect of small variations of oscillator-anode voltage
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on the electrode currents is so small that usually it may be neglected. Thus9 the

conversion transconductance of these converter tubes may be found exactly as if the

tube were a modulator or mixer, only.

With the circuit of Fig. 25.3 (Refs. 19-21) a Hartley oscillator arrangement is used
and oscillator-frequency voltage is present on the cathode. The effect of such a
voltage is also to demodulate the electron stream through the action of the alternating

cathode potential on the screen-to-cathode and signal-grid-to-cathode voltages.

When a relatively high-transconductance signal grid is present, in the figure, this

demodulation is considerably greater than in the normal cathode-at-ground circuit.

In order to determine the conversion

transconductance of a tube to be used in

this circuit, a signal-grid transconduct-
ance curve is needed. Such a curve,

however, must be taken with cathode
and oscillator-grid potential varied

simultaneously and in their correct ratio

as determined by the ratio of cathode

turns to total turns of the coil which
is to be used. However, because the

conversion transconductance is approxi-

mately prop>ortional to the peak value

of signal-grid transconductance, it is often sufficiently accurate to disregard the alter-

nating-current variation of cathode potential and simply shift the signal-grid in the

negative direction by the peak value of the alternating cathode voltage. If the result-

ing signal-grid-transconductance-versus-oscillator-grid-voltage curve is used for an
analysis of conversion transconductance, the data obtained will not be far different

from the actual values obtained in the circuit of Fig. 25.3 where normal (unshifted)

signal-grid bias values are used.

Fig. 25.3. Corwerter circuit with oscillator

voltage on both grid No. 1 and cathode.

C. Fluctuation noise

The fluctuation noise of a converter stage is frequently of considerable importance

in determining the over-all noise. The magnitude of the fluctuation noise in the out-

put of a converter or mixer tube may be found either by direct measurement using

a known substitution noise source such as a saturated diode or by making use of the

noise of the same tube used as an amplifier and finding the average mean-squared

noise over an oscillator cycle. (Refs. 22, 23). Since these methods give values

which are substantially in accord, and since the noise of many of the usual tube types

under amplifier conditions is readily derived from theory (Ref. 24), the latter pro-

cedure is convenient. Thus, if i,,,- is the mean-squared noise current in the output

of the converter or mixer tube considered as an amplifier (i.e. steady direct voltages

applied) the mean-squared intermediate-frequency noise is

1 f27r

2n ip.*d(a>r)

or the average of over an oscillator cycle. The values of obtained from

theory require a knowledge of the currents and transconductance of the tube and

are usually proportional to these quantities. Thus, the converter-stage output noise,

which is the average of ip„* over the oscillator cycle, is usually proportional to the aver-

age electrode currents and average transconductancc when the oscillator is applied.

Specific examples will be given in following sections of this paper treating typical

modes of converter operation.

Tube noise is conveniently treated by use of an equivalent grid-noise-resistancc

concept whereby the tube noise is referred to the signal grid. The equivalent noise

resistance of a converter or mixer tube is
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where A — 1.37 x 10 is room temperature in degrees Kelvin, and J/is the

effective over-all bandwidth for noise purposes. Since J/ is invariably associated

with !,_/*, the bandwidth cancels in the determination of R,, which is one of the

advantages of the equivalent-resistance concept. For = 20 degrees centigrade,

^., = 0.625 X

A summary of values of R
, , for common types of converter will be found in a pre-

ceding paper. (Ref 23).

The equivalent noise resistance R,, alone does not tell the entire story as

regards signal-to-noise ratio, particularly at high frequencies. For example, if the

converter stage is the first stage of a receiver, and bandwidth is not a consideration,

the signal energy which must be supplied by the antenna to drive it will be inversely

proportional to the converter-stage input resistance. On the other hand, the noise

energy of the converter or mixer tube is proportional to its equivalent noise resistance.

The signal-to-noise ratio therefore, will vary with the ratio of input resistance to

equivalent noise resistance, and this quantity should be as high as possible. When
bandwidth is important, the input resistance should be replaced by the reciprocal

of the input capacitance if it is desired to compare various converter systems for signal-

to-noise ratio.

(iii) The oscillator section of converter tubes
The oscillator section of converters is often required to maintain oscillation over

frequency ranges greater than three to one for circuits using capacitance tuning.

Although this requirement is easily met at the lower broadcast frequencies, the effect

of lower circuit impedances, transit-time phenomena in the tube, and high lead re-

actances combine to make the shon-wave band a difficult oscillator problem. Ability

to oscillate has, in the past, been measured by the oscillator transconductance at

normal oscillator-anode voltage and zero bias on the oscillator grid. Recent data

have shown that, in the case of pentagrid and some octode converters, an additional

factor which must be considered is the phase shift of oscillator transconductancc

(i.e. transadmittance) due to transit-time effects*. (Ref. 26).

The ability of a converter to operate satisfactorily at high frequencies depends
largely on the undesirable oscillator frequency vaiiations produced when electrode

voltages are altered. The frequency changes are mainly caused by the dependence
on electrode voltages of oscillator-electrode capacitances, oscillator iransconductance,

and transit-time effects. There are many other causes of somewhat lesser import-

ance. Because of the complex nature of the problem no satisfactory quantitative

analysis is possible. In the case of the pentagrid and the earlier forms of octode

converters there are indications that the larger part of the observed frequency shift

is due to a transit-time effect. It is found that the phase of the oscillator trans-admitt-

ance and, therefore, the magnitude of the susceptive part of this transadmittance

varies markedly with screen and signal-grid-bias voltages. Since the susceptive

pan of the transadmittance contributes to the total susceptance, the oscillation fre-

quency is direaly affected by any changes.

(iv) The detailed operation of the modulator or mixer section of
the converter stage

This section will be devoted to a consideration of the modulator or mixer ponion
of the converter stage. This portion may be either a separate mixer tube or the

modulator portion of a converter tube. Since with most of the widely used con-

verter tubes in the more conventional circuits the alternating oscillator-anode voltage

has a negligible effect on the operation of the modulator portion, only the effect of

oscillator control grid need be considered. Thus the analysis of the operation of

most converter tubes is substantially the same as the analysis of the same tubes used

as a mixer or modulator only, just as in the treatment of conversion transconductance.

*M. J. O. Strutt (see Ref. 26) has published data on this phase shift in octodcs. It was measured to
be as high as 60 degrees at 33 megacycles.
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There are three methods of operation of mixer or modulator tubes. The oscillator

voltage may be put on the same grid as the signal voltage, it may be put on the inner

grid (the signal applied to an outer grid), or it may be impressed on an outer grid

(with the signal on the inner grid). Each of these modes of operation has charac-

teristics which depend on the mode rather than on thc^ tube used in it. Tubes which
may be used in any one mode differ from one another mainly in the degree in which

they affect these characteristics. The treatment to follow, therefore, will not neces-

sarily deal with specific tube types : instead, the phenomenon encountered will be

illustrated by the use of data taken on one or more typical tubes for each of the modes
of operation.

A. Tubes with oscillator and signal voltages applied to same grid

Typical tubes used for this type of operation are triodes and pentodes. The
oscillator voltage may be introduced in series with the signal volugc, coupled to the

signal input circuit inductively, capacitively, and/or conductively, or it may be

coupled into the cathode circuit. In all but the last case, by operating below the grid-

current point, the oscillator circuit is not loaded directly by the mixer tube. When
cathode injection is used, however, an effective load equal to the mean cathode con-

ductance (slightly greater than the mean transconducunce) is imposed on the oscillator

circuit. The cathode injection circuit has the advanuge that oscillator-frequency

voltage between the signal input circuit and ground is minimized, thus reducing

radiation when the converter stage is also the first stage of the receiver.

A typical transconductance-versus-bias curve

for a variable-^ radio-frequency pentode is shown
in Fig. 25.4. The use of the Fourier analysis for

conversion transconductance at oscillator funda-

mental indicates that a value of approximately a

quarter of the peak transconductance can be at-

tained. Because of the tailing off of the lower

end ofthe curve, highest conversion transconduct-

ance requires a large oscillator swing. Very nearly

the maximum value is obtained, however, at an op-
erating bias shown by the dotted line, with an os-

cillator peak amplitude approximately equal to

the bias. With lower oscillator amplitudes, and
the same fixed bias, the fundamental conversion

transconductance drops in approximate propor-

tion to the oscillator amplitude

Strialy speaking, when the cathode injec-

tion type of operation is used the effect of

the oscillator voltage which is impressed between screen and cathode, and plate
and cathode should be considered. Praaically, however, there is little difference
over the simpler circuit in which the oscillator voltage is impressed on the signal grid
only. It is for this reason that the cathode-injection circuit is placed in the same
category as those in which the oscillator voltage is actually impressed on the same
electrode as the signal.

In a practical drctiit the effective oscillator voltage is, of course, the oscillator voltage

actually existent between grid and cathode of the tube. When the oscillator voltage
is impressed in series with the signal circuit or on the cathode, this effective voltage
is different from the applied oscillator voltage by the drop across the signal circuit.

In the usual case, with the oscillator frequency higher than the signal frequency, the
signal circuit appears capacitive at oscillator frequency. This capacitance and the
grid-to-cathode capacitance, being in series, form a capacitance divider and reduce
the effective oscillator voltage. The reduction would not be a serious matter if it

remained a consunt quantity ; but in receivers which must be tuned over an appreci-
able frequency range this is not the case. The result is a variation in conversion
gain over the band. A number of neutralizing circuits have been described in the

Fig, 25.4. Transconduciance
characteristic of a typical variable-

fi, radio-frequency pentode.
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patent literature which are designed to reduce the oscillator-frequency voltage across

the signal circuit and thus minimize the variations. (Refs. 27^ 28).

Coupling of the oscillator voltage into, or across, the signal circuit is also accom-
panied by changes in effective oscillator voltage when the timing is varied. These
changes are not so great with pure inductive coupling as with pure capacitance coup-
ling. In many practical cases, both couplings are present.

A method of reducing the variation of conversion gain with effective oscillator

voltage in tubes in which oscillator voltage and signal are placed on the same grid,

employs automatic bias. Automatic bias may be obtained either by a cathode self-

bias resistor (by-passed to radio frequency) or by a high-resistance grid leak, or both.

An illustration of the improvement which may be obtained in this way is shown in

Fig. 25.5. Three curves of conversion transconductance, at oscillator fundamental,

against effeaive peak oscillator volts are shown for the typical variable-^ pentode of

Fig. 25.4 used as a mixer. For the curve a, a fixed bias was used at approximately

an optimum point. The curve is stopped at the grid-current point because operation

beyond this point is not practicable in a receiver. Curve b shows the same tube

operated with a cathode self-bias resistor. This curve is also stopped at the grid-

current point. Curve c shows operation with a high-resistance grid leak. It is

evident that, above an oscillator voltage of about 3, curve b is somewhat flatter, and c

is considerably flatter than the fixed-bias curve a. The high-resistance grid leak

used for c may be made a part of the automatic-volume-control filter but care must
be taken that its value is considerably higher than the resistance in the automatic-

volume-control circuit which is common to other tubes in the receiver. If this is

not done, all the tubes will be biased down with large oscillator swings. When a

high-resistance leak is used, the automatic-volumc-control action does not begin

in the mixer tube until the automatic-volume-control bias has exceeded the peak
oscillator voltage. Because of the high resistance of the leak, the signal circuit is

not loaded appreciably by the mixer tube. In a practical case, precautions must be
taken that a pentode in the convener stage is not operated at excessive currents when
accidental failure of the oscillator reduces the bias. A scries dropping resistor in the

screen-grid supply will prevent such overload. When a scries screen resistor is

used, the curve of conversion transconductance versus oscillator voltage is even flatter

than the best of the curves shown in Fig. 25.5. Series screen operation, therefore,

is highly desirable (Ref. 23).

One of the effects of feedback through interelectrode capacitance in vacuum tubes

is a severe loading of the input circuit when an inductance is present in the cathode

circuit. Thus, in mixers using cathode injection, the signal circuit is frequently

heavily damp^ed since the oscillator circuit is inductive at signal frequency in the

usual case. The feedback occurs through the grid-to-cathode capacitance and can
be neutralized to some extent by a split cathode coil with a neutralizing capacitance.

(Ref. 28). Such neutralization also minimizes the voltage drop of oscillator frequency
across the signal circuit.

Loading of the signal circuit by feedback from the plate circuit of modulators or

mixers may also be serious when the signal-grid-to-plate capacitance is appreciable.

This is especially true when a low capacitance intermediate-frequency circuit, which
presents a comparatively high capacitive reactance at signal frequency, is used, as in

wide-band intermediate-frequency circuits. The grid-plate capacitance > of radio-

frequency pentodes is usually small enough so that the effect is negligible in these

tubes. In triodes, however, feedback from the intermediate-frequency circuit may
be serious and the grid-plate capacitance should be minimized in tube and circuit

design. Although neutr^ization is a possible solution to the plate feedback, a more
promising solution is the use of a specially designed intermediate-frequency circuit

which offers a low impedance at signal frequency by the equivalent of series tuning
and yet causes little or no sacrifice in intermediate-frequency performance.

At high frequencies, the converter stage exhibits phenomena not usually observable

it low frequencies. One group of phenomena is caused not by the high operating

frequency, per se, but rather by a high ratio of operating frequency to intermediate
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CONTROL GRID BIAS VOLTS
FIG.2S.6

Fig. 25.5. Conversion transconductance of a typical variable- fiy radio-frequency pentode.

Oscillator and signal voltages both applied to grid No. 1 .a, fixed-bias operation ; b, cathode
resistor used to obtain bias ; c, bias obtained by means of a high-resistance grid leak.

Fig. 25.6. Input conductance of a typical variable- radio-frequency pentodcy at

60 megacycles.

frequency (i.e., a small separation between signal and oscillator frequencies). Among
these phenomena may be listed pull-in and inter-locking between oscillator and signal

circuits and poor image response. In mixers in which oscillator and signal are im-
pressed on the same grid, the first of these effects is usually pronounced because of

the close coupling between the oscillator and signal circuits. It can be reduced by
special coupling from the local oscillator at an increase in the complexity of the circuit.

Other phenomena, which are due to the high operating frequency, occur in mixers
irrespcaive of the intermediate-frequency. The most important of these are those

caused by transit-time effects in the tube and by finite inductances and mutual in-

ductances in the leads to the tube When the oscillator and signal are impressed
on the grid of a mixer, the effects are not dissimilar to those in the same tube used
as an amplifier. So far as the signal is concerned, the operation is similar to that of

an amplifier whose plate current and transconduaance are periodically varied at

another frequency (that of the oscillator). The effects at signal frequency must,
therefore, be integrated or averaged over the oscillator cycle. The input conductance
at 60 megacycles of the typical radio-frequency pentode used for Figs. 25.4 and Fig.

25.5 as a funaion of control-grid bias is shown in Fig. 25.6. The integrated or net

loading as a funaion of oscillator amplitude, when the tube is used as a mixer at this

frequency, is given in Fig. 25.7, both with fixed-bias operation and with the bias

obtained by a grid leak and condenser. The con-

ductance for all other frequencies may be cal-

culated by remembering that the input con-

ductance inaeases with the square of the fre-

quency. The data given do not hold for cathode

injection because of the loading added by feed-

back, as previously discussed.

When automatic volume control is used on the

modulator tube, an imponant effect in some cir-

cuits is the change in input capacitance and input

loading with bias. This is especially true when
low-capacitance circuits are in use, as with a wide-
band amplifier. With tubes having oscillator

and signal voltages on the same grid, because of

Fig. 25.7. Input conductance of

a typical pentode when used as a

mixer at 60 megacyclesy a, fixed-

bias operation ; c, bias obtained

by means of a high-resistance grid

leak.

the integrating action of the oscillator voltage, the

changes are not so pronounced as with the same
tube used as amplifier. A small, unbypassed
cathode resistor may be used with an amplifier

tube (Refs. 29, 30) to reduce the variations
; it

should give a similar improvement with the
modulator.
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The question of tube noise (i.e., shot-effect fluctuations) is important in a mixer,

or modulator, especially when this tube is the first tube in a receiver. There is little

doubt that triode or pentode mixers, in which signal and oscillator voltages are im-

pressed on the control grid, give the highest signal-to-noisc ratio of any of the com-
monly used types of mixers. The reason for this has been made clear by recent

studies of tube noise. (Ref. 24). It is now well established that tube noise is the

combined result of shot noise in the cathode current which is damped by space charge

to a low value and additional fluctuations in the plate current caused by random
variations in primary current distribution between the various positive electrodes.

Thus, in general, tubes with the smallest current to positive electrodes other than the

plate have the lowest noise. It is seen that the tetrode or pentode modulator, with a

primary screen current of 25 per cent or less of the total current, is inherently lower

in noise than the more complex modulators in which the current to positive electrodes

other than the plate usually exceeds 60 per cent of the total current. The triode,

of course, has the lowest noise assuming an equivalent tube structure. The con-

version transconductance of triode, tetrode, or pentode mixers is usually higher than

that of multielectrode tubes using a similar cathode and first-grid structure. That
this is so is again largely due to the lower value of wasted current to other electrodes

The noise of triodes and pentodes used as mixers in the converter stage is con-

veniently expressed in terms of an equivalent noise resistance ^ as mentioned in

Sect. l(ii)C. The noise as a mixer, of both the triode and the pentode, may be

expressed in one formula based on the now well-understood amplifier noise relations.

(Ref. 24). The equivalent noise resistance of the triode is obtained simply by equating

the screen current to zero. An approximate formula for equivalent noise resistance

of oxide-coated-cathode tubes is

2.27^^20/;.; 1

R*, (of triode and pentode mixers) — - ^
"

•
^

-
^

where is the average control-grid-to-plate transconductance (averaged over an

oscillator cycle). If. is the average screen current, is the conversion transconductance,

and ot is the ratio of the screen current to plate current. Valuable additions to the

above relation are given by formulas which enable a simple calculation of noise re-

sistance from amplifier data found in any tube handbook. These additional relations

are approximations derived from typical curve shapes and are based on the maximum
peak cathode current /„ and the maximum peak cathode transconductancc The
data arc given in Table 1. It has been assumed that oscillator excitation is approxi-

mately optimum. In this table, E,o is the control-grid voltage needed to cut off the

plate current of the tube with the plate and screen voltages applied, and / is the ratio

of screen to plate current.

TABLE 1

Mixer Noise of Triodes and Pentodes
(Oscillator and Signal both Applied to Control Grid)

Approxi-
1

Average
mate

;

Transcon-
Average

Cathode
Conversion

Transcon-

Equivalent

Noise
Operation Oscillator

|

ductance

Peak Volts i «
A m

Current

/.

ductance Resistance

At Oscillator Fund-
0.35 /„

0.28 13 /»

amental
i

;

1 • a
^ ” 90 ", a

go*

At Oscillator 2nd
1 , C C ' 0-25

0.20 /„
0.13 31 /o

Harmonic '

'

1 .

1

' 1 ^ 0

220 ,»
go'

At Oscillator 3rd'
. , f 1

0.15
!

0.11 /„
i

0.00 38 Ifl

Harmonic
4.3

1

! 1 io
f 260 V*
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As an example of the use of the table, suppose it is desired to find the equivalent
noise resistance of a particular triode operated as a converter at the oscillator second
harmonic. The local oscillator can be permitted to swing the triode mixer grid to

zero bias. With a plate voltage of 180 volts and zero bias, the tube data sheet shows
a transconductance, = 2.6 x 10'* mho. Thus the equivalent noise resistance is

31/^0 or 12 000 ohms and the conversion transconductance at second harmonic is

0.13 gQi or 340 micromhos. Since, with this plate voltage the tube cuts off at about
8 volts, a peak oscillator voltage of around 12 volts will be required.

The above table may also be used to obtain a rough estimate of the input loading
of pentode or triode mixers, since the high-frequency input conductance is roughly

proportional to the average transconduaance g^ and to the square of the frequency.
Thus, if the loading at any transconductance and frequency is known, the loading as

a mixer under the conditions of the table may quickly be computed.

Fig. 25.8. Signalrgrid-{grid No.

4) tO’-plate transconductance ver-

sus oscillator-grid {grid No. 1)

voltage curve of a typical mixer

designed for inner-grid injection.

Signal-grid bias 3 volts.

-JO -lO 0 +10
Not GRID BIAS VOLTS

FIC.JS.S

B. Tubes with oscillator voltage on an inner grid, signal voltage on an outer
grid

When the oscillator voltage is impressed on the grid nearest the cathode of a mixer
or convener, the cathode current is varied at oscillator frequency. The signal grid,

on the other hand, may be placed later in the electron stream to serve only to change
the distribution of the current between the output anode and the other positive elec-

irodcs. When the two control grids arc separated by a screen grid, the undesirable

coupling between oscillator and signal circuits is reduced much below the value which
otherwise would be found.

The signal-grid-to-plate transconductance of the inner-grid injection mixer is a

function of the total current reaching the signal grid ; this current, and hence the

signal-grid transconductance, will vary at oscillator frequency so that mixing becomes
possible. The signal-grid transconductance as a funaion of oscillator-grid potential

of a typical modulator of this kind is shown in Fig. 25.8. It will be observed that

this characteristic is different in shape from the corresponding curve of Fig. 25.4

for the tube with oscillator and signal voltages on the same grid. The chief point of

difference is that a definite peak in transconductance is found. The plate current

of the tube shows a saturation at approximately the same bias as that at which the

peak in transconductance occurs, indicating the form^ion of a partial virtual cathode.

The signal grid, over the whole of these curves, is/ biased negatively and so draws

no current. The oscillator inner grid (No. 1 grid) however, draws current at positive

values of bias. This separation of signal and oscillator grids is advantageous, inasmuch

as the signal circuit is not loaded even though the bscillator amplitude is sufficient to

draw grid current. In fact, in the usual circuit, the oscillator grid is self-biased

with a low-resistance leak and condenser and swings sufficiently far positive to attain

the peak signal-grid transconductance.

The conversion transconductance of such a tube has a maximum with an oscillator

swing which exceeds the point of maximum signal-grid transconductance in the one
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direction and which cuts off this transconductance over slightly less than half the

cycle^ in the other. Curves of conversion transconductance against peak oscillator

voltage are shown in Fig. 25.9. Curve a is for fixed-bias operation of the oscillator

grid) curve b is with a high-resistance (i.e. several megohms) grid leak and condenser

for bias, and curve c is with the recommended value of grid leak (50 000 ohms) for

this type of tube. It is seen that best operation is obtained with the lower resistance

value of grid leak. With this value, the negative bias produced by rectification in the

grid circuit is reduced enough to allow the oStillator grid to swing appreciably positive

over part of the cycle. An incidental advantage to the use of the low-resistance leak

when the tube is self-osdllating (i.e., a converter) is that undesirable relaxation os-

cillations are minimized.

.PEAK OSCILLATOR VOLTS
FlC. 25.

9

Fig, 25.9. Conversion transconductance of
a typical mixer designed for inner-grid

injection of oscillator. Signal-grid bias

3 volts, a, fixed-bias operation of
oscillator grid

;

6, oscillator-grid bias

obtained through high-resistance grid leak ;

Cy oscillator-grid bias obtained through a
50y000-ohm grid leak.

In mixers or converters in which the oscillator voltage is present on both the cathode

and the oscillator grid in the same phase (e.g. Fig. 25.3) it is usually necessary to

utilize a relatively sharp cut off in the design of the oscillator grid so as to cut off the

cathode ctirrent when the signal grid is positive (Ref. 19). By this means, the signal

grid is prevented from drawing current. At the same time, however, the high currents

needed for a high peak value of signal-grid transconductance cannot be obtained

without a greater positive swing of the oscillator grid than with a more open oscillator

grid struaure. Thus, it is clear that it is desirable to have a negative bias on the

oscillator elecuode which is considerably smaller than the peak oscillator voltage.

For this reason, optimum results are obtained on these tubes with very low values of

oscillator grid leak (e.g. 10 000 to 20 000 ohms).

The effects of feedback through the intcrelectrodc capacitance arc small in well-

designed multigrid mixers and converters of the kind covered in this section. The
signal-grid-to-platc capacitance is usually small enough to play no part in the opera-

tion ; even with a high L-to-C ratio in the intermediate-frequency transformer, the

capacitive reactance of the intermediate-frequency circuit at signal frequency is only

a very small fraction of the feedback reactance. The other interelearode capacitance

which plays some part in determining circuit performance (excluding, of course,

the input and output capacitances) is the capacitance from the oscillator electrode or

electrics to the signal grid. This capacitance is a source of coupling between these

two circuits. In well-designed converter or modulator tubes of the type discussed

in this section, however, the coupling through the capacitance may be made small

compared with another form of internal coupling known as “ space-charge coupling’*

which will be treated later in this discussion.

Coupling between oscillator and signal circuits is of no great consequence except

when an appreciable voltage of oscillator frequency is built up across the signal-grid

circuit. This is not usually possible unless the signal circuit is nearly in tune with

the oscillator as it is when a low ratio of intermediate frequency to signal frequency

is used. The effea of oscillator-frequency voltage induced across the signal circuit

depends on its phase ; the effect is usually either to increase or to decrease the relative

m^ulation of the plate current at oscillator frequency and so to change the con-

version transconductance. This action is a disadvantage, particularly when the

amount of induced voltage changes when the tuning is varied, as usually occurs.
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In some cases> another effect is a flow of grid current to the signal grid ; this may
happen when the oscillator-frequency voltage across the signal-grid circuit exceeds
the bias. Grid current caused by this effect can usually be distinguished from grid

current due to other causes. By-passing or short-circuiting the signal-grid circuit

reduces the oscillator-frequency voltage across the signal-grid circuit . to zero. Any
remaining grid current must, therefore, be due to other causes.

Current to a negative signal grid of a tube operated with inner-grid oscillator in-

jection is sometimes observed at high frequencies (e.g. over 20 megacycles) even when
no impedance is present in the signal-grid circuit. This current is caused by elec-

trons whose effective initial velocity has been increased by their finite transit time
in the high-frequency alternating field around the oscillator grid. These electrons

are then able to strike a signal grid which is several volts negative. The magnitude
of the signal-grid current is not usually as great as with tubes applying the oscillator

voltage to an outer grid* although it may prevent the use of an automat ic-volume-
control voltage on the tube..

An investigation of coupling effects in the pentagrid converter showed that the

coupling was much larger than could be explained by interelectrode capacitance.

It was furthermore discovered that the apparent coupling induced a voltage on the

signal circuit in opposite phase to that induced by a capacitance from oscillator to

signal grid. (Ref. 15). The coupling which occurred was due to variations in space

charge in front of the signal ^rid at oscillator frequency. A qualitative explanation

for the observed behaviour is that, when, the oscillator-grid voltage is increased, the

electron charge density adjacent to the signal grid is increased and electrons are re-

pelled from the signal grid. A capacitance between the oscillator grid and the signal

grid would have the opposite effect. The coupling, therefore, may be said to be
approximately equivalent to a negative capacitance from the oscillator grid to the signal

grid. The effect is not reversible because an increase of potential on the signal grid

docs not increase the electron charge density around the oscillator grid. If anything,

it decreases the charge density. The equivalence to a negative capacitance must be
restricted to a one-way negative capacitance and, as will be shown later, is restriaed

also to low-frequency operation.

In general, the use of an equivalent impedance from oscillator grid to signal grid

to explain the behaviour of “ space-charge coupling *’
is somewhat artificial. A

better point of view is simply that a current is induced in the signal grid which de-

pends on the oscillator-grid voltage. Thus, a transadmittance exists between the

two electrodes analogous to the transconductancc of an ordinary amplifier tube.

Indeed, the effect has been used for amplification in a very similar manner to the use

of the transconductance of the conventional tube. (Ref. 32, 33).

It is found that the transadmittance from the oscillator to the signal electrode

Ymo-i is of the form

Y fno- $ ki i-O J ^2

At low frequencies (i.e., k^oj^ << ^joj) the transadmittance is mainly a transuscept-

ance but, as the frequency rises, the transconductance component /r,cu* becomes of

more and more importance, eventually exceeding the transusceptance in magnitude.

The early work on “ space-charge coupling ** indicated that the effect was opposite

to that of a capacitance connected from oscillator to signal grid and could be cancelled

by the conncaion of such a capacitance of the correct value (Refs. 15, 34). The effect

of such cancellation could be only partial, however, since only the transusceptance

was balanced out by this arrangement. For complete cancellation it is also necessary

to connect a conductance, the required value of which increases as the square of the

frequency, between the oscillator grid and the signal grid so that the transconductance

term is also balanced out. (Ref. 35, 36).

The cancellation of “ space-charge coupling ** mfiy be viewed in another way.

A well-known method of measuring the transadmittance of a vacuum tube is to con-

nect an admittance from control grid to output electrode and to vary this admittance

until no alternating-current output is f^d with a signal applied to the control grid,

•The next part of ihisi section contains a more detailed discussion of signal-grid current in outer-grid
oscillator injection tubes.
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(Ref. 37). The external admittance is then equal to the transadmittance. In exactly

the same way^ the transadmittance which results from the space^charge coupling may
be measured. As a step further, if an admittance can be found which substantially

equals the transadmittance at all frequencies or over the band of frequencies to be

used, this admittance may be permanently connected so as to cancel the effects of

space-charge coupling. As has been previously stated, the admittance which is re-

quired is a capacitance and a conductance.whose value varies as the square of the

frequency. Such an admittance is given to a first approximation by the series con-

nection of a capacitance C and a resistance R. Up to an angular frequency —
03/CR the admittance of this combination is substantially as desired. At higher

values of frequency, the conductance and susceptance fail to rise rapidly enough and

the cancellation is less complete. Other circuits are a better approximation to the

desired admittance. For example, the connection of a small induaance, having the

value L = 1/2CR*,* gives a good approximation up to an angular frequency u>

0.6/ CR. The latter circuit is, therefore, effective to a frequency twice as high as the

simple series arrangement of capacitance and resistance. Inasmuch as in some cases

the value of induaance needed is only a fraction of a microhenry, the inductance may
conveniently be derived from proper proportioning and configuration of the circuit

leads.

Pig, 25.10. Signal ^id {grid No. 4) admittance of a typical mixer designed for inner

•

grid injection of oscillator at 31.5 megacycles. Curves taken with no oscillator voltage
applied. Data represents electronic admittance only (i.e. “ cold ** values were subtracted

from measured values before plotting.)

It is of interest to note the order of magnitude of the transadmittance which is

measured in the usual converter and mixer tubes. (Refs, 26, 35, 36, 38). In the

formula for , given above, A, is in the neighborhood of 10~ and A, is around
10 **. Cancellation is cffcacd by a capacitance of the order of one or two micro-
miaofarads and a series resistance of 500 to 1000 ohms.
The correa value of the cancelling admittance may be found experimentally by

adiustment so that no oscillator voltage is present across the signal-grid circuit when
the latter is tuned to the oscillator frequency. Another method which may be used
is to observe either the mixer or convener plate current or the oscillator grid current
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as the tuning of the signal is varied through the oscillator frequency. With proper

adjustment of the cancelling admittance there will be no reaction of the signal-circuit

tuning on either of these currents.

There are two disadvantages which accompany the c^cellation of space-charge

coupling as outlined. In the first place, the signal-grid input admittahce is increased

by the cancelling admittance. This point will be brought up again after discussing

the input admittance. The second disadvantage is that the oscillator frequency shift

with voltage changes in converter tubes may be somewhat increased by the use of

this cancellating admittance. When separate oscillator and mixer tubes are used,

the latter effect may be made less serious.

The next point to be considered is the input admittance of the signal grid. Signal-

grid admittance curves of a typical modulator designed for use with the oscillator

voltage impressed on the first grid are shown under direct-current conditions (i.e.,

as a function of oscillator-grid bias for several values of signal-grid bias) in Fig. 25.10.

The admittance is separated into conductive and susceptive components, the latter

being plotted in terms of equivalent capacitance. The admittance components of

the “ cold ’* tube (no electrons present) have been subtracted from the measured value

so that the plotted results represent the admittance due to the presence of elearons

only. The data shown were taken at 31.5 megacycles with a measuring signal which
did not exceed 1.0 volt peak at any time. A modified Boonton Q meter was used

to take the data. It should be noted that the presence of a marked conductive com-
ponent of admittance is to be expected at frequencies as high as those used.

Fig. 25.11. Signal-grid {grid No. 4)

conductance of a typical mixer

designed for inner-grid injection of

oscillator. Lines are drawn with

slope of 2. Curve a taken with

Ec 0, Er ^ —3 volts. Curve

b taken with E^ — —6, E. ==

6 volts.
^

The most striking feature of the data of Fig. 25.10 is that both susceptive and con-

duaive components arc negative over a large portion of the characteristic. The
Appendix discusses this feature in somewhat more detail. The measurements show

that the susceptive component is analogous to a capacitance. The capacitance curves

given arc independent of frequency up to the highest frequency used (approximately

50 megacycles). The conductive component, on the other hand, increases as the

square of the frequency also up to this frequency. The conductance is, therefore,

negative even at very low frequencies although its magnitude is then very small.

Thus, the conductance curves of Fig. 25.11 arc valid for any frequency by multi-

plication of the conductance axis by the square of the ratio of the frequency considered,

to the frequency used for the data (i.e., 31.5 megacycles). Data taken at various

frequencies for two particular values of grid bias voltage E^ arc plotted in Fig. 25.11.

The square-law relation is shown to check very closely.

Fig. 25.10 should be considered remembering that the oscillator voltage is applied

along the axis of abscissas. Considering an applied oscillator voltage, the admittance
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curves must be integrated over the oscillator cycle to find the admittance to the signal

frequency. The operation is just as if the tube were an amplifier whose input ad-

mittance is periodically varied over the curve of Fig. 25.10 which corresponds to the

signal-grid bias which is used. Curves of the modulator input conductance at 31.5

megacycles for various applied oscillator voltages are shown in Fig. 25.12. The
osdllator-grid bias is obtained by means of the recommended value of grid leak for

the tube (50 000 ohms). Curves are shown for two values of signal-grid bias volt-

age As before, data for other frequencies are obtained by multiplying the con-

ductance by the square of the frequency ratio.

The practical effect of the negative input admittance in a circuit is due to the con-

ductive portion only, inasmuch as the total input capacitance remains positive in

general* An improved image ratio, and somewhat greater gain to the converter

signal grid over other types of modulator is to be expected when this type of oscillator

injection is used. At high frequencies, when a comparatively low intermediate fre-

quency is used, it is usually desirable to cancel the space-charge coupling of the tube

in the manner previously discussed. When this cancellation is made reasonably

complete by the use of a condenser and resistor combination connected from the

oscillator grid to the signal grid, the losses in this admittance at signal frequency are

usually sufficient to wipe out the negative input admittance. The net positive input

conductance however is often less than that found with other types of mixer.

The change in signal-grid input capacitance with automatic-volume-control is

small in this type of modulator, particularly with the larger values of oscillator swing

because of the integrating action of the oscillator voltage.

The fluctuation noise which is found in the output of inner-grid oscillator-injection

mixers and converters is not readily evaluated quantitatively. The fluctuation noise

is primarily due to current-distribution fluctuations but is complicated by the possi-

bility of a virtual cathode ahead of the signal grid. Data have been taken, however,

whidi indicate some degree of proportionality between the mean-square noise current

and the plate current. The signal-to-noise ratio for this type of modulator is, there-

fore, approximately proponional to the ratio of conversion transcenductance to the

square root of the plate current. It is considerably less than for the pentode modulator
with both signal and oscillator voltages on the control grid.

The noise of the converter or mixer with oscillator on an inner grid may be ex-

pressed in terms of an equivalent grid resistance as

R * 9
gt*

F*

where is the operating plate current, gr is the conversion transconductance, and F*
is a factor which is about 0.5 for tubes with suppressor grids and at full gain. For
tubes without suppressor or for tubes whose gain is reduced by signal-grid bias, F*
is somewhat larger and approaches unity as a maximum. With this mode of opera-

tion there is not so much value in expressions for R based on maximum trans-

conductance and maximum plate current because these quantities are neither available

nor are they easily measured. For operation at second or third harmonics of the

oscillator (assuming optimum oscillator excitation) the plate cxirrent /,. and the con-
version transconduaance gt arc roughly i or 1/3, respectively, of their values with
fimdamcntal' operation so that the equivalent noise resistance for second-harmonic
and third-harmonic operation is around two and three times, respectively, of its

value for fundamental operation.

C. Mixers with oscillator voltage on an outer grid, signal voltage on inner
p*id

With this type of mixer, the cathode currenris modulated by the relatively small
signal voltage which is impressed on the control grid adjacent to the cathode. The
oscillator voltage, on the other hand, is impressed on a later control grid so that it

•II should not be forgotten that the data given do not include the ** cold ’* susceptance and conductance
of the tube. The latter it a relatively small quantity, however.
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periodically alters the current distribution between anode and screen grid. The
connections of signal and oscillator voltages to this type of modulator arc just the

reverse, therefore, of the mixer treated in the preceding section. The behaviours

of the two types are also quite different although they both include internal separation

of signal and oscillator electrodes through a shielding screen grid.

No 3 CaiD SIAS VOLTS
FIG. 2S.U

Fig. 25.12. Signal-grid {grid No. 4) conductance of a typical mixer designed for intier-

grid injection of oscillatory at 31.5 megacycles. Oscillator voltage applied. Oscillator-

grid bias obtained through 50y000-ohm grid leak. Electronic portion of conductanccy only,

plotted.

Fig. 25.13. Signal-grid {grid No. 1) transconductance versus oscillator-gnd {grid No. 3)

voltage of a typical mixer designed for use with outer-grid injection of oscillator. Signal-
grid bias - -- 3 volts.

The signal-grid transconductancc curve as a function of oscillator-grid voltage of

a typical mixer designed for use with the oscillator on an outer grid is shown in Fig.

25.13, It differs in shape from similar curves for the other two classes of modulator
in that an approximate saturation is reached around zero bias on the oscillator grid.

The conversion transconductancc for such a tube is, therefore, more accurately pre-

dicted from normal amplifier transconductancc. In faa, in the manufacture of this

type of mixer, a test of signal-grid transconduaance at somewhere near the saturation

point (c.g., zero bias) on the oscillator grid has been found to correlate almost exactly

with the conversion transconductancc. The cut off point of the curve must remain

approximately fixed, of course, since this point affects the oscillator amplitude which
is necessary. The conversion transconductancc of the

typical outer-grid injection mixer tube
which was used for Fig. 25.13 is shown in

Fig. 25.14. Curve a which is for fixed

bias on the oscillator grid is seen to be
higher than curve b for which bias is ob-
tained by a 50 000-ohm grid leak and con-

denser. The latter connection is most
widely used, however, because of its con-

venience. A compromise using fixed bias

together with a grid leak is most satisfac-

tory of all. (Ref. 40). When this com-
bination is used, the curve of conversion

Fig 25.14. Conversion transconduct-

ance of a typical mixer designed for

outer-grid injection of oscillator. Signal-

grid biasy Ef^ ~ - 3 volts. Curve a

corresponds to fixed No. 3 grid bias,

Ef^ - S volts. Curve b corresponds

transconductancc follows curve a of Fig.

25.14 to the intersection with curve b and
then follows along the flat top of curve b.

In a wellrdesigned mixer with the signal

voltage on the grid adjacent to the cathode

and the oscillator voltage on an outer grid,

effects due to feedback through the intcr-

to bias obtained through a 50 000-ohm electrode capacitance may usually be ne-

grid leak. glccted. The only effect which might be of
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importance in some cases is coupling of th& oscillator to the signal circuit through the

signal-grid-to-osdllator-grid capacitance. In many tubes a small amount of space-

charge coupling between these grids is also present and adds to the capacitance coup-

ling (contrary to the space-charge coupling discussed in Section B which opposes

the capacitance coupling in that case). Measurements of the magnitude of the space-

charge coupling for this type of modulator show that it is of the order of 1/5 to 1/10

of that present in inncr-grid-injcction modulators. Coupling between oscillator and
signal circuits causes a voltage of oscillator frequency to be built up across the signal

input circuit. This oscillator-frequency voltage, depending on its phase, aids or

opposes the effect of the normal oscillator-grid alternating voltage. The action is

additive when the signal circuit has capacitative reaaance to the oscillator frequency,

as in the usual case. When the oscillator-frequency voltage across the signal input

circuit exceeds the bias, grid current is drawn to the signal grid, an undesirable oc-

currence. This g^id current may be distinguished from signal-grid current due to

other causes by short-circuiting the signal-input circuit and noting the change in grid

current. With the majority of tubes, another cause of signal-grid current far exceeds

this one in importance. This other cause will now be discussed.

The most prominent high-frequency effect which was observed in mixers of the

kind under discussion, was a direct current to the negative signal grid even when no
impedance was present in this grid circuit. This effect was investigated and found
to be due to the finite time of transit of the electrons which pass through the signal

grid and are repelled at the oscillator grid, returning to pass near the signal grid again.

(Refs. 17,. 41, 42). When the oscillator frequency is high, the oscillator-grid potential

varies an appreciable amount during the time that such electrons arc in the space

between screen grid and oscillator grid. These electrons may, therefore, be acceler-

ated in their return path more than they were decelerated in their forward path. Thus,
they may arrive at the signal grid with an additional velocity sufficient to allow them
to strike a slightly negative elearodc. Some electrons may make many such trips

before being collected ; moreover, in each trip their velocity is increased so that

they may receive a total increase in velocity equivalent to several volts. A rough
estimate of the grid current to be expected from a given tube is given by the semi-

empirical equation

Where A and B depend on electrode voluges and configuration, is the signal-grid

current, is the signal-grid bias. It is the cathode current, E„,c is the impressed

oscillator voltage on the oscillator grid, a> is the angular frequency of the oscillator,

and is the electron transit time in the space between screen grid and oscillator

grid.

Data on the signal-grid current of a typical mixer at 20 megacycles are shown in

Fig. 25.15 where a semi-logarithmic plot is used to indicate the origin of the above
equation.

The reduction of signal-grid current by operation at more negative signal-grid

bias values is an obvious remedy. When this is done, in order to prevent a reduction

in conversion transconductance, the screen voltage must be raised. A better method
of reducing the undesired grid current lies in a change of tube design. It will be
shown in a later part of this discussion that the constant A and/or the transit time

of the above formula may be reduced considerably by proper electrode con-

figuration.

Another high-frequency phenomenon which is particularly noticed in outer-grid-

injection mixers is the high input conductance due to transit-time effects. The cause

for this was first made evident when the change of signal-grid admittance with os-

cillator-grid potential was observed. Fig. 25.16 gives data on the susceptive and
conductive components of the signal-grid admittance of this type of modulator as a

function of oscillator-grid bias (no oscillator voltage applied). The data were taken

at 31.5 megacycles and, as in the other input admittance curves, show the admittance
components due to the presence of electrons only. It is seen that when the No. 3
grid is made sufficiently negative the input adinittance is greatly increased. This
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No I GRID BIAS VOLTS No 3 GRID BIAS VOLTS
^'^•^5.15 FIG. 25.16

Fig. 25.15. Signal-grid (grid No. 1) current in a typical mixer with a 20-megacycle
oscillator voltage applied to grid No. 3. Er 10 voltSy E, — 100 voltSy E^ ^

_ _ - J 2 and 4

250 volts.

Fig. 25.16. Signal-grid (grid No. 1) admittance of typical mixer designed for
outer-grid injection of oscillator. Data taken at 31.5 megacycles with no os-

cillator voltage applied. Er 3voltSyEr 100 voltSy E^ ^ 250 volts.

behaviour coincides, of course, with plate-current cut oflf. It seems clear that the

electrons which arc turned back at the No. 3 grid and which again reach the signal

grid arc the cause of the increased admittance. Calculations based on this explana-
tion have been published by M. J. O. Strutt (Ref. 43) and show reasonable quantita-

tive agreement with experiment. As in the other cases above, the upper curve of
Fig. 25.16 is approximately independent of frequency while the lower one may be
converted to any other frequency by multiplying the ordinates by the square of the

frequency ratio.

When an oscillator voltage is applied, the No. 3 grid bias is periodically varied at

oscillator frequency. The net input admittance is then the average value over the

oscillator cycle. Such net values of the conductance component are shown in Fig.

25.17. The frequency for these curves is 31.5 megacycles. Values for other fre-

quencies are obtained by multiplying the ordinates by the square of the frequency

ratio. Curve a coincides with the fixed bias condition of curve a of Fig. 25.14 while

curve b corresponds to the grid-leak-and-condenser bias as in b of Fig. 25.14. The
conductance is approximately twice as high when the tube is used as a mixer as when
it is used as an amplifier. This is a serious disadvantage, particularly at very high

frequencies.

PCAK oscillator volts
FIG. 2S.I7

Fig. 25.17. Signal-grid (grid No. 1) con-

ductance of typical mixer designed for outer-grid

injection of oscillator. Frequency

y

31.5 mega-
cyclesy signal-grid biaSy Er^ " -3 volts.

Curve a corresponds to fixed No. 3 grid biaSy

Er -- 8 volts. Curve b corresponds to bias
* through a 50 000-o/im grid leak.

It is thus seen that two serious disadvantages of the outer-grid-injection mixer

arc both due to the electrons returned by the oscillator grid which pass again to the

signal-grid region. It was found possible to prevent this in a practical tube structure

by causing the returning electrons to traverse a different path from the one which
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(O)

ORIGINAL

DESIGN

(b)

TWO AUXILIARY

SIDE ELECTRODES

V h

\

\

A

!

/

(C)

SIDE ELECTRODES

INCREASED IN SIZE AND
LOWERED POTENTIAL

FIG. 25. 10

(O
SIDE ELECTRODES

SENT AROUND
SCREEN GRID

Fig. 25.18. Cross-sectional views of mixer designed for outer'•grid-injection of oscillator.

The views show only the portions of the tube inside of and including the oscillator injection

grid.

they travelled in the forward direction*. (Ref. 45). The progressive steps towards

an improvement of this kind are illustrated in Fig. 25.18 where cross-sectional views

of the portion inside the oscillator grid of various developmental modulators are

shown. The drawing (a) shows the original design, dau on which have been given

in Figs. 25.15, 25. 16 and 25.17. Drawing (b) of Fig. 25.18 shows a tube in which
two side electrodes operated at a high positive potential were added. In a tube of

this kind many of the electrons returned by the No. 3 grid (oscillator grid) travel paths

similar to the dotted one shown ; they are then collected by the auxiliary electrodes

and thus do not re-enter the signal grid space. Tubes constructed similarly to (b)

showed a considerable improvement in the signal-grid admittance increment due to

returned electrons. Construction (c) shows the next step in which the side electrodes

are increased in size and operated at somewhat lower potential. Because of the im-
desirability of an additional electrode and lead in the tube, the construction shown at

(d) was tried. In this case the auxiliary electrodes are bent over and connected elec-

trically and mechanically to the screen grid. Curves showing the progressive re-

duction in the signal-grid conductance increment due to returned electrons are shown
in Fig. 25.19. The curves are labelled to correspond with the drawings of Fig. 25.18.

No3 GRID BIAS VOLTS
FIG. 25. 10

Fig. 25.19. Signal-grid {grid No. 1) con-
ductance of the outer-grid-injection mixers
shown in Fig. 25.18. Data taken at 31.5

megacycles with no oscillator voltage applied.

It should be noted that the use of the oscillator-grid support rods in the centre of the

electron streams as shown in Fig. 25.18 (d) was found to improve the performance.

No change in signal-grid conductance with oscillator-grid potential could be observed

with this construction.t The conductance of the tube as a modulator, therefore, was

reduced to less than half of that of construction (a). At the same time, a check of

signal-grid ctirrent with a high-frequency oscillator applied to the No. 3 grid showed

that this current was reduced to 1/20 of that of the original constmaion (a). The
change in construaion may be looked upon as dividing the constant A in the grid-

current formula previously given, by a factor of more than 20.

*The same principles have now been applied to inner-grid-iniection mixers and converters. See
references 19 and

tit should be mentioned that it is also possible to construct tubes in which the signal-grid conductance
decreases somewhat with increasingly negative No. 3 grid bias. This effect is caused by the induaance
of the inner screen-grid lead which causes a necative conductance in the input circuit when the inner
screen current is hiah, as at negative No. 3 grid bias values. This negative conductance cancels pan
of the positive conductance of the signal grid.
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(«)

FOUR SIOEROO
No I GRID

large Not GRID

SIDEROOS

/ \
\
\

\

9
/

(9)

FINS ON No2
GRID channels

FIG. 2S.20

Th)

CLOSE-SPACED
No 3 GRID

Fig. 25.20. Cross-sectional views of improved mixers designed for outer-gnd injection

of oscillator. The views show only the portions of the tube inside of and including the

oscillator injection grid.

Another method of reducing the effect of electrons returned by the oscillator grid

is to reduce the effect of electron transit time in the tube. This may be done by

reducing the spacings, particularly the screen-grid-to-oscillator-grid spacing. This

method of improving modulator performance has two disadvantages compared with

the one discussed in connection with Fig. 25.18. The reduction in spacing is acepm-

panied by a more sloping (i.e. less steep) signal-grid transconductance versus oscillator-

grid voltage curve. This change in construction requires an increase in applied

oscillator voltage to attain the same conversion transconductance. The second dis-

advantage is that such a method reduces the transit time and hence, the undesirable

high-frequency effects only by an amount bearing some relation to the reduction

in spacing. Since this reduction is limited in a given size of tube, the method whereby

electron paths are changed is much more effective. The method of reducing spacing,

on the other hand, is extremely simple to adopt. A combination of both methods

may be most desirable from the point of view of best performance with least com-

plexity in the tube structure.

Fig. 25.21. Signal-grid (grid No. 1)

current of the outer-grid injection

mixers shown in Fiq. 25.20. Curve a

corresponds to the original design (a)

of Fig. 25.18 and is shoten for
comparison. Data taken zeith a 20-

mcgacycle oscillator voltage of 12
volts peak amplitude applied to the

oscillator-grid. Ec^ 10 voltSy

Fr ~ 100 volts, Ek 250 volts.
2 a n I

^

-9 -6 -4 -2 O
Nol GRID DIAS VOLTS

In a mixer which must operate at high frequencies, it is not usually sufficient to

eliminate the effects of returned electrons in order to assure adequate performance.

For this reason the development of the principles shown in Fig. 25.18 was carried on

simultaneously with a general programme of improving the tube. To this end, tubes

were made with somewhat reduced spacing and with a rectangular cathode and a

beam-forming signal grid (i.e., one with comparatively large supports). A number

of developmental constructions are shown in Fig. 25.20. Construction (g), it will

be noted, has finlike projections on the screen-gricj channel members*. In con-

struction (h) a reduction of spacing between screen and oscillator grids was combined

with the channel construction. The relative performance of these constructions,

so far as signal-grid current is concerned is shown in Fig. 25.21. The frequency

used was 20 megacycles. The curve (or the original design (taken from Fig. 25.15)
*

•This construction was devised by Miss Ruth J. Erichsen who was associate with the writtf durina
part of the development work herein described.
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is included and is drawn as a. All four of the constructions of Fig. 25.20 were satis-

factory as regards signal-grid conductance ; in every case the change in conductance

as the oscillator grid was made negative was a negligible factor. Construction '(h)

required approximately 20 per cent more oscillator voltage than (e), (f), or (g) because

of the reduction in slope of the transconductance versus No. 3 grid voltage curve

which accompanied the reduced spacing between the screen and the No. 3 grid.

Outer-grid-injecdon mixers have the same or slightly greater signal-grid capacitance

changes with automatic volume control as are found in amplifier tubes. In this

respect they are inferior to inner-grid-injection converters or mixers. The use of a

small unbypassed cathode resistance (Ref. 29, 30) is a help, however.

In closing this section, the subject of fluctuation noise will be considered. Experi-

mental evidence indicates that the major portion of the noise in mixers with oscillator

voltage on an outer grid is due to current-distribution fluctuations. (Ref. 24). The
oscillator voltage changes the current distribution from plate to screen so that the

mixer noise is given by the average of the distribution fluctuations over the oscillator

cycle. In terms of the equivalent noise resistance the average has been found to be
(Ref. 23),

R • fl

20

where It, is the average (i.e. the operating) plate current and 7^* is the average of the

square of the plate current over an oscillator cycle. is the cathode current of the

mixer section and is substantially constant over the oscillator cycle. This relation

is not very useful in the form given. It is usually sufficiently accurate for most pur-

poses to use an expression identical with that which applies to tubes with inner-grid

oscillator injection, namely,

R • a

20/,

where F* is about 0.5 for tubes with suppressor grids and somewhat higher for others.

By assuming a typical tube characteristic, the noise resistance may be expressed in

terms of the cathode current /<, of the mixer section and the maximum signal-grid-

to-plate transconductance as

R •

«

120
la

for operation at oscillator fundamental. For operation at second or third harmonic
of the oscillator, the noise resistance will be approximately doubled, or tripled, respec-

tively.

(v) Conclusion

It has been shown that the principle of frequency conversion in all types of tubes

and with all methods of operation may be considered as the same (i.e. as a small-

percentage amplitude modulation). The differences in other characteristics between
various tubes and methods of operation are so marked, however, that each application

must be considered as a separate problem. The type of tube and method of operation

must be intelligently chosen to meet the most important needs of the application.

In making such a choice, it is frequently of assistance to prepare a table comparing
types of tubes and methods of operation on the basis of performance data. An
attempt has been made to draw such a comparison in a qualitative way for general

cases and for a few of the important charaaeri sties. Table 2 is the res^t. It must
be understood, of course, that the appraisals are largely a matter of opinion based on
experience and the present state of knowledge. Furthermore, in particular circuits

and with partictilar tubes, the relative standings may sometimes be quite different.

A study of the fundamentals brought out in the previous sections of this paper should
help in evaluating such exceptions.



25.1 (V) CONCLUSION 985

TABLE 2

Approximate Comparative Appraisals of Methods of Frequency Conversion

Desirable

Characteristic

Oscillator and Signal

Voltages on
No. 1 Grid

Oscillator Voltage on
No. 3 Grid, Signal on

No. 1 Grid

Oscillator

Voltage on
No. 1 Grid
Signal on
No. 3 Grid

Triode I Pentode

1

1

Pentode
|

Hexode
or

Hexode
or

1

Heptode Heptode

High conversion trans-
i

conductance Good
!

Good Fair
j

Fair Fair

High plate resistance Poor Good Poor
1

Good Good
High signal-to-noise

ratio Good i Good Poor
i

Poor Poor
Low oscillator-signal

circuit interaction

and radiation

:

!

Poor
i

Poor Good Good Fair

Low input conductance
at high frequencies

1
i

;

Poor' Fair
i

1
Poor

1

Poor* Good
Low signal-grid cvirrent

at high frequencies
1

Good
i

Good
1

Poor ; Poor* Fair

Low cost of complete
converter system

! 1

j

Grood
j

Fair
i

! Fair Poor Good

1. Due to feedback ; may be increased to Fair by proper circuit design.

2. May be increased to Fair by special constructions as described in text.

(vi) Appendix
Discussion of negative admittance of current-limited grids

In Figs. 25.10, 11 and 12 it was seen that the electronic signal-grid (i.e. input)

admittance components (i.e. the admittance due to the presence of electrons) of a

mixer designed for No. 1 grid injection of the oscillator are negative over a considerable

portion of the normal operating range. Figs. 25.10 and 1 1, however, were taken with

static voltages applied and so indicate that the phenomenon is not caused by an alter-

nating oscillator voltage but is associated with the characteristics of the tube itself.

The input admittance of negative grids in vacuum tubes is the sum of three factors :

(1) the “cold” admittance, or the admittance of the tube with the electron current

cut off ; (2) the admittance due to feedback from other electrodes through tube and
external capacitance, etc. ; and (3) the admittance due to the presence of the electrons

in the tube. The first two factors have been well known for many years although

certain aspects of the second have only recently received attention. (Refs. 29, 30

and 48). The third factor, however is not so well understood although the excellent

work done during the last ten years has paved the way for a complete understanding

of the subject. (Ref. 49). The present discussion is concerned only with this last

point, namely the admittance of negative grids due to the presence of electrons in the

tube.

Early work on transit-time effects in diodes and negative-grid triodes had indicated

that, at very high frequencies, the conductance became negative in certain discrete

bands (i.e., at large transit angles). It was not, at first, appreciated that conditions

were possible with negative-grid triodes in which the input conductance could be-

come negative even at low frequencies (i.e., at small transit angles). Data taken

on the input (No. 4 grid) conductance of pentagrid converters by W. R. Ferris of this

n.o.H St
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laboratory during 1934 showed that these tubes had a negative input conductance

which varied as the square of the frequency and which remained negative at low fre-

quencies. The conductance appeared, therefore, to behave in the same way as the

positive input conductance of ordinary negative-grid tubes, except for a reversal in

sign. The data on the pentagrid were taken with an external oscillator voltage applied

to the No. 1 grid. The work of Bakker and dc Vries (Ref. 50) disclosed the possi-

bility of a negative input conductance at small transit angles in a triode operated under

current-limited conditions. They gave an experimental confirmation for a triode

operated at reduced filament temperature. Data taken by the writer during 1936

on a pentagrid converter showed that the negative conductance was present in this

tube even when direct voltages, only, were applied and that it was accompanied by a

reduction in capacitance. A fairly complete theory of the effect was developed in

unpublished work by Bernard Salzberg, formerly of this laboratory, who extended

the theory of Bakker and de Vries to the more general case of multigrid tubes with

negative control grids in a current-limited region. Other e.xperimenial work was

done on the effect during 1936 by J. M. Miller and during the first half of 1937 by

the writer. In the meantime, the papers of H. Rothe 'Ref. 51), I. Rungc (Refs. 52, 53),

and L. C. Peterson (Ref. 54) showed that independent experimental and theoretical

work had been done on the negative-admittance effect in other laboratories.

In a rough way, the negative admittance found under current-limited conditions

may be explained as follows : The electron current in a tube i^ equal to the product

of the charge density and the electron velocity If this current is held constant, a rise

in effective potential of the control electrode raises the velocity and so lowers the

charge density. A reduction in charge density with increase in potential, however,

results in a reduction in capacitance, provided no electrons are caught by the grid.

Thus, the susceptive component of the part of the admittance due to the current

through the grid, is negative. Because of the time lag due to the finite time of transit

of the electrons, there is an additional component of admittance lagging the negative

susceptance by 90 degrees, i.c., a negative conductance. The value of the negative

conductance will be proportional to both the transit angle and to the value of the

susceptance. Since both of these quantities are proportional to frequency, the

negative conductance is proportional to the square of the frequency.

The general shape of the curves of Fig. 25.10 may be explained as follows : At
a No. 1 grid bias of about 20 volts, the cathode current is cut off and the electronic

admittance is zero. At slightly less negative values of No. I grid bias, the electron

current is too small to build up an appreciable space charge ahead of the signal grid

(No. 4 grid;. The latter grid, although it exhibits some control of the plate current

docs not control the major portion of the current reaching it and is thus in a substanti-

ally current-limited region. Its susceptance and conductance are, therefore, negative.

Higher currents increase the negative admittance until, at some value of No. 1 grid

bias, the electron current is increased to the point at which a virtual cathode is formed
in front of some parts of the signal grid. At these parts, the current which reaches

the grid is no longer independent of this grid potential, and as a result, a positive

susceptance and conduaance begin to counteract the negative admittance of other

portions of the grid. The admittance curves reach a minimum and for still higher

currents approach and attain a positive value. The current necessary attain the

minimum admittance point is less when the signal-gnd bias is made more negative

so that the minima for increasingly negative No. 4 grid-bias values occur at increasingly

negative No. 1 grid-bias values.

It may be noted that the signal-grid-to-platc tr.insconductancc is at a maximum
in the regiem just to the right of the admittance minima of Fig. 25.10 (compare Fig.

25.8;. The admittance of such a tube used as an amplifier remains negative, thcic-

forc, at the maximum amplification point.
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SECTION 2 : CONVERTER APPUCATIONS
By E. Watkinson, A.S.T.C., A.M.I.E. (Aust.), S.M.LR.E. (Aust.).

(i) Broadcast frequencies («) Short waves (iiV) Types of converters.

(i) Broadcast frequencies
A. Spurious responses

If a sinusoidal signal is applied to the signal grid of a converter and a sinusoidal

oscillator voltage to the oscillator grid, harmonics of each signal appear in the mixer
plate circuit, together with sum and difference frequencies between each of the applied

voltages and their harmonics. There is a component of plate current at each of

these spurious response frequencies and each could be selected by a suitably tuned
circuit.

Alternatively when the plate circuit is fixed tuned to the intermediate frequency,
undesired combinations of signal and oscillator harmonics can produce components
of plate current at or near the intermediate frequency. These components heterodyne
the des’rcd difference Ircquency between signal and oscillator voltages.

The most important spurious response is at the image frequency of the desired

signal, i.e. removed fn^m the oscillator frequency by an amount equal to the inter-

mediate frequency but on the side of the oscillator frequency remote from the de-

sired signal. Such a signal mixes with the oscillator to produce the intermediate

frequency in the same way as the desired signal, and interference from it is not de-

pendent on the characteristics of the converter. VC’ith other responses, produced
by a combination of signal and oscillator harmonics, the amount of interference is

dependent on the operating conditions of the converter. Thus it is desirable to

reduce the oscillator amplitude as far as possible without affecting sensitivity or low-

voltage operation, with the object of decreasing the magnitude of the higher order

comptmenis in the transconductancc-timc curve (B in Fig. 25.1) of the mixer.

Spurious responses arc also possible at the harmonics of the intermediate frequency

but these are due to feedback from the output of the i-f amplifier rather than to the

converter.

For a discussion and chart of the various possible combinations of the signal, har-

monics of the signal, the oscillator voltage and harmonics of the oscillator voltage

sec Ref. 78.

B. The signal-frequency circuit

1. Signal-grid loading
The reason for positive and negative loading effects produced respectively by outer-

grid and inner-grid oscillator inieciion converters is explained in Sect. I of this chapter.

C'.onvcrtcrs with high capacitanve between signal-grid and plate may also load the

input circuit by feedback from the plate circuit, particularly at the low-frequency end

of the broadcast band where the signal frequency approaches the intermediate fre-

quency.

The input loading has resistive .and reactive components, and the value of the re-

sistive component (Ref. 78) is

(G,, - G...-’

where G„ 1 r„ anode slope conductance.

Go conductance of the external anode-load admittance at the signal fre-

quency,

susceptance of the external anode-load admittance at the signal fre-

quency,

mutual conductance of the signal grid with oscillator operating,

and Ban susceptance of the grid-plate capacitance at the signal frequency.

Since the resonant frequency of the plate circuit is so far from the resonant frequency

of the grid circuit when tuned to any point in the broadcast band, the expression can

be simplified to
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The grid-circuit loading is thus directly proportional to the grid-plate capacitance

of the converter, and it is only in types in which this is high that input loading be-

comes appreciable. For example the 6A8-G has a plate to signal grid capacitance of

0.26 nnF and with an i-f transformer timed by 85 fifiF to 455 Kc/s the resistive com-
ponent of the loading due to feedback across the valve is about 0.25 megohm at 600
Kc/s rising to 0.45 megohm at 1000 Kc/s and 0.55 megohm at 1400 Kc/s.

The resistive component of the loading is also proportional to the reactance of the

capacitor tuning the plate circuit of the converter. This capacitor should be given

as large a value as possible if grid loading is the main consideration.

The reactive component of the input loading, which is always capacitive, appears

in parallel with the tuning capacitor and can usually be ignored.

Some converters have much lower plate-grid capacitance, e.g. the 6J8-G has a

maximum of 0.01 /i/xF, and in such cases the signal-grid circuit loading due to feed-

back from the plate circuit is negligible.

External coupling between oscillator and signal frequency circuits can cause another

effect which may be mistaken for input circuit loading. This effect occurs in triode-

hexode and similar types of converters w'hen a timed-plate oscillator circuit is used,

the loss of gain being most noticeably at the high-frequency end of the broadcast

band. In such a case, conversion sensitivity over the broadcast band is reasonably

flat, but aerial (or r-f grid) sensitivity shows poor gain at the high-frequency end even
although the coil, checked separately, gives constant gain over the band.

The coupling (capacitive or inductive) between the oscillator plate and the signal-

grid causes an oscillator voltage to be applied to the signal grid which opposes the

effects of the correctly injected oscillator voltage—see Sect. l(iv)A of this chapter.

In severe cases the coupling may even be suffleient to give an oscillator voltage on the

signal grid in excess of the bias, leading to severe damping of the input circuit. Tuned-

plate oscillator circuits are most likely to produce this effect because the required

oscillator grid voltage is a constant whether plate tuning or grid tuning is used and
with a tuned plate circuit this voltage must be developed across the smaller untuned
grid winding of the oscillator coil. At the same time the oscillator plate voltage,

instead of being appreciably smaller than the oscillator grid voltage as in a tuned-

grid circuit, is appreciably greater.

A mechanical re-arrangement of the layout to isolate the oscillator-plate circuit

from the signal-grid circuit will usually cure the trouble. In a diflicult case it may be
possible to arrange the wiring so that an opposite coupling between oscillator-grid

and signal-grid will produce the required result.

2. Signal-circuit regeneration

It is possible to use controlled regeneration in a converter suge to give improved
gain, image ratio and signal-to-noise ratio. Various possibilities are given in Ref. 65.

Fig. 25.22. Screen regeneration in con-

verier stage.

One practical and economical circuit is shown in Fig. 25.22. VI is a triode-hexode

and its 0.01 /iF screen by-pass capacitor Cl is returned to ground through the 0.05 fiF

a.vx. by-pass capacitor C2. Tlie signal-frequency voltage from the screen circuit

developed across C2 is injected into the grid circuit in the correct phase to give posi-

tive feedback at signal frequencies.
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The regeneration obtained with this circuit is proportional to the reactance of C2
and is therefore inversely proportional to frequency. An improvement of about
4 db in sensitivity and image ratio and 2 db in signal>to>noise ratio can be obtained
at the low-frequency end of the broadcast band with sufficient stability margin for

production purposes. The regeneration is negligible at 1400 Kc/s.
In a small 3/4 valve receiver in which the aerial coil trimmer is connected from

aerial to grid for maximum gain, sensitivity is greater at 1400 Kc/s than at 600 Kc/s,
thus the circuit of Fig. 25.22 is useful in minimizing the sensitivity difference between
the ends of the band.

Regeneration always has the disadvantage that variations in gain e.g. with different

valves, are emphasized, but this need not be serious so long as moderate amounts
of regeneration arc used sufficient for instance to give an improvement of the order
outlined above. The circuit is applicable to other outer-grid injection converters,

although component values may need modification.

C. Operating conditions
Recommended conditions for all types of converters are published by valve manu-

facturers and these are satisfactory for normal applications. However variations

arc often required, perhaps to use common voltage supplies for electrodes in the con-
verter and other valves, or perhaps to obtain say maximum signal-to-noise ratio

even at the expense of sensitivity.

The usual design procedure in such cases is to supply screen, oscillator plate and
bias voltages by means of variable resistor boxes and to control the oscillator amplitude
by means of resistors shunted across the untuned primary. In some cases, to be
mentioned later, the effect of varying the primary impedance may need investigation.

The valve operating conditions are set approximately to those recommended and
then each voltage in turn is adjusted for maximum performance, rhis may need
to be done more than once as variations in, say, bias voltage will affect the required

screen voltage.

In a typical case, the requirement from a converter might be maximum sensitivity

and as the bias voltage is reduced the gain might rise to a maximum and then fall.

This is due to an increase in conversion transconductance as the bias is reduced,

followed by a decrease in plate resistance which more than offsets the increasing

transconductance. However, with the bias voltage set for maximum sensitivity the

screen dissipation may be excessive. A decrease in screen voltage followed by a

further decrease in bias may give a similar sensitivity with saiisfaaory screen dis-

sipation. It is important that the bias should not be reduced to a point at which some
valves may draw grid current. The contact potential of indirectly-heated types

normally docs not exceed l.O volt and the applied bias in such cases can be safely

reduced to between 1.5 to 2.0 volts provided that electrode ratings are not ex-

ceeded. In the case of battery types, the contact pvitential is mirmally zero or

positive, so that it is not necessary to apply a negative bias voltage to avoid grid damp-
ing.

Increased oscillator amplitude is likely to improve sensitivity to a broad maximum
follow'ed by a slight fall. However, as spurious responses increase rapidly with os-

cillator drive, the amplitude should not be any greater than necessary. It is advisable

to carry out checks at least at the limits of the tuning range to be covered.

To obtain maximum signal-to-noise ratio a similar procedure w'ould be adopted

but the final operating conditions would probably differ, e.g. in the case of a triode-

hexode the screen voltage might be reduced. On the other hand, if the converter

noise is of the same order as the signal-grid circuit noise, as is possible on the broad-

cast band, the effect of variations in converter conditions on the signal-to-noise ratio

of the receiver would not be great.

When operating voltages have been determined, resistor boxes may still be useful

for obtaining a suitable screen voltage-divider circuit if a.v.c. design is at all critical.

If a minimum amount of control is required on the converter, for example to avoid

a rapid increase of noise as a.v.c. is applied, a single series resistor from B will allow

the screen voltage to rise in a triodc-hexode type of converter and so decrease the
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amount of control for a given a.vx. voltage. Such a circuit will also minimize cross-

modulation. However in converters without a suppressor grid the screen voltage

must not approach the plate voltage because secondary emission from the plate will

cause a large reduaion in plate resistance and lead to damping of the first i-f trans-

former, so that some bleed from screen to ground may be needed. The best com-
promise can readily be determined with resistor boxes.

If maximum a.v.c. control is required from a triode-hexode converter, for example
when it is followed by a reflexed amplifier, and play-through must be reduced to a

minimum, a large screen bleed may be needed.
Maximum a.v.c. control can be obtained in pentagrid converters by reducing the

oscillator plate voltage to a minimum c'onsistent with satisfactory t)scillaior perform-

ance. For example with 20 volts bias on the signal grid, the conversion transcon-

ductance of a 6A8-G is reduced to less than one half of the original figure when the

oscillator plate voltage is changed from 200 to 100 volts, although at minimum signal-

grid bias the oscillator plate voltage has little effect on the conversion transconductance.

Final operating conditions should not be decided upon until the tests outlined above

have been repeated with a number of valves, some of which should preferably have

characteristics near the upper and low'er acceptance limits for the type.

(ii) Short waves
A« Alignment

Short wave alignment of the converter stage is complicated by two factors, firstly

by “ pulling ” of the oscillator frequency due to adjustments to the signal-grid circuit,

and secondly by the fact that in many cases the ran^tc of the oscillator circuit trimmer
is sufficient for it to be adjusted either to the correct response or to the image response.

1. Pulling : Pulling is due to coupling, cither in the converter valve or extern-

ally, between the signal and oscillator circuits, and unless suitable precautions arc

taken it can result in faulty alignment at the high-frequency trimming point on the

short-wave band. The effect is that as the signal-frequency trimmer is adjusted

towards its correct setting, thus increasing the output, the oscillator is simultaneously

detuned, which decreases the output when the signal is detuned from the peak of the

i-f response. Thus the output rises to a nnaximum and then falls again, as is normal,

but the maximum, instead of being the correct setting, is the point at which the de-

tuning of the oscillator causes the gain to fall more rapidly than the increase due to the

approach towards resonance of the signal-grid trimmer.
The true maximum can be found by alternately peaking the signal circuit and rc-

tuning the oscillator circuit to resonance (by means of the main tuning control on the

receiver) or by carrying out the two operations simultaneously i.c. by slowly moving
the signal-grid trimmer and continually tuning through the signal, noting the amount
of output on each occasion and continuing until a maximum is reached. This pro-

cedure is known as “ rocking ” the tuning control.

If there is a noise source available with constant output over a band of frequencies

at the alignment point (e.g. valve noise m a sensitive receiver, or a noise diode) it is

possible to trim the signal-frequency circuit without rocking as the wide-band signal

source avoids the effects of detuning. The signal input should not be large enough
to operate the a.v.c.

2. Images : Some of the difficulty experienced in short wave alignment at the end
of the band is due to confusion between the correct response and the image. This
results from the fact that the correct signal appears to differ depending on whether the

signal generator is tuned or the receiver is tuned. For example, if a receiver with

a 450 Kc/s intermediate frequency and with its oscillator on the high-frequency side

of the signal frequency is correctly tuned to an 18 Mc/s signal the receiver oscillator

is set to 18.45 Mc/s. The generator can then be tuned to a frequency 450 Kc/s
higher than the oscillator i.c. 18.9 Mc/s and the image response will be found, or

alternatively with the generator still set to 18 Mc/s the receiver can be tuned to the

lower frequency of 17.1 Mc/s when the local oscillator will be at 17.55 Mc/s, 450
Kc/s from the signal, and an image will be heard again.



25.2 (ii) SHORT WAVES 991

Whenever there is any doubt as to which is the correct response, the frequencies
should be worked out -conditions will be reversed from the example above if the
oscillator is at a lower frequency than the signal -but a simple rule is that if the re-

ceiver is being tuned and the oscillator is on the high frequency side of the signal,

then the higher frequency signal is the correct one.

A similar effect to an image response can also occur during signal-frequency trim-
mer adjustment. With the oscillator on the high-frequency side of the signal it may
be found that as the signal-frequency trimming capacitance is increased, the output,
with rocking, rises to a maximum, falls and rises to a second maximum, which is the
correct one. On the other hand if the receiver is left aligned at the first maximum it

is found that the adjustment is approximately correct for the image frequency.

This effect has no direct connection with the image response, but is due to the
decrease in sensitivity which can occur when the signal-grid circuit is tuned to the
oscillator frequency owing to grid damping in a severe case, or out-of-phase os-

cillator injection in other cases. Thus as the signal-circuit tuning initially approaches
the correct setting the gain rises, decreases again when the separation from the os-

cillator frequency is small, and then rises to the correct peak. In a sensitive receiver

the illusum of correct alignment on the wrong peak is heightened by an increase in

the level of the background noise due to the increased receiver sensitivity near the

image frequency.

B. Operating conditions
C'.onverters can be set up for operatum on the short-wave band in a manner similar

to that described for the broadcast band. However additional steps arc also worth-
while. Particularly when harmonic mixing see (j 4) below is being used,

it is advisable to investigate the effects ot different values of oscillator-grid resistor.

To avoid var\ mg tw'o quantities at the same time the oscillator voltage should be kept

as constant as possible while the value of the grid leak is altered, and readings should be
taken at least at each end of the short-wave band. After the optimum grid leak

value has been chosen, previously selected operating potentials should be rechecked.

When the converter is a type with inner-gnd oscillator voltage inieciion, improved
sensitivity may be obtained with the oscillator operating at a lower frequency than

the signal insteavl ot' under the mt'rc usual higher ircqucncy condiiuni.

In Sect 1 of this chapter it was explained that the space charge in front of the signal

grid develops a voltage at oscillator frequency on the signal grid and that this voltage,

depending upon us phase, increases or decreases the oscillator-frequency modulation

of the electron stream. In a particular case with the oscillator at a higher frequency

than the signal, the tuned circuit connected to the signal grid would present capacitive

reactance to the oscillati^r voltage. A positive increment of i>scillaivir-grid voltage

increases the current flow and thus increases the space charge in from of the signal

grid, i.e the space charge becomes more negative. Since there is capacitive reactance

between the space charge and signal grid and between signal grid and ground, a

negative increment vW space charge potential re^ul^^ in a \ smaller negative increment

of signal-grid potential 'I hus- a pmitivc change in potential on the oscillator grid

results in u negative change in potential \*n the signal grid, so that the etfeciive os-

cillator modulation is reduced with a consequent reduction in sensitivity.

However when the oscillator is operated at a lower frequency than that of the signal,

the signal-grid circuit presents an inductive reactance to the oscillan^r voltage and the

phase of the oscillator voltage on the signal grid is reversed. Thus the elVeciive

modulation of the electron stream is increased and sensitivity is improved.

In practice, if neutralizing is not used, an impn>vemcnt in sensitivity ot two or three

limes IS sometimes obtainable by changing Irom high-frequency to lovv-lrequcncy

oscillator opcrniion, with an increase of the image ratio in the same proportion. The
improvement in sensitivity and image raiii> decreases towards the low-frequency end
of the short-wave band as the separation between signal and oscillator circuits c

the intermediate frequency) becomes a larger fraction of the oscillator frequency

For correct tracking with the oscillator on the low-frcquency side of the signal,

the padder is moved from the oscillator to the signal-frequency circuii(s) but this
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does not introduce serious complications. However> a large band coverage is more
difficult with the oscillator on the low side because the oscillator circuit cavers a greater

frequency ratio than the signal circuit, whereas on the high side it covers a smaller

ratio.

It is possible for external coupling between oscillator and signal circuits to exceed
that which occurs due to internal coupling in the converter itself and it is advisable

to check that the external coupling is negligible before investigating the effects of

low-side and high-side oscillator operation. A valve voltmeter can be used across

the circuit and the variation of the indication as the signal circuit is tuned through the

oscillator frequency, with the circuit connected to and disconnected from the signal

grid, shows the relative amount of coupling due to internal and external sources.

A further desirable step in the investigation of short-wave performance is the de-

termination of the best sensitivity that can be obtained by adjustment of the magnitude
and phase of the oscillator voltage on the signal grid. This can be done by using a

very small capacitor, variable in order to adjust the amplitude of the oscillator voltage,

and connected between cither signal-grid and oscillator grid or signal-grid and os-

cillator plate to vary the phase of the oscillator voltage. In the absence of appreciable

coupling within the receiver, some increase in sensitivity is usually obtained with

a particular value of neutralizing capacitor, because maximum sensitivity is obtained

not when the oscillator voltage on the signal grid is a minimum but when it is the

correctly-phased maximum that can be present without signal-grid current flowing.

Thus, when using a plate tuned triode-hexode converter, it may be found experi-

mentally that sensitivity is improved at 18 Mc/s with a 0.5 capacitor connected

between oscillator grid and signal grid. In such a case it is usually possible to obtain

a capacitance of approximately the correct value without using a separate component
by a suitable arrangement of the wave-change switch wiring.

However, when neutralizing is used, a measurement should be made of the effect

of the neutralizing capacitance on the frequency stability of the receiver at 18 Mc/s.
In general, sensitivity improvements due to oscillator voltage on the signal-grid must
be offset against decreased frequency stability. The frequency shift in pentagrid

converters of the 6SA7 type increases so rapidly with increased capacitance between
signal-grid and oscillator grids that a neutralizing capacitance cannot be used in a

normal short-wave receiver if a.v.c. is applied to the control grid.

Unless special precautions are taken, grid current variations over the short-wave

band are greater than desired. The increase at the high-frequency end of the band
occurs because, although the coupling between primary and secondary of the oscillator

coil which is required to maintain oscillation is reduced, the actual coupling remains

unchanged. A small resistor (say 25 ohm
|
watt^ wired between the tuned circuit

and the oscillator grid is the usual method of obtaining reasonably uniform grid current

over the band. The effective parallel circuit damping of the resistor in scries with

the capacitance of the oscillator grid is inversely proportional to the square of the

frequency so that a large reduction in grid current can be obtained at the high-fre-

quency end of the band without noticeably affecting the grid current at the low-

frequency end.

Such a resistor is sometimes also required to prevent squegging of the local oscillator

when the amplitude of oscillation is high and the time constant of the oscillator grid

circuit is much greater than the time required for one cycle of the oscillator frequency.

For further information on squegging see Chapter 35 Sect. Xvi)C and Ref. 73.

C« Frequency stability

All the problems of frequency stability experienced with a separate oscillator (sec

Chapter 24) occur when the oscillator seaion of a converter is used as the local os-

cillator in a superheterodyne receiver and in addition there arc further causes of

instability due to interaction between the oscillator and mixer sections of the valve.

1. Frequency variations due to the local oscillator

Local oscillators arc always self-biased triodes so that the only potential applied to

the circuit from external sources is the plate-supply voltage. Two common types
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of frequency instability are due to this link with the rest of the receiver. The first

is “ flutter ** due to fluctuations in the B supply voltage as a result of the output-valve
current varying at audio frequencies. These fluctuations vary the oscillator frequency
so that the signal is continu^ly detuned, giving a-f signals which make the “ flutter

**

self-sustaining. The mechanism of “ flutter ” is more fully described in Chapter 35
Sect. 3(vi)B and methods of overcoming it arc given.

The second detuning effect for which the B supply is responsible is due to the ap-

plication of a.v.c. to the controlled stages of a receiver. This reduces the B current,

causes the B voltage to rise, and thus produces detuning which will vary, for instance,

with the instantaneous level of a fading station.

Although in a particular case the detuning may not be sufficient to produce the

symptoms described, it may still give unpleasant tuning at the high-frequency end
of the short-wave band, a typical effect being that the receiver docs not tunc smoothly
but jumps from one side of a signal to the other.

When testing for these effects, modulated and unmodulated signals of magnitudes
varying from maximum to minimum should be used at the highest tuning frequency
of the receiver and the volume control setting should also be varied. If equipment
for measuring frequency shift is not available a useful test is to tune the receiver as

accurately as possible to a large signal (perhaps 0.1 volt) with the volume control

suitably retarded and then reduce the input to the smallest usable signal and turn
up the volume control. If the signal is still tuned, frequency shift may be considered
satisfactory. The test should be repeated with different signal inputs in case positive

and negative frequency shifts should cancel over the range of inputs first selected

If flutter occurs on a large unmodulated signal there arc circtunstanccs under which
It can be ignored. When the modulation is switched on it may be found that the

output valve is severely overloaded, and that when the volume control is turned down
to give no more than full a-f output the flutter may not occur. In such a case the

flutter would not be noticed in normal use of the receiver and if a cure caimot be
effeaed cheaply it may not be warranted.

In practice it is found that frequency stability can often be improved by the simple

expedient of increasing the oscillator grid current. In one particular triode-hexodc

the 18 Me/ s frequency shift for a given change in control grid bias was reduced to one
tenth by increasing the oscillator grid current from 200 to 600 fiA. Frequency shift due
to other causes, and with other types of conveners can be improved in the same way,

although in varying degrees. The improvement may of course have to be offset

against a decrease in sensitivity and an increase in noise.

A third type of oscillator frequency instability due to the B supply is experienced

in F-M receivers. If there is a hum voltage superimposed on the B supply to the

oscillator plate this will pmduce frequency modulation of the local oscillator, and the

F-M detector will conven the resultant hum modulation of the signal carrier into

a-f hum.

2 . Frequency variations due to the mixer
The space charge adjacent to oscillator electrodes in a converter valve can be varied

by altering the potentials on mixer electrodes. This, of course, gives rise to oscillator-

frequency variations. The mixer screen voltage is particularly important because one

of the two grids comprising the screen is adjacent to an oscillator electrode, so that it

is desirable to keep this voltage as constant as possible. This frequently necessitates

a separate decoupling resistor and capacitor for the converter screen because with a

common supply to converter and i-f amplifier screens the application of a.v.c to the

i-f amplifier (even if the converter stage is not controlled) alters the mixer screen

voltage and thus causes frequency shift. On rare occasions this shift may be used to

offset another in the opposite direction due to a different effect.

When frequency shift is troublesome it is desirable to isolate each of the causes

and determine its direction, as cancellation is sometimes possible even if a complete

cure is not.

The effects upon oscillator frequency of varying a.v.c. voltages applied to a signal-

grid electrode are more complex. With either outer-grid or inner-grid oscillator
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infection a space charge adjacent to the oscillator grid can be varied by altering the

direct potential applied to the signal grid. That this is not always the main source

of frequency drift can be seen in some receivers with this type of instability by measur-

ing the frequency shift for a given change in converter a.v.c, voltage with the signal

generator connected firstly to the aerial terminal and then to the converter grid. It

may be found that the frequency shift in the former case is many limes that with the

signal generator connected to the converter-grid, and it may even be in the opposite

direction.

This type of instability is due to coupling between oscillator and control-grid

circuits. In Sect. l(iv)B of this chapter it is explained that at high frequencies it is

usual for oscillator voltage to appear at the signal-grid of the converter. Coupling

between signal- and oscillator-grid circuits results in some of this voltage being

returned to the oscillator circuit and, in a manner similar to the operation of a re-

actance-tube modulator, this results in a modification of the effective capacitance at

the oscillator grid, A constant variation of this capacitance would be of no signific-

ance, but any alteration of converter operating conditions which resulted in a variation

of oscillator voltage on the signal grid, c.g. the application of a.v.c. voltages, would
alter the effective reflected capacitance at the oscillator grid and thus cause oscillator

frequency shift. (Ref. 87),

With a given set of conditions the simplest method of curing this type of fre-

quency shift is usually to minimize the coupling between oscillator and signal grid

circuits. In general, coupling is capacitive, partly within the valve and partly ex-

ternal to it. In most modem valves the internal capacitance is not troublesome and

to effect a cure it may be necessary to separate short-wave aerial and oscillator coils

from each other, to separate the wiring from the two grids or from the tw'o sections ot

the gang condenser, and to use wave-change switch contacts on the opposite side of

the wafer. In the particular case of the bBlib, it is desirable to reduce the external

capacitance between the two grids of the valve to 1 /x/ih' or less.

Another possible cure for this type of frequency shift is the use of harmonic mixing,
in which the frequency difference between signal and oseillaror circuits is so great

that no significant amount of oscillator frequency voltage appears on the signal grid.

3. Tuned-plate operation
An analysis of tuned-grid and luncd-platc oscillators C hapter 24 Sect. 2, shows

the differences between the two types of operation. However, it is mainly because

of the structure of some types of converters that tuned-plate operation is preferable.

When the oscillator section of a converter has a common clccirim stream with the

mixer section, the oscillator-platt electrode is designed to modulate the electron

stream as little as possible since modulation by the oscillat(>r plate cancels that from
the oscillator grid. It is also desirable in equipment design to keep the oscillator

plate alternating voltage as small as possible. VC’iih a tuned-gnd oscillator, the plate

voltage is smaller than the grid voltage and the reverse is the case w'lih a tuned-plate

oscillator. Accordingly, tuned-grid oscillators arc always used for converters having

a common electron stream for the osciIIatc»r and mixer sections.

Triodc-hexode and triodc-hcpiodc converters have a separate iriodc for use as a

local oscillator, and oscillator injection into the mixer section is earned out by a special

injector grid which is in most cases intcmally ctinncctcd to the oscillator grid. I he

capacitance and coupling effects of the injector grid arc thus introduced into the

oscillator circuit, and if a luncd-gnd oscillator is used they appear directly aemss the

tuned circuit.

How'cver with a tuned plate oscillator these effects arc coupled to the tuned circuit

from the oscillator primary winding and their effect is thus minimized. An im
provemem in oscillator frequency stability, w ith respect to the effect of a.v.c. applica-

tion to the signal grid, of five times has been measured w'ith a typical triodc-hexode

on converting from a tuned-grid to a tuned-plate oscillator, while frequency shiK

for a given change in B supply voltage was halved under the same conditions.

4. Harmonic mixing
Many of the diffic*ultics experienced in high-frequency applications of converters

arc due to the small percentage of frequency difference between the oscillator and
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signai>frequency circuits. It was shown in Sect. 1 of this chapter that a sinusoidal

oscillator voltage applied to the injector grid of the mixer section can also give mixing
at harmonics of the oscillator frequency. By taking advanwgc of this inherent con-

verter characteristic it is possible to separate widely the resonant frequencies of the

oscillator and signal frequency tuned circuits and thus eliminate many difficulties

in high-frequency converter applications.

There are disadvantages to h^monic mixing but in some cases they are outweighed
by the advantages to be obtained. Firstly there is some loss in sensitivity over a part,

at least, of the tuning range and secondly there are spurious responses due to incoming
signals mixing with the oscillator fundamental.

With careful design the loss in sensitivity is small. In the normal 6 to 18 Mc/s
short-wave range it will probably not be greater and may be less than 2 db from 10

to 18 Mc/s. The maximum loss is usually at 6 Mc/s, and should not exceed 3 db,

about 2 db or less being normal. Even when the converter is the first valve in the

receiver no serious decrease in signaI-ti»-noise ratio of the complete receiver should
be experienced.

Because of a number of secondary effects which occur with harmonic mixing, this

performance is better than would be expected from an investigation of maximum
second harmonic conversion transconductance alone, although it presupjx)scs that

the best conditions for harmonic mixing are used. It will be found that higher grid

current is necessary, particularly at the low'-frequency end of the band, and a lower
value of grid leak than normal is often useful in obtaining maximum sensitivity. In
general, it is desirable to investigate the converter conditions carefully, as described

previously, and for satisfactory performance inner-grid mixers should operate with
the second harmonic of the oscillator on the low-frequency side of the signal.

The reason for this is as follows. The modulation of the electron stream by grid 1

gives a transconductance-time curve similar to Fig. 25. IB, and the space charge in

front of the signal grid fluctuates at the same rate. This fluctuation, although of the

same frequency as the local oscillator, has large harmonic components and since the

space charge is coupled capacitively to the signal-grid circuit and this is tuned ap-

proximately to the second harmonic frequency, most of the voltage induced into the

signal-grid circuit is at the frequency of the second harmonic of the oscillator. This
second harmonic voltage remodulates the electron stream with a phase which depends
on whether the signal frequency circuit has capacitive or inductive reactance at the

second harmonic frequency so that the re-modulation aids or opposes, depending on
its phase, the original secx)nd-harmonic modulation by grid 1. For inner-grid in-

jection converters, the oscillator second-harmonic frequency should be lower than the

signal frequency for aiding re-modulation.

It will be found that with harmonic mixing the same padder can be used as that

required for the same frequency coverage with fundamental mixing.

Although the spurious responses which arise due to fundamental mixing are a

disadvantage of harmonic op>cration, a luncd r-f stage ahead of the converter will

reduce them to negligible proportions, no, greater than 60 db in a typical case.

Moreover, even when fundamental mixing is used there are responses, although

smaller ones, due to signals mixing with the oscillator harmonics. Fundamental

spurious responses 30 db below the signal could be taken as representative of receivers,

without a r-f stage, using second-harmonic mixing so that these responses cause

appreciably less interference than the normal image.

The benefits to be obtained from harmonic mixing are evident when operating,

for example, the 1R5 converter on the 6 to 18 Mc^s short-w’ave band. Bemuse the

1R5 has no separate oscillator-plate electrode, an oscillator circuit is often used in

which the screen is connected to the oscillator primary winding to operate as the

oscillator plate. A neutralizing capacitor is then needed between signal grid and

oscillator grid and the determining of a suitable capacitance and its tolerances, the

minimizing of coupling between signal and oscillator circuits and the stabilizing of the

oscillator with reference to supply-voltage variations involve a considerable amount
of work, as does the duplicating of the results in produaion receivers.
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However> with harmonic mixing neutralizing is not required. This is because a

neutralizing capacitor is used with a 1R5 to balance-out the grid 3 oscillator voltage

due to internal capacitive coupling from grids 2 and 4 and not due to space charge

coupling. Since the oscillator frequency voltage on grids 2 and 4 is developed across

a tuned circuit the harmonic content is low, and thus with harmonic mixing the

second harmonic voltage developed on grid 3 is low. Moreover, no other voltages

of any magnitude appear on grid 3 because, at frequencies other than those in the

vicinity of the oscillator second harmonic, the impedance between grid 3 and ground
is sm^.
Thus a major difficulty experienced with fundamental oscillator frequency voltage

on the control grid, is eliminated by harmonic operation. On the other hand the

small amount of second>harmonic voltage that docs appear on the grid 3 cannot be
neutralized because no source consisting only of second harmonic voltages is available.

Another feature of harmonic operation of the 1R5, and similar types of converters,

is that sensitivity is increased by negative input impedance at high frequencies due
to a negative transconductance between the signal grid and screen and to l^ge capacit-

ance between these electrodes. The oscillator primary winding acts as a capacitive

load at signal frequencies and feedback through the inter-electrode capacitance

produces negative resistance across the signal-grid circuit.

In a normal case, the amount of regeneration is small, but if there is an unusually

large impedance in the screen circuit, e.g. if a very large oscillator primary winding is

used, the regeneration may become excessive.

The regeneration is not usually noticed when the oscillator fundamental is used
for mixing because, as the screen circuit impedance is increased, the feedback of

oscillator frequency voltage from screen to signal grid becomes excessive before

noticeable signal-frequency regeneration occurs.

Another aspect of harmonic mixing, common to all types of converters, is that

because the signal and oscillator circuits are tuned to widely differing frequencies,

coupling between the two circuits can be ignored and variations of coupling within

the valve due to changing electrode potentials have little effect on the frequency of the

local oscillator. The improvement in stability during alignment is very noticeable

and in most cases the need for rocking the tuning control while aligning the short-

wave aerial trimmer disappears.

Frequency stability due to effects such as varying oscillator-input capacitance

is not improved by harmonic oscillator operation because in general the oscillator

tuning capacitance is unchanged at a given signal-frequency setting so that for a given

capacitance change the frequency change is proportional to frequency. Although
the oscillator operating on half the normal frequency has half the normal shift, the

second harmonic will be no more stable than an oscillator fundamental on the .same

frequency.

(iii) Types of converters
A* Outer-grid oscillator in)ection

Cemverters using outer-grid oscillator injection always have a separate oscillator

section and arc characterized by relatively good oscillator-frequency subility, re-

lative freedom from interaction between oscillator and signal circuits on high fre-

quencies and positive input loading of the signal-grid circuit, which increases in

proportion to the square of the frequency.

In the absence of undcsired coupling between signal and oscillator-grid circuits,

improved sensitivity will be obtained on short waves with these types by operating

the oscillator at a higher frequency than the incoming signal.

(1) Type 6JB-G : The clcarodc arrangement of the triodc-heptode type 6J8-G
is shown in Fig. 25.23. This converter is very stable in operation which makes it

useful in dual-wave receivers in spite of its low conversion transconductance. It

has a high plate resistance (4 megohms) under recommended operation conditions

so that the use of a high impedance first i-f transformer is more effective in increasing

conversion gain than in the case of other convener types, for example the 6A8-G.
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It is desirable not to apply a v.c. to the 6J8-G on short waves if this is possible,

but if a.v.c. is used a tuned-plate oscillator circuit will greatly improve the frequency
stability.

(2) Types SAES, X79 and X61M : The electrode arrangements of these triode>

hexodes is similar to that of Fig. 25.23 but there is no suppressor grid adjacent to the
plate. Because of this it is necessary in circuit design to avoid conditions which may
lead to secondary emission from the hexode plate to the screen.

Frequency stability with respect to B voltage variations is good, although it is de-
sirable to use plate tuning of the oscillator if a.v c. is applied to the hexode section

on short waves. The conversion transconductances are high (approximately 750
micromhos with 2 volts bias and a screen voltage of 85) and few special precautions

arc required to obtain non-critical operation and good performance on the broadcast
and short-wave bands.

Fig. 25.23. Electrode
arraftgement of the triode-

keptode type 6J8-G.

Fig. 25.25. Electrode ar-
rangement of the pentagrid

type 6/!8(G).

The operating characteristics of most outer-grid injection triode-hexodcs are similar

to those of the above types.

B. Inner-grid oscillator infection

Converters using inner-grid oscillator injection, with the exception of the 6K8(G),

have combined oscillator and mixer sections using a common cathode stream. In

general the oscillator frequency stability is poorer than that of outer-grid injection

types and coupling between control and signal grids is greater, although modem
valves arc much improved in these respects. Under maximum gain conditions the

input loading of the signal grid is negative but becomes less negative and ultimately

positive as the signal grid bias is increased.

To obtain maximum short-wave sensitivity without neutralizing, the oscillator

should operate on the low-frequency side of the signal.

(1) Type 6A8-G : The structure of the pentagrid (or heptode) type 6A8-G is

shown in Fig. 25.25. It will be noticed that the oscillator plate consists <mly of two

side rods without a normal grid winding, and that there is no suppressor grid, which

leads to a low plate resistance (0.36 megohm under t^ical operating conditions).

Nevertheless the conversion transconductance of 550 micromhos is sufficient to give

reasonable conversion gain.

When used with high impedance i-f transformers the 6A8-G may introduce some
grid loading at the low-fiequency end of the broadcast band due to feedback (Miller
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Effect) from the plate circuit to the control grid through the relatively high (0.26

plate-to-grid capacitance. This effect is normally only just noticeable but may be
aggravated by locating the 6A8-G against the back of the signal-frequency seaion
of the tuning condenser so that appreciable capacitance is present between the plate

of the valve and the stator assembly of the gang The effect shows up as apparently
poor aerial coil gain so that the cause may not be suspected. It is not of course peculiar

to the 6A8-G but the already high plate-to-grid capacitance, the size of the valve and
the lack of internal or external shielding make the effect more likely to occur with this

type. The effect may be minimized by external shielding of the valve.

Part of the oscillator plate (grid 2) current is due to electrons which have passed

from the cathode through grids 1 and 3 and then been repelled by grid 4 back through

grid 3 to grid 2 again. The oscillator characteristics and thus the oscillator frequency
stability are therefore very dependent on the potentials applied to grids 2, 3 and 4 and,

for short wave operation, a.v.c. should not be applied to the valve. In addition it

may be necessary to decouple the oscillator-plate voltage supply with an electrolytic

capacitor and even to obtain it directly from the rectifier output suitably decoupled
to eliminate hum—in order to avoid feeding a-f variations from the output valve back
to the oscillator plate and thus causing flutter.

To obtain consistent performance it is desirable to keep the oscillaror-platc voltage

higher than the screen voltage.
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Fig. 25.26. lilcciroJc ar- 25.27. FAccirodc or-

rangcmcfii of the triodc- rangement of the pcfitapjid

hexode type 6/C8' G';. type tSAl^GT).

(2) Type 6K8-G : The structure of the inner-grid injection iriode-hexodc type

6K8-G is shown in Fig 25.26. It w'as designed to provide more stable short-wave

performance than the 6A8-G and has a higher oscillator transconductancc and operates

with low'er oscillator excitation. Its lowxr conversion transconductancc (350 mic-

romhos) gives a lower conversion gain than that obtainable from the 6A8-G although

the plate resistance '0,6 megohm; is higher.

A.V.C. can be applied to the 6K8-G on short-waves but the frequency stability

with respect to changes in other electrode voltages is only fair.

(3) Type# «BE6 and 6SA7(GT; . The main point of interest in the structure

of the pentagrid types 6BE6 and 6SA7(GT), Figs. 25.27, and 25,29 is that there is n<»

electrode which funaions only as an oscillator plate.

By the omission of this electrode, it is possible to obtain a relatively high oscillator

transconductancc, without greatly increasing the total cathode current.

The oscillator circuits employed with these types have certain unconventional

features and Fig. 25.28 may be taken as typical. The lack of a separate oscillator
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plate results in certain disadvantages in short-wave performance but because a voltage

supply is required for one less electrode than usual the cost of components required

is a minimum. The main difference between the 6BE6 and the 6SA7(GT) is the

considerably higher oscillator transconductance of the 6BE6, due to the use of a

formed No. 1 grid in this type.

When the circuit of Fig. 25.28 is used, the oscillator provides peak plate current

at the instant when the oscillating voltage {Ek) on the cathode (with respect to ground)

- PADDING CONa Of OSCaXATOR COIL
Cf • TUNING COND •MMO OHMS ^ ^' FIG. 2S.2S

Fig. 25.28. Typical self-excited converter circuit for type 6SA7(GT).

and the oscillating voltage (F\) on the No. 1 grid are at their peak positive values.

For maximum conversion transconductance this peak value of plate current should

be as large as possible. The effect on plate current of the positive voltage on the

cathode is approximately the same as would be produced by an equal voltage of

negative si^ applied to the signal grid. Hence the amplitude of oscillator voltage

on the cathode limits the peak plate current. This amplitude should therefore be

small.

During the negative portion of an oscillation cycle the cathode may swing more
negative than the signal grid. If this occurs, positive signal-grid current will flow

unless the oscillator grid is sufficiently negative to cut-off the cathode current. This
signal-grid current flowing through the signal-grid circuit resistance will develop a

negative bias on the signal grid and may also cause a negative bias to be applied to the

i-f and r-f stages through the a.v.c. system. As a result, sensitivity will be decreased.

In order to prevent signal-grid current, the d.c. bias developed by the oscillator grid

should be not less than its cut-off value.
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Because the peak plate current depends on how far positive the oscillator grid

swings with respect to the cathode^ it is desirable that this positive swing be as large

as possible. It follows that the oscillator grid-leak resistance should be low, but
not so low as to cause excessive damping of the tank circuit. It has been foimd,

for operation in frequency bands lower than approximately 6 Mc/s, that all these

requirements are generally best satisfied when the oscillator circuit is adjusted to

provide, with recommended values of plate and screen voltage, a value of F ^ of ap-

proximately 2 volts peak, and a d.c. oscillator-grid current of 0.5 inA through a grid-

leak resistance of 20 000 ohms. This will give a peak positive voltage of the oscillator

grid with respect to cathode of about 4 volts

On the normal shon-wave band of 6 to 18 Mc/s, minimum grid current occurs

at the low-frequency end of the band and the design procedure consists in adjusting

the oscillator circuit so that sufficient grid current (200 fiA minimum) is obtained at

6 Mc/s without developing excessive cathode voltage (approximately 2.5 volts r.m.s.

maximum) at 18 Mc/s. The oscillator-grid bias is then somewhat less than cut-off

at 6 Mc/s, but the signal-grid current should not be so high as to cause trouble.

Oscillation at the high-frequency end of the band however, may be greater than

optimum unless a grid stopper is used, but over-excitation will improve frequency

stability.

If, for manufacturing reasons, the use of a tapped coil is not desirable, a normal
primary winding can be used for the cathode connection, although it will be necessary

to reverse the connections from those for a plate-tickler oscillator. This coil arrange-

ment allows one side of the padder to be grounded.

Another method of connection which is satisfactory for the broadcast band is to use

a plate-tickler oscillator circuit with the screen elective as the oscillator plate and the

cathode grounded. This connection can also be used on the short-wave band but

the interaction between signal and oscillator circuits causes severe pulling and other

associated troubles. A neutralizing capacitor between signal and oscillator grids

will minimize these effects—neutralizing is not recommended with a cathode-coupled

oscillator—and an alternative system is the use of harmonic mixing

Whenever the screen is connected to an oscillator primary winding the oscillator

voltage on this electrode must be kept to a minimum, i.e primaries must have as few
turns as possible with maximum coupling to secondaries. In addition, it is often

desirable to use a small carbon resistor in scries with the oscillator grid electrode to

prevent the oscillator voltage on the screen from rising excessively at the high-fre-

quency end of the band. The reasons are, firstly, that modulation by the oscillator

voltage on the screen is out of phase with the modulation due to the oscillator grid,

which decreases conversion sensitivity and, secondly, that as the signal grid is between
the two electrodes forming the screen a large oscillator voltage on the screen results,

through capacitive coupling, in a comparatively large oscillator voltage on the signal

grid, panicularly on shon waves. Tliis voltage can be neutralized, but normal
neunralization is effective for only one frequency and set of operating conditions and
when a large amount of neutralization is used and a balance l^tween two large equal

and opposite voltages is obtained, any small change in conditions results in a large

osdllttor voltage reappearing on the signal grid.

The arrangement of shields cm grid 2 and of the siderods of grid 3 make the oscillator

section of these types much more stable with respea to electrode voltage variations

than the 6AS-G, and it can be used satisfoctorily with a.v.c applied on short waves.

Nevertheless in any short-wave application care must be taken to reduce to a mini-

mum any coupling between signal and oscillator grids if frequency stability is to be

satisfactory. In the case of the 6BE6, the external capacitive coupling between

oscillator and signal grids should be limited to 1 for satlsfsctory short wave per-

formance.
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Fig. 25.31. Self-excited IR5 converter
ctrcutt.

Fig. 25.32. Circuit for short-wave oper-

ation of \R5 converter.

(4) Type 1R5 : The electrode structure of the 1R5 is similar to that of the 6BE6
and 6SA7(GT) without the shields on grid 2, and with a hiament instead of the heater

and cathode. Circuits for use with the 1R5 are complicated by the lack of a separate

cathode electrode but this may be overcome by using a choke as shown in Fig. 25.31

Alternatively the choke may be omitted and a filament lead returned to A -f through
a separate winding of the same number of turns as, and wound over the tapped section

of, the oscillator coil.

However, neither of these circuits is satisfactory on short waves if the full range—
6 to 18 Mc/s—is to be covered, and even on the broadcast band there may be diffi>

culty in obtaining sufficient grid current. The circuit of Fig. 25.32, with or without

the padder feedback shown, is more suitable.

Neutralizing is desirable on shon waves if conversion is carried out with the oscillator

fundamental. The neutralizing capacitor should be connected across the short-wave

coils only, because a different value is normally required on the broadcast band, and
oscillator voltage on grid 3 is usually less with no neutralizing than with the capacitance

(from 2J to 5 ^^F) required on shon waves.

The purpose of the neutralizing capacitor m a circuit such as Fig. 25.32 is not so

much the balancing out of oscillator volwgc due to the space charge in front of grid 3,

but the neutralizing of a voltage due to capacitive coupling between grid 3 and grids

2 and 4. Therefore, as previously mentioned, it is essential to reduce the oscillator

voltage on the screen to the lowest practicable value.

If there is a tendency for the 1R5 to squeg at the high-frequency end of the shon-
wave band it is often possible to save the small carbon resistor in the oscillator grid

lead, which is the usual cure, by reducing the value of oscillator grid leak to say 30 000

ohms or slightly lower. This frequently increases sensitivity, other conditions being

unchanged, and it is worth trying even if there arc no signs of squegging. In most

receivers the oscillator grid circuit damping caused by the low value of oscillator

grid leak or by the grid stopper is desirable to reduce the oscillator voltage on the

screen of the converter at the high-frequency end of the band with a consequent im-

provement in sensitivity.

A very satisfactory way to operate the 1R5 is to use harmonic mixing as described

previously. The increased freedom in layout, the increased stability in all respects

—

which simplifies production alignment—and the removal of the need for neutralizing

more than compensate for the slight disadvantages which in any case axe of little

importance if the receiver has a r-f stage.
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SECTION 3 : SUPERHETERODYNE TRACKING
By B, Sandel, A.S.T.C.

(i) General (it) (/!) Formulae and charts for superheterodyne oscillator design

(B) Worked examples (Hi) (A) Padded signal circuits (B) Worked example.

(i) General
The problem of tracking (whether it be in a straight or a superheterodyne receiver^

is to set, simultaneously, to some desired resonant frequency, each of a scries of tuned

circuits which are mechanically coupled together and operated from a single control

In a superheterodyne receiver the problem is one of maintaining a constant fre-

quency difference (equal to the intermediate frequency) between the signal circuits

(such as the aerial and r-f stages) and the oscillator circuit. It is a relatively simple

matter to make the difference between the signal and oscillator frequency equal to

the i-f at two points in the tuning range. I'his condition is called two point tracking,

and is applied whenever the error in frequency difference between the circuits does not

become a large percentage of the total pass band. Where the tuning error is likely

to become excessive, it can be reduced by the addition of another c('mponent, in the

form of a capacitor or inductor, into the oscillator or signal circuits. In this case it is

possible to proportion the circuit components so that zero frequency error exists

between the intermediate frequency and the difference between the signal and os-

cillator circuits at three frequencies in the tuning range, instead of twt) ; furthermore

the error at frequencies between the tracking points is appreciably reduced.

The most usual application of three point tracking has been in receivers covering

the standard long, medium and short wave bands, and where the tuning element is a

variable capacitor. For this reason attention will be confined to this system of tuning •

and a suitable design method will be detailed. Those interested in tracking per-

meability tuned circuits are referred to the articles of Refs. 107 and 111. These
give a method of three point tracking using identical variable inductors in the signal

and oscillator circuits.

It is necessary to point out

that the theoretical solutions,

so far published, of the three

point tracking problem arc all

idealized in so far that they

ignore in part, or completely,

the effects of primary wind-
ings on the signal and oscilla-

tor coils. I’hc best approach
Fig. 25.33. Circuits nu'd for irathim: (inalvM^.. under these conditions ap-

pears to be to select a method of determining values for circuit components which

(a) Docs not involve an excessive number of arithmetical operations and will allow

the use of a slide rule ((^r four figure logs) for all calculations, except in special cases.

(b) Gives values for the components that fall within a few’ per cent of those actually

required in the circuits.

(c) Allows the change required in other circuit components to be rapidly estimated,

when the value of one component in the circuit is changed by an amount which falls

within a previously determined range of values.

fd) Lends itself to graphical methods of estimating the component values.

After the component values have been calculated it is usually advisable to build

a pilot model receiver in which the values of all the elements fpa^dcr, coils and trim-

mers) can be varied over a small range fsay ’ In this way it is a fairly simple

matter to secure tracking at the three points required, and at the same time to de-

termine what tolerances arc permissible in the component values before mistracking

becomes excessive. Fixed padders and coils can then be used for further models
of the same receiver ; although production difficulties can be reduced by using
** slug ** inductance variation in the oscillator coils as well as the usual variable parallel

S ONAl. OSC'wl A'OO
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capacitance trimmers in the oscillator and signal circuits (many receiver manufacturers
also use “ slug ” tuning of the signal circuits).

A few points which may be of interest are :

(1) The tracking error on the broadcast bands need not exceed a few Kc/s c.g.

the error between tracking points need not exceed about 3 Kc/s on the 540-1600 Kc/s
medium wave band using tracking frequencies of 600, 1000 and 1400 Kc/s. This
error is negligible, in most cases, since the oscillator tuning takes charge and the lack
of alignment affects the aerial and r-f circuits which are relatively unselcctive.

A typical curve of tracking errors is shown in Fig. 25.34.

(2) High impedance primaries, on the aerial and r-f coils, are practically always
used in modern receivers covering the medium waveband. The coefficient of coup-
ling in aerial and r-f coils, and the location of the primary resonant frequencies have
very important effects on tracking. Suitable values for these factors are discussed
in Chapter 23, Sects. 2 and 3.

(3) When a series capacitance (padder) is used in the oscillator circuit only, the
operating frequency of the oscillator must be higher than the signal frequency if

three point tracking is to be secured.

Three point tracking is obtainable if both the signal and oscillator circuits use
series padders, whether the oscillator frequency is higher or lower than the signal

frequency provided, of course, that the component values are correctly proportioned.
If only the signal circuits are padded the oscillator frequency must be lower than
the signal frequency to obtain three

point tracking.

A typical example of padding of

the signal and oscillator circuits oc-

curs in band-spread receivers, where
the short wave band is covered in a

number of steps (e.g. 6 bands may be

used to tune from 6-18 Mc/s), and it

IS required to have approximately

straight line frequency tuning with a

standard variable capacitor (i.e one
whose capacitance versus rotation

approximates to a straight-line fre-

quency law). The tuning law need
not be linear, however, and the shape of the calibration curve is largely under the

Ci>ntrol of the receiver designer,

( 4) C^are is necessary in the placement of components so as to minimize untracked

stray capacitances. For example, the padder may be placed at the earthy end of the

<^scillator coil to assist in this regard.

(5) The selection (>f the best tracking pt>ints to give minimum error over a band of

Irequcncies has received considerable attention from a number of designers. It

has been generally accepted that the tracking error is reduced by setting the two outer

tracking points somewhat in from the band limits, and locating the third tracking

point at the geometrical-mean frequency (or some frequency near this value) of the

outer tracking frequencies. However, it has been shown by Green (Ref. 105) that

the maximum tracking error is reduced by bringing the high frequency point in

from the band limit, setting the low Irequency tracking point at or very close to the

band limit, and making thia third frequency the geometrical-mean of the two outer

tracking frequencies. It has also been shown that the tracking errors are independent

of the manner in which the total trimming capacitance is distributed across the os-

cillator coil and the variable capacitor ; although it should be noted that the manner

in which these capacitances are distributed can have an adverse effect on the L^C
ratio, particularly at low frequencies

(6) Although the details set out in (5) arc of interest they result in additional com-

plication in the initial receiver design. A more suitable arrangement, for preliminary

calculations, is to take the band limits as coinciding with the two outer tracking fre-

b'lfi. 25.34. Typical tracking cun^cs.
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quendes, and make the third point either the arithmetical-mean or geometrical-mean

of the outer frequendes. This leads to fairly simple design calculations^ and gives

values for the components which are reasonably close to the optimum. The small

differences in component values required to set to the optimum tracking frequencies

(or whatever the designer chooses) can then be made experimentally. It should be
observed that it has been usual to align receivers to tracking points on various bands

which have been established by long praaicc as giving sufficiently satisfactory results

e.g. on the medium wave band 600, 1000 and 1400 Kc/s are in common use, but

these are a compromise, due partly to a lack of more exact knowledge, and also because

of the frequency allocations of the main broadcasting stations. If a station were to be
located at, say, 540 Kc/s then the loss in receiver sensitivity, due to mistracking,

w^ould be serious if 600 Kc/s were to be taken as the low frequency tracking point.

(7) The feedback winding on the oscillator coil should be as small as possible,

consistent with correct oscillator operation, if good tracking is desired. For minimum
error the oscillator feedback winding should have its natural resonant frequency
well above the highest oscillator tuning frequency ; this means that stray capacitances

across the winding should be kept as low as possible. The natural resonant frequency

is important because the coefficient of coupling between the two oscillator coil wind-
ings is usually large, and the amount of reactance reflected into the tuned circuit not

only varies with frequency, but also sets a limit to the maximum possible tuning

range. The limitation in tuning range is a particularly serious factor in receivers

covering the short wave range in one band.

An additional and important reason for making the feedback winding as small as

possible, is that for good oscillator stability the highest possible coefficient of coupling

shotild be used, consistent with the smallest possible value of mutual inductance

(M = kvijr.).

(8) When tracking a superheterodyne receiver at three points in the tuning range

(we will assume that the oscillator frequency is higher than the signal frequency)

it often happens that the centre tracking (crossover) frequency docs not fall at the

frequency required. The question then arises as to how the oscillator series padder
value should be altered.

First the signal circuit trimmer capacitance (or inductance) is altered so as to give

maximum output. If the capacitance was increased then the oscillator series padder
should be increased. For a decrease in signal trimmer capaciunce (or induaance)
the oscillator series padder should be decreased.

Complete re-alignment and re-checking is necessary after the padder value has

been altered and it is important to remember that the oscillator inductance and trim-

mer capacitance values will also require alteration. This is a simple process when the

oscillator coil is ** slug ” timed, and the trimmer capacitance is adjustable.

Fig. 2534 is also helpful in this regard, and the tracking error can be considered

in terms of Lq if so desired. It should be clear that if the value of Lo is increased

the padder value should be decreased (and vice versa) to retain the desired oscillator

frequency coverage.

A good alignment procedure is to set first the signal and oscillator circuits at the

band limits. Tracking is then obtained at the required points by setting the signal

generator to the required tracking frequency and rocking the receiver dial while

altering the oscillator trimmer capacitance (at the high frequency tracking ix>int)

and the oscillator inductance (at ffie low frequency tracking point) until maximum
signal output is obtained. Tracking at the centre frequency can be checked either

by alteration of the signal circuit trimmers, which have not been altered after the

initial adjustment at the band limi|s, or, alternatively, by leaving the signal circuit

trimmers untouched and rocking the receiver dial while adjusting the oscillator

inductance (or capacitance) for maximum output. It is preferable to track the os-

cillator to the signal circuits since these give the required timing law. A complete
re-dieck is always necessary after the initial alignment procedure is completed Of
course correa tracking can be obtained by a number of methods, but the procedure
suggested above has proved very satitfaaory for receiver development.
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(ii) (A) Formulae and charts for superheterodyne oscillator design
The equations quoted below are due to Payne-Scott and Green (Ref. 102) and

Green (Refs. 103> 105). Design charts are available in the references for the cases

of arithmetical-mean and geometrical-mean tracking. The charts shown in Figs.

25.35 to 25.39 are for geometrical-mean tracking only

Ft)r the circuit arrangements used in the derivation of these equations see Fig. 25.33.

MG 25 35

/•V:. .IS. 35. Charts T. for tnichin:.
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Notation for the equations
oji 2n X low-frcqucncy tracking point of the signal circuit (/i)

- 2n X high-frequency tracking point of the signal circuit (/.)

u., 2?r > third tracking frequency for the signal circuit (/.,)

CO, 2 tt X intermediate frequency (/,)

c, /,
a - - -

^1 J\

^

<03 ' to, f.>
T f,

f\ ' Jt

<*>3 f3

^ ‘
/i

L,L„ signal and oscillator inductances

Gwjy incremental capacitance of each section of the ganged capacitor^

difference between the maximum and minimum values of the capacitor

T capacitance in signal circuit at signal frequency f. (includes gang min
cap.)

T

!

fixed capacitance in parallel with Lo
Tr fixed capacitance in parallel with G in the oscillator circuit

P oscillator padding capacitance.

When the extreme tracking points do not coincide w'ith the band limits, the

ing additional notation is required.

0^
1

' 2 :t low-frequency limit of signal band (/,')

to/ 27r • high-frequency limit of signal band (/. »

//

J\

G' r incremental capacitance of each section of the ganged capacitors

between signal frequencies /\ and //
7' T less the incremental capacitance of each section of the ganged tuning

capacitors between signal frequencies f. and //
T .

' r. less the incremental capacitance of each section of the ganged tuning

capacitors between signal frequencies /.. and //.

Signal circuits :

For the tracking points coincident with the band limits.

G^^r
^ 3= - 1

’

1 25 330
L ^ or L where 7 is in and t is in Me

7 • / / .
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2^ 4. (I +
/3‘ 2* (- (1 + «a!

(a) General formulae for padding and trimming capacitances.

(1) Tr given.

P Pma. Tr Pm.n ^ T,

T Tr ^ 7-1
p L s...' ''J

'2) given.

r, F F„,„.
^ P.

Formulae when T, <. P
P F„,.„ - f,
r. y, f.• r • r • /,m.r /TA-

error in P is given by
J

error in T, is given by
^

100 per cent.

100 per cent.1 \ 444 4 f la ^41^44 ^ ^
4 V/V/ pV 1

Formulae for inductance of oscillator coil

«... .

25 330 Prr>,nP.n
-r

f^r

capacitances in /^^F, frequencies m Me s

Relations between P.

P^a. P..n '1\

, anti T

,

d; Relations between oscjliator-circuit components.

The ctTect of a change in value of one component of the oscillator circuit on the

values required for the other components can be found from the following expressions :

hi, hP

( T)'

where etc. means a small change in /<„, etc. I hcsc changes must give values

of Py r. etc. which lie between the limits ot the maximum and minimum values

(P,.^n Ptniuy etc.) of the components considered.

(e) Auxiliary formulae when the outer tracking frequencies do not c'oincide with

the band limits

fio.'Y It* 1

[J • (,T 1

1 \a>*/

Tr - T/ T T
(B) Worked examples
To illustrate the application of the equations and charts, worked e.xamplcs arc

appended.

A tuning capacitor is available having a capacitance range of 12-432 /tfiF. It is

required to tune over the range of frequencies 530 to lo20 Kc/s, and the i-f of the

receiver is 455 Kc s. Determine the component values loi the signal and oscillator
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For ease of working the outer tracking frequencies will be made coincident with

the band limits^ and the third tracking frequency (/•) will be uken as the geometrical-

mean of the outer frequencies (V/i/* = 926.6 Kc/s).

Signal drcnlta
= 432 - 12 = 420 m/iF

9.342

T =

L =

420

9.342 - 1

25 330

50.24 X 1.62*

50.24 ft/iF (includes 12 mmP gang min. cap. so that

actual trimmer would be 38.24 /x/iF)

- 192.2 #iH

Oscillator circuit

4.440 ;

(1 - 5.431

_ 9342 r(2 X 2A07)
' ^ “ 4“44 1(2 ^ 3.056) + 5.431J

Pn

Te

.056)

- 554 /imF

L(2

432 ~ 12

1.758 - 1

(432 -- 12)

(1.758 X 4.44) - 1
61.7 mmF

1.758

(a) A value for (about 8 /x/xF) will be assumed, after preliminary calculation,

as tUs is the usual case.

As obviously << P (Compare 8 /x/iF with P.*,)

P-.n - P«.. - = 492.3 mmF

554 > 61

J

492.3'
69.42 /x^F.

From this it is permissible to estimate as 8 fx/xF since this is about the order

of stray capacitances likely to be across L®. Any small error here is unimponant, as

long as the value chosen for T, is less than T

j

since this is taken up during circuit

ahgnment.

Hence P - 492.3 + 8 - 500.3 mmF
Tf ^ 61.7 ~ 8 = 53.7 /x^F (includes gang min. cap. of 12 /</xF.

Actual trimmer would be 41.7 /x/xF)

r
25 330 X 492.3 x 554 ^ „

(b) ==
61.7' X 500.3» >r(r62 + oT455)*

(c) and (d)

Suppose now that it is required to make a change in the value of one of the oscillator

components. What should be the new values of the other components ?

A good example is the padder ; a more suitable value may be 510 /x/xF (which lies

between the maximum and minimum values of 554 ft/xF and 492.3 m^F).
Then

ar, -9.7 /x/xF

hU

=( .
2 8\

^ ^
*500.3 /

2 103.9

9.7

9.7

500.3

10 fx#xF

^ - 4.03 /xH.

So that the new values for the oscillator components are.P 510 fx/xF

r. - 53.7 - 9.7 - 44 ^^F
- 8 + 10 - 18 /xmF
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Lo *= 103.9 ~ 4.03 - 99.87
and these values all lie within the permissible range of values, set by the maximum
and minimum values calculated for P, and Tc ; denoted by etc.

A table showing a series of values between the calculated maxitnA and minima is

often very useful. In this way the most suitable component values can be selected.

Also, thr^ point tracking is still maintained at the selected frequencies with the range
of component values determined, as the change in values is independent of the track-
ing and intermediate frequencies provided these remain unaltered.
The same design problm, previously solved algebraically, will now be carried out

using the tracking charts.

Signal circuiU
Procedure exactly as before.

Oscillator edreuit

1620
“ 530

3.056

1620 -f 455 = 2.107
530 + 455

- 432 - 12 == 420 ^/iF

(a) From the charts :

0.15 ; therefore

Gmam

Gmt,
P-.. -
r, =

~ 63 /i/iF

— 1.2, therefore ~ 504 /a/iF

0.17, therefore T,

Using
P
r.

(b) L. -

^maz

504 4- 63 = 567

8 fi#iF (as previously)

504 -f 8 « 512 /imF

63 - 8 - 55 ^mF
25 330 X 504 X 567

= 71 m^F

102 fiH
63 X 512* X (1.62 -h 0.455)*

(c) and (d) Any circuit component changes are made exactly as before.

Suitable practical values are then selected after allowing for strays.

(iii) (A) Padded signal circuits
Tlie case of the multi-band all-wave receiver is of interest to designers. It can

hardly be said that the receiver covering the complete short wave band (6 — 18 Mc/s)
in one step gives very satisfurtory performance, particularly in the hands of an un-

skilled operator.

Consider first the case where bandspreading is obtained merely by loading addidonal

parallel capacitance across the tuned circuits. The scale calibration will become non-

linear with firequency and the scale vrill be crowded towards the low-frequency end

of the band. If, instead of using parallel capacitance, a small capacitance is inserted

in series with the tuning capacitor so as to restrict the tuning range, the scale will be

crowded towards the high frequency end. From this it should be dear that a com-
bination of the two methods can probably be made to give very much improved scale

linearity. The method is not restricted, however, to producing a linear scale cali-

bration.

The circuit arrangement for the padded signal dreuit takes the same form as the

csdllator circuit. The analysis of these dreuits, due to Green (Ref. 103), is based

on tracking the padded signal and oscillator dreuits to a (non-existent) pilot dreuit

(which also determines the fbnn of scale calibration) at three points, and thereby

making the padded dreuits track with one another at the same three points. The
error at firequenciet between tracking points is usually not serious as the range of

firequendes to be covmd is generally fiuriy small.



1014 (iii) (A) PADDED SIGNAL CIRCUITS 25.3

The design problem is to select values for the padder P and the two trimming capaci-

tances and Tf such that simultaneously the following conditions are fulfilled :

(a) The desired frequency ratio is attained.

(b) The scale calibration is linear, or, more generally, corresponds to a desired

form.

(c) The L!

C

ratio is maintained at a high value in order to achieve adequate gain

in the signal circtiits.

To simplify notation the virtual pilot circuit takes the same form as the original

signal circuit shown in Fig. 25.33 and the same notation is retained, for both the padded

signal and oscillator circuits, as was previously used for the oscillator circuit alone.

The design equations are limited to the cases of arithmetical-mean and geometrical-

mean tracking. Charts arc available (in Ref. 103) covering the arithmetical-mean

case.

Summary of formulae

Pilot circuit :

Padded circuit :

p r - t*^ ^
r ^ 1

“m'ai — 1

7, Gjmar

- 1 )

P ^ Tr - Pr.in " ^

where r is limited to the values given by p and R.

Te specified :

P Pr..r r.

where P is first evaluated.

Ti specified :

where P is first evaluated.

When Tj << P
T: Tr T,

P P^.. • T;,

Gain is proportional to the dynamic impedance 7. of the circuit and

pi G
C •

“ p o (cffcaive capacitance across inductance).
Pmim G ^ Pmax

When G - G„ax then C — Crnax- The value of P is obtained from the appropriate

equations, according to whether Tr or Tj is specified.
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Inductance

L.
(

/\..r

P'
1

G,„

or for numerical computation Lq
P m#i t)

)— ax)

25 330

(7, -i f,yp\G„.,
using fxH, Mc/s.

in which (o>, r oj,) is the known low frequency tracking point of the padded signal

circuit. For a padded oscillator circuit replace ( ciii a>y) by ( <*>1 Ct»y ^>f)* The
value for P is derived from the appropriate equation according as to whether or

Tj is specified.

For an unpadded signal circuit

1

^ 2 2
'X tij

I
Cf

fi J-

The notation is identical with that given previously, with the addition of

to 2rr any frequency in the tuning range
2rr low frequency tracking point of pilot circuit

ot, 2n high Ircquency tracking point of pilot circuit

(o-i arithmetical- or geometrical-mean tracking point of pilot circuit

to, 2rr true intermediate frequency of receiver

to^ 2-n virtual intermediate frequency for the combination of a padded
signal circuit with a virtual pilot circuit

O)., fn
r

‘ * frequency ratio of pilot circuit

<f) . to
,

'I frequency ratio of padded signal circuit
to

^

(/ incremental capacitance of each section of the ganged tuning capacitors,

measured from its value at to.,

value of U at o»,

C total effective capacitance across I.„

value of (' when G
U »oLo, R where Ao and R apply to the signal circuit, and this R is' the

r-f resistance of the. circuit

H Worked example
I hc mcthiHi will be applied tv> the design of a receiver tuning from 6 to Q .Vic, s,

iiMng an i-f of 45S Kc. s, with a capacitor having a straight line frequency characteristic

and a capacitance range of 12-432 Arithmetical-mean tracking will be used.

Pilot circuit

For the pilot circuit assume that the required scale calibration is given by

X 2 • (A sufficient range of values ft>r most receiver calibration curves

is from about 3 to \.5)

ot* 4

Signal circuits

/3 Q/6 1.5

2,25

4 3 2 I (3 1.5)

r
2.25 3 1.5’

432 - 12
P T^

1.552 1

432 - 12

(1.552 / 2.25) 1

432 -- 12

1.552 (2^25 1)

I (3 2>

760 8 /i/tF

301.7 fifiV

216.5 /a^F

1.552
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P^in - 760.8 - 301.7 = 459.1

Take the case where is specified. Draw up a ttble of component values, and
select the most suitable.

T. Tl p

50 710.8

100 660.8

150 610.8

200 560.8

250 57.53 510.8

300 460.8

FrtMn this it seems that a convenient padder value is 510.8 Then find

and to complete the table. If the values so found, using the first selection for P,

are considered as being suitable, only those need be computed.

Tl =^ [301.7 - 250] = 57J mmF

25330 X 459.1 x (420 + 760.8) ^
- 6* X 510,8* X (420 + 301.7)

~

So that the signal circuit oxnponents are

L. *= 2.024 fiH

Tj^ « 573 mmF
P = 510.8 /ifiF

Tf ~ 250 fi/iF (which includes 12 ft/iF gang min. cap.)

(Suitable practical values are seleaed after due allowance for strays).

An estimate can now be made of the circtiit dynamic impedance (Z), as this will

serve as a guide to the possible circuit gain. Improvement can often be effeaed by
a redistribution of the component values, and the most favourable L/C ratios can be

determined by completing the table set out earlier.

However the L/C ratio and the component values selected are usually a compro>
mise forced on the designer by considmtions of practical convenience.

Oscillator circuit

It will be taken that the oscillator frequency is higher than the signal frequency.

P = = 1.464

P^

r ^ p ^

432
Pwas

6 + 0.455

2.145

2.145
- 12

3 + 2 1 + (3 X 1.464)

1 + (3 X 2)

1.609 ~ 1

432 ~ 12

3 + 1.464

= 689.6 ppF

1.609

(1.609 X 2.145) - 1
171.4 mmF

432 12

1.609 (2.145 -
689.6 - 171.4

1 )

228 mmF

518.2 mmF.
Take the case, this time, where Tjr is specified and draw up a table of component

values. T
I

'ntnoi necessarily very much smaller than P.

n T, P
i

50 564.1

100 85.6
j

604 1.619

150
1

639.7

200 1072
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Then for the tabulated values of we have

These values are listed above.

Taking the padder of 604 /i/iF as being suitable, then is 100 /x^F, and now
find Tt and Lq.

r. = 171.4 - 10o(~)= 85.6 /i/iF

25 330 X 518.2 (420 + 689.6)

“ (6 + 0.455)* X 604* (420 + 171.4)

So that one suitable set of oscillator component values would be
= 100 /x/xF, P = 604 /x/xF, Lo = 1.619 /xH

and — 85.6 /x^F (including 12 /x/xF gang min. cap.).

The signal and oscillator circuits should track at 6, 9 and 7.5 Mc/s.

References to superheterodsme tracking
Refs. 101-114, 121, 123, 134, 135.
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SECTION 1 : CHOICE OF FREQUENCY
(i) Reasons for selection of different frequencies (ii) Commonly accepted intern-

mediate frequencies.

(i) Realms for selecdon of different frequencies
The choice of a particular intermediate frequency in a receiver is governed by a

number of factors.

(a) If the frequency is very low the circuits will be generally too selective> resulting

in side-band cutting. Very high selectivity will also make a receiver more difficult

to tone, and imposes severe requirements on oscillator, and other circuit, subility.

(b) The lower the intermediate frequency the more difficult it becomes to eliminate

image interference. This difficulty becomes greater as the carrier frequency is in-

creased.

(c) The intermediate frequency should not £dl within the tuning range of the re-

ceiver, as this would lead to instability and severe heterodyne interference. Also
lower harmonics (principally second and third) of the i-f should not fidl within the

tuning range if this can be avoided. This requirement is not always easy to meet
because of the other factors discussed in this section.

(d) Too high a value of intermediate frequency should be avoided as it generally

leads to a serious reduction in selectivity a^, usually, gain.

(e) The intermediate frequency should not be such that it approaches the range of
frequencies over which the receiver is required to tune.

(0 If the intermediate frequency is made too high, tracking difficulties between
the signal and oscillator dreuitt may be experienced.

(g) In some cases, where the intermediate frequency is higher than the highest

received signal frequency (as in single span receivers), it is possible to tune the os-

cillator only and use low-pass filters for the signal circuits. However, it is generally

preferable tp use tunable signal circuitt.

1020
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(ii) Commonly accepted intermediate frequencies
As a result of the experience gained over a number of years in addition to the con-

siderations stated previously the values selected for the intermediate frequencies of

most commercial receivers have become fairly well standardized. For the majority

of broadcast receivers tuning the bands 540-1600 Kc/s and 6-18 Mc/s, an i-f of about
455 Kc/s is usual. A frequency of 110 Kc/s has been extensively used in Europe
where the long wave band of 150-350 Kc/s is in operation. Receivers for use only

on the short wave bands commonly employ an i-f of 1600 Kc/s or higher. Fre-
quency modulation receivers covering the 40-50 Mc/ s band generally use a 4.3 Mc/s
i-f, and for the 88-108 Mc/s band they use 10.7 Mc;s. This latter value has been
adopted as standard in U.S.A., and some other countries, for v-h-f receivers.

SECTION 2 ; NUMBER OF STAGES

The number of stages required in the i-f amplifier is generally a compromise be-
tween the factors of seleaivity, gain, and cost. For the usual broadcast receiver

having a 455 Kc/s i-f, one stage employing two transformers is generally considered

as being adequate (when using an i-f valve with a of about 2000 micromhos).
The transformers in common use arc two parallel tuned circuits coupled by mutual
inductance and stray capacitance. The windings are arranged so that any capacitive

coupling aids the mutual inductance. Care should be taken to keep capacitive

coupling small as it alters the symmetry of the overall response curve of frequency
versus attenuation.

Common values of capacitance tuning the primary and secondary windings in

commercial transformers are from about 50 fi/xF to 120 to which must be added
valve and circuit stray capacitances. Values as high as 800 /i/xF are used in special

circumstances, however. This point will receive further discussion in Section 7 of

this chapter. Unloaded values for the primary and secondary Q's are from about

70 to 130. The transformer windings are in most cases coupled from 0.8 of critical

to critical. The amount of coupling v hen the transformer is wired into the receiver

is the important factor as stray coupling (including regeneration and alteration of

tuning slug positions) will often ^ter any value of k or conditions for critical k measiu'ed

external to the receiver.

It should be noted particularly that the second i-f transformer usually feeds into a

diode detector and this will appreciably affect the selectivity and gain of the preceding

suge because of the loading across the transformer secondary. This loading is com-
monly uken as half the d.c. diode load resistance, which in most cases does not exceed

0.5 megohm because of the detector circuit requirements. If improved selectivity

is required then the secondary of the i-f transformer may be upped and the diode

circuit fed from this upping point to reduce loading on the tuned circuit ; but this

generally involves a loss in suge gain.

For small battery receivers of the portable type it may be advanugeous to employ
three i-f transformers (i.c. two stages) rather thim a r-f stage and one i-f stage. Al-

though there is some reduction in signal-to-noise ratio with this arrangement, ad-

ditional gain is often the main requirement. Further, it is possible to operate the

two i-f valves in a very economical condition, c.g. by using reduced screen voltage,

as the full gain available can seldom be utilized without difficulties arising from in-

stability. The C>*s of the i-f*s need not be more than 00 or 70 w ith this arrangement

as the seleaivity is more than adequate for ordinary reception.

With receivers using higher intermediate frequencies at least tw\) stages .three

transformers) arc often required to give improved selectivity. Another important

consideration, however, is that the dynamic impedance of the li>ad presented by the

transformer to the valve is low*er, and stage gain is decreased. Valves used in the

i-f stages of receivers having a high value of i-f generally have a mutual conducunce



1022 NUMBER OF STAGES 26.2

(gm) of the order of 4000 micromhos to allow additional gain to be obuined to offset

the loss due to the lower circuit dynamic impedance. These conditions apply par-

ticularly in F-M receivers using an i-f of 10.7 Mc/s. Short wave receivers using

1600 Kc/s i-f transformers commonly employ two stages (3 transformers) although

one stage is often used and generally, but not always, the valves are similar to those

used at lower frequencies and have a of about 2000 micromhos or less. The pass-

band and gain requirements will largely determine the values of the constants for the

transformers.

A 10.7 Mc/s transformer in a F-M receiver has to pass a band of frequencies about

240 Kc/s wide and at the same time must not introduce such an appreciable amount
of amplitude modulation (due to the selectivity of the transformers) that the limiter

(or whatever device is used that is insensitive to amplitude variations) cannot give

substantially constant output. To secure these results, some designers use com-
binations of ovcrcouplcd and critically-coupled transformers, while others prefer to

use only critically-coupled transformers because of the simplification in the alignment

procedure. For the type of F-M receiver using a ratio detector, two i-f stages are

generally considered as being adequate (although this may lead to difficulties because

of insufficient adjacent channel selectivity) with the second i-f valve feeding into a

discriminator transformer. For most F-M receivers using limiters, three 10.7 Mc/s
i-f transformers are used in cases where one limiter stage is included ; or for two
limiter stages an additional very wide band i-f transformer may be incorporated.

The purpose of the additional i-f transformer is to provide interstage coupling, but

at the same time the design must be such as to introduce no appreciable amplitude

modulation of the signal after it has passed through the first limiter stage. If a locked

oscillator type of F-M detector (such as the Bradley circuit) is employed, then it is

common practice to use three normal i-f transformers plus a fourth transformer giving

a voltage step down of about 6 to 1 to provide a low impedance voltage source for

driving the dctcaor. An additional i-f stage is included in receivers using limiters

for the purpose of giving the greater gain required to obtain satisfactory amplitude
limiting with very weak signals ; the additional i-f stage also provides improved selec-

tivity outside the required passband.

The number, and type, of stages used in any i-f amplifier is decided, of course,

by the various requirements of the particular receiver and the selectivity and gain arc

under the control of the designer. Discussion as to the number of i-f stages used in

typical A-M and F-M broadcast receivers is meant only to serve as a guide to common
practice. However, it should not be overlooked that although gain and pass band
requirements can sometimes be met with fewer stages than suggested above, adjacent

channel selectivity will generally call for additional uansformers. It is important

that both pass band and adjacent channel selectivity be considered during the design,

and if this is done there is usually little difficulty in selecting the number of i-f stages

required.

Special i-f requirements can be fulfilled by making preliminary calculations for any

number of stages which a designer may consider necessary. In Seaion 4 it is pro-

posed to carry out the complete design of several transformers showing the various

•faaors to which attention must be paid to meet a given set of conditions.

SECTION 3 ; COMMONLY USED CIRCUITS

(i) Mutual inductance coupling (li) Shunt capacitance coupling (in) Composite

i-f transformers.

In this seaion it is proposed to confine attention, particularly, to the most commonly
used i-f transformer arrangement which uses mutual inductance coupling. Shunt
capaciunce coupling is not very widely used, but is included here as being of some
interest because of its occasional application in F-M receivers. Details of various

coupled circuit arrangements are given in Chapter 9 ; the references should be con-

sulted for a more comprehensive surv^ey of circuit arrangements, and analysis of their
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properties. Of course, almost any type of coupling can be used in i-f circuits but
transformers other than those using two windings coupled by mutual inductance are

the exception rather than the rule in ordinary broadcast and communications receivers.

(i) Mutual inductance coupling
Fig. 26.1 shows the most widely used circuit arrangement for an i-f coupling trans-

former ; Cl, Li and C*, L 2 are the primary and secondary capacitances and induct-

ances respectively. The two windings are coupled together by mutual inductance.

The total capacitances tuning the circuits are due to valve input and output, wiring
and coil capacitances as well as Cj and C^.

The transformer is set to the required i-f by using powdered iron “ slugs ” which
arc moved inside the primary and secondary windings to vary the inductance values.

Variable capacitance trimmers are often used as an alternative, and in some cases this

May be advantageous since the inductance values can be pre-set fairly accurately and
the capacitance, which is not known accurately because of additional strays, can be
set to give the required resonant frequency ; this arrangement also allow’s close control

on the coefficient of coupling. However, capacitance trimmers are not always com-
pletely reliable and it is often of greater practical convenience to use variable iron cores

in transformer windings. Further, the fixed capacitors Ci and Co can be of high
quality (e.g. silvered mica) to improve the circuit stability.

I F stage
ncaea shunt capacitance coupled '.r circuit

The type of circuit being considered is discussed also in Chapter 9 Sect. 6(iii),

(iv), (v). Graphical methods of determining selectivity are given in Chapter 9 Sect. 10.

Section 4 below gives detailed design methods and examples for several trans-

formers of this type.

(ii) Shunt capacitance coupling
This type of coupling arrangement is illustrated in Fig. 26.2. Circuits of this type

»..»n be conveniently arranged to give a fairly wide pass band and are sometimes used

in F-M receivers, in particular, to couple two cascaded limiter stages. Some dis-

cussion of this type of circuit is given also in Chapter 9 Sect. 8(ii).

The design of circuits of this type is carried out in a similar manner to those using

mutual inductance coupling. Usually the values selected for Ci and Cj are about

50 /ifiF and the value for is determined by the required coefficient of coupling

flowovcr, is generally fairly large, being of the order of 1000 to 2000 fi^F in typical

cases. Li and Ln (%vh‘ch usu.i”y h.Gvc equal values) are determined from :

\* Ly is in ii'icrohenrys

^ CiC\f ( C/2^ \f \
C is ii. Ufil .iid r, equal to ^

1

or —

)

f stray capaci-

tance across the primary circuit

;nd / is in Mc/s, and is taken as the intermediate frequency.

A '.c resistors Ry and Rt are for the purpose of lowering the Q of the tuned circuits

the values required for the bandwidth desired.
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The

k

coefficient of coupling is given by

U|Ca

(C| — C^y)(C2 —

V CjCj
^ Cm

when C
^f > (C„ C.).

(iii) Composite i-f transformers
Receivers used for F-M and A-M reception, on the 88-108 Me s and the 540-1600

Kc/s bands respectively, generally have the i-f amplifiers arranged so that the inter-

mediate frequency is 10.7 Me, s for the F-M band and 455 Kc/s for the A-M range.

For reasons of economy many manufacturers use the same amplifier valves for both
i-f’s, and so it is necessary to find a solution to this problem which docs not require

elaborate circuit arrangements.

One solution is the circuit shown in Fig. 26.3.

The 10.7 Me s transformer is represented by C,,

Lp etc. and the 455 Kc s transformers by Lj, C, etc.

When the carrier output from the convener stage is

10.7 Me s, the primary and secondary circuits of

the 455 Kc, s i-f act as capacitances which allow the

lower ends of the 10.7 Me s i-f to be effectively

eanhed. At 455 Kc s the 10.7 Mc/s i-f transformer

tuned arcujts act as inductances in series with the

transformers in use. The effcaivc inductance, in

series with the 455 Kc, s transformer, tends to offset

any loss in gain due to the voltage drop across it be-

cause It reduces the loading on the valve input

circuit. Any possible loss in gain is not important, however, as the g^of the amplifier

valves is about 4000 micromhos, and there are usually two i-f stages. The problem

is generally one of getting rid of excess gain on the lower frequency channel ; it is

for this reason that very low L C ratios are used in the 455 Kc s i-f transformers,

in receivers for this purpose, and the primary and secondary capacitances are often

of the order of 750 ^^F. This system of gam reduction is sometimes preferred to

tapping down on 455 Kc s i-f transformers using the more conventional component

values as discussed in Sect. 2.

In receivers using a common converter, for F-M and A-M, it is usual to short out

whichever transformer is not in use. It is not considered necessary, in most cases,

to use switching w ith all i-f stages. Receivers adopting the method of using separate

converters for improved oscillator stability on the v-h-f band, and a common i-f

channel, do not require any switching in the i-f amplifier ; the convener not in use

having the high tension removed. Switching of detector circuits is also unnecessary ;

the last 455 Kc s A-M transformer can be conneaed directly to a diode in the first

a-f voltage amplifier valve, and a separate double diode, connected to the discriminator

transformer, is used for deteaion in the F-M channel after F-M to A-M conversion

has been carried out. Some valves, such as type 6T8, incorporate three diodes, a

tnode, and two separate cathodes, and so will allow* all the detection and first a-f

voltage amplification functions to be performed with one valve without switching

being required. An alternative arrangement, common in receivers using ratio de-

tectors, IS to Use the grid-cathode circuit ot the last i-f valve frhe driver stage) as a

diode for A-.\l detection. >X hen the receiver has a.v.c. applied to the driver stage, it

is possible to select suitable values for the a.v.c. h>ad resistor and the i-f by-pass

capacitor to pr<'Mdc a satislactcTv R-C combination for A-M detection.

The two tran^^)rmer^ may have all the windings in one can, or two cans may be

Used for each i-i, one lor the 10.7 Me s i-f, and the other for the 455 Kc s i-f. Thi^
latter arrangement has the advantage that it reduces interaction between the windings,

AM f *b'ACC
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and also permits both transformers to be “ slug ” tuned without using elaborate

mechanical arrangements. In some cases where the transformers are both mounted
in one can, combinations of “ slug ** and capacitance adjustment are provided ; an

example of this is illustrated in Ref 12.

Many arrangements have been suggested for combined i-f transformers, and some
of these are described in Ref. 22. How^ever, the circuit show'n, or modifications of

it, has received fairly wide acceptance as providing quite a good solution to the pro-

blem.

SECTION 4 DESIGN METHODS
General

'll, Cntically-couplcd transformers

(A) Design eguaimns and table D, Example
C] De'in’n extension ID, Conclusions.

E, k measurement

III Oi ei -coupled transformers

A: Deaj^’n eciuations and table B Example
i C k measurenunt lu n k /' luen

n\ U ndcr-eoupUd and amfle tuned circuits

A Simple tuned circuit e<fuations [Bj Example
C U nder-Cimpled tranfoniter equations

D Example
: I’-M i-f tranformers

[A, Dc'i^n data B, Example
zi I-E transformer construction

III Appendix : Calculation of coupling coefficients.

i; General
1 he design procedure for i-f transformers can be greatly simplified by the use of

charts and rabies. If certain assumptions arc made, which approximate to practical

conditions, the design procedure can be reduced to a few routine operations. Here
we will consider only the two winding iran^tormer using mutual inductance coupling ;

the added capacitance coupling, which is always present, does not seriously affect the

results particularly as its presence is taken into account when setting the coefficient

of coupling [k,.

The methods given below can be applied to inductive or capacitive coupling pro-

vided that the coefiicient of coupling k is suitably interpreted see appendix (vii)

below for methods ot calculating coupling ».i>ethcicnts The practical two winding
transformer^ as previously mentioned, has mixed coupling but this does not cause any

difficulty uhen the two forms of coupling assist each other suitable connections are

given in vi hcK>w . Hov\ever, if the luo forms of coupling are in opposition a

rejection trequency is possible which can oc^ur within the pass band of the trans-

former. 'Vhis effect is well knviwn to receiver designers who have accidentally re-

versed the si'nncctions oi one vif the i-l transiorincr windings, and found that the i-f

stage gives prasiisally g.nn I ho fact can alsi' be irivido tlte basis of a useful method
lor measuring k. ihc capacitive cv’upling being increased using a calibrated capacitor,

until It csjuals the inductive c<'upling and .ten' voltage transfer then v^ccurs at the

working Irequcn.v. Is'r lurthcr data <>11 m:\cd coupling Ref 4.

Ihc inmai a-^suinp: 1 , ^ns will be that the piimarv and ^Ccv'iidarv inductances L,

and L arc given bv L \ / /. Abo. n will be a^-umed that the v aiuos of (J do not

alter appredablv (wer the range in which the sde.tivitv curves are taken. W'e will

not alw.ivs take tlie primary and secondary o's as being equal, and the advantages
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to be gained will become clear as we proceed. The magnification factor, or Q, will

be defined as

Q =
and provided the ratio of Qx/Q^ or Qz/Qi is not greater than 2, the error in the usual

design equations is negligible for most practical purposes.

As long as \ QyQt ^ (Qi -r Qa); 2 the error in any of the usual approximate design

equations will be small. If Q, and Qt differ by large amounts then the exact design

equations are necessary and can be obtained from Refs. 2, 3, 6 and 8, or the design

can be modified by using the universal selectivity curves to obtain the required results.

It is of interest to note that the simplified equations given by Kelly Johnson (Ref. 1).

Ross (Ref. 2) and Maynard (Ref. 6 and Figs. 9.17 and 9.18 of this book) are identical

when it is assumed that Q ^ Qt = Q 2 2^d the various notations are made the same.

It may be thought that writing Q ^~ \ QiQtt and L will be inconvenient

since the i-f transformer, as construaed, will have its primary and secondary in-

ductances and Q*s equal. However, in the majority of cases L Lj L, is applied,

and the method is extended to fulfil the condition that the unloaded primary and

secondary Q*s should be equal while allowing the required Q \ QiQ-. to be obtained

in the receiver, without further adjustment.

Critical-coupling, or a close approach to it, is most often employed in i-f trans-

formers but there is little difficulty in designing transformers for almost any degree

of coupling. All cases will be treated.

Universal selectivity and phase shift curves arc given in Chapter 9, Sect. 10 (Figs.

9.17 and 9.18). Additional charts and tables are given, to be used as described in the

appropriate sections.

The design procedure generally consists of finding values of Q, k and stage gam
for given bandwidths at some value of i-f ; or of finding the required bandwidth for

values of Q and k previously determined. For clarity the cases of critical-, over-,

and under-coupled transformers will be dealt with separately. Single tuned circuits

are also included as they arc sometimes required in i-f amplifiers. Additional data

for the design of F-M transformers will be given in Sect. 4{v).

Stagger tuning (Refs. 8, 13, 17 and 38) of i-f transformers (e.g. tuning primary and
secondary to different frequencies) to give substantially the same bandwidths as over-

coupled transformers, docs not have a very wide application in F-M and A-M receivers

(except in cases where variable selectivity is to be used) and will not be discussed in

detail.

Stagger tuning of single and double tuned circuits is widely used in television

receivers, but this is a different application from the case where it is applied to the

comparatively narrow bandwidths of ordinary sound receivers. In this case the trans-

former primary and secondary are tuned to the same frequency, but this is not neces-

sarily the intermediate frequency.

Since i-f transformers for television receivers involve special problems they are not

treated here (sec Refs. 27, 28, 94, 95, 96 and 97) Also, triple tuned transformers

arc not discussed, but the article of Ref. 26 gives an excellent treatment.

Finally, the design methods do not make allowance for regenerative effects, nor
should they be applied for finding the shape of resonance curves at frequencies far

removed from resonance. The selectivity curve shapes arc assumed to be perfectly

symmetrical although in practice it will be found that this is seldom true.

(ii) Critically-coupled transformers

(A) Dc«ign equations and table

In general the procedure given is similar to that due to Kelly Johnson (Ref. 1) and
Ross (Ref. 2). However, these procedures assume that Q Qi ; wc shall take

Q ~ V^QiiQv f^or most cases it is not advisable to use the equations given below for

Qi!Qt QilQt greater than about 2, unless some additional adjustment is made from
the universal selectivity and phase shift curves.
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For N critically-coupled transformers,

X \/'2'(p2/‘V l)i

XU
^ 2J/

VC...

2 ~ ^ '

where p attenuation at J/ c s off resonance

N number of identical transformers used (iV 1 for one transformer)

/o resonant frequency (the i-f in our case)

Q \ QiQi 1 (in which and Q, are actual primary and second-
ary O’s i is critical-coupling coefficient)

2J/ total bandwidth for a given attenuation (/>)

and d phase shift between secondary current at resonance and secondary
current at J/ c s off resonance.

'rhe required design information is given in equations (1; to (4). Usually either

n is stated for a given bandw’idth and a known i-f, or A" can be found to allow' p to be

determined. Once these two factors have Been found, the determination of k and or

(2 is a simple matter.

Table 1 lists various values of p and A'. Suppose p is known, then X is read from
the table and used in equation (3) to find Q (since 2J/ /n is already knowm). The
coctticient of coupling is then k, 1 C}-

If complete resonance and or phase shift curves are required, then the universal

curves of Figs. 9.17 and 9.18 (C'hapter 9, Sect. lOj are used. These curves apply

to one transformer only. For A’ identical transformers the attenuation in decibels

is multiplied by A' ; for transformers which are not identical, the individual attenua-

tions (in db) are added. Resonance and phase shift curves can also be determined
directly, by using table 1 and eqns. (1) to (4).

In the application of the universal curv'es take D X Q2Jf /o (this Q being

\ 3s determined) and b k Qk (^for critical coupling b 1, in this case) ;

w'hich arc the same as for O, Q.. If the values of (>, and differ by more than

about 2 to 1, then the more exact expressions for 7) and b- are applied to check how
closely the required conditions are approached, it being carefully noted that in all

expressions on the curves involving a that the Q shown is Q..

TABLE I CRITICALLY-COUPLED TRANSFORMERS
For use with equations (1), (2) and (3)

A’ Number of Transformers

Attenuation (p) X 1 A' 2 A ^ 3

Times Dow'n db Down

\ 2 3 1.41 1.14 1.01

2 0 1.86 1.41 1.25

4 12 2.76 1.86 1.57

7 17 3.73 2.21 1.81

10 20 4.46 2.46 1.95

20 26 6.32 2.96 2.26

40 32 8.96 3.54 2.56

70 37 11.9 4.08 2.82

100 40 14.1 4.46 3.02

1000 60 7.96 4.46

lOOOO 80 14.1 6.66



1028 (ii) CRITICALLY-COUPLED TRANSFORMERS 26.4

The maximum stage gain is given by
Gain (5)

where ~ mutual conductance of i-f valve (if conversion gain is required, con-

version conductance {g^ is substituted for

a>o ~ I’tt - resonant frequency (/„) i.e. /„ i-/

L ^ i ^1 ^nd L.. are primary and secondary inductances

and Q ^ \ Q\Qi \ Qi and Q . are primary and secondary magnification factors.

A condition, not specifically stated in the equations, is that LiC, L.C. in all cases.

The maximum gain is usually converted to decibels, so that the gain at any point

on the resonance curve can be found by subtraction of the attenuation, also expressed

in decibels.

(B) Example and additional design extension
A 455 Kc s i-f transformer, using critical-coupling, is required to give a total band-

width of 20 Kc s for an attenuation of 20 db (10 times).

(a) /„ 2J/ 455 20 22.75.

(b) From table 1 we have X 4.46 (since A' 1)^

(c) From eqn. (3), Q 4.46 22.75 101.

(d) k, \ Q 0.0099.

(e) Select a suitable value for C, ( C.,) ; a capacitance of 100 is satis-

factory (made up of fixed stray capacitances).

.
.25.33 25.33

Then L 1.22 mH

(/ in Me s ; C in ^^iF)

and take L L, since this is convenient in this case.

(f) The i-f valve (e.g. type 6SK7) has ^ 2 mA volt ( 2000 /tmhos)

From equation (5),

2
Max. stage gain

10 ‘ 101 In 455

2

10 ’ 1.22 10

352 times (or 51 db).

(g) Some designs might stop here and the magnification factor would be taken

as (2 Qi It would be realized that valve loading would
have an effect although possibly nothing more would be done (or else some
attempt would be made to alUiw for the plate and grid resistances by finding

new values of (2, and Q.).

Let us proceed further and ask whether the transformer as it stands fulfils

the design conditions in a radio receiver. The answ'cr is that obviously

it does not, since it w'ould be connected in most cases between two i-f valves,

a converter and i-f valve or between an i-f valve and a diode detector Sup-
pose the connection between two i-f amplifier valves (type 6SK7 would be
representative) is considered since this appears a fairly innocuous case. The
plate resistance (r „) of a type oSK7 under the usual conditions of operation

is 0.8 megohm. I’he short circuit input resistance, also under one set of

operating conditions, is 0.8 megohms (this is calculated from the data given

in Chapter 23, Sect. 5) ; other effects, which would alter this value, will be

Ignored for simplicity, although they may not be negligible. It is first

required to determine what values i>f y, and Q . are required to give Q
Q 101

'This is toLind lr*»ni

_ (JH

IT
()

w'here O
O
R

and L

unloaded (J

loaded (J

parallel resistance across winding
27t/„ ; (rcs*»nant frequency /.,)

inductance.

o



26.4 (u) CRITICALLY-COUPLED TRANSFORMERS 1029

For the primary

Q - 101 ; /e - r, - 0.8 MI? ;

a>o - 2n y 455 X 10> ; L - Li - 1.22 mH
and QwoL - 101 x 2it x 455 - 10* ^ 1:22 x 10 * -

101 X 0.8
Then Q„ 6.8“~o352

""

For the secondary

lOl x 6.^
“ 6.8 - 0.352

106.8.

0.352 MI?.

(C) Design extension
The value Q„ ^ 180 could not be obtained very easily, if at all, with a normal type

of i-f transformer. In addition, the disadvantage of unequal primary and secondary

Q*s should be apparent. For values of Q only about 10% higher than that given,

or where the transformer is coupled to a diode dcteaor, the situation becomes so much
worse that it is clear that a revised approach is necessary What is actually needed is

(1) A transformer with equal values of primary and secondary Q*s when un-

loaded. These will be denoted by Q„ Qu\ ^ Qw?.

(2) The values of and Q,,, to be such that when the transformer is connected

into the i-f amplifier, and loaded by the valve output and input resistances,

the desired value of Q = will be obtained.

(3) The required coefficient of coupling (k) (critical for this particular example)

to be unchanged. It will be described later how k can be pre-set to any

desired value for any two circuits coupled together.

(4) Excessive values of and Qut are to be avoided (see the previous method
of determining Qui) as far as possible, because of the practical difficulties

involved.

(5) The response curve of frequency versus attenuation to be that specified (or

very close to it).

All of these conditions can be fulfilled very closely, provided the approximations
made in deriving the design equations hold. A simple analysis of the circuits in-

volved, and including the required conditions, gives

Qu

where

Q

R.

a i ^ 4 2Q^-R,R.J

^
^ ;

Qh 2 (unloaded primary and secondary Q)

\ QiC?2 (in which Q, and Q. are loaded primary and secondary Q’s)

parallel resistance (r^ in our case) shunted across trans. primary
parallel resistance (grid input in our case) shunted across trans. second-

ary

a Q(Q^o^)(Rx f Ri) ; in all cases it will be taken that L — Lj -- L*

and ^ 2\R,R^ (Qco^Lyi
For our example :

Q 101 ;
Q* 1.02 10«; K, 0.8 MI?; R, 6.8 MI?

QtOffL 0.352 MI? (found previously)

« 101 0.352 • 7.6 270 ; a* 7.29 • 10*

fi 215.44 0.1241 10.63 (MI?)=

270 f V7.29 10* n 2 1.02 10* 5.44 10.63

Yo.63

so that 131.

To check that the transformer, when placed in the receiver, gives the desired value

of Q VQ}Qi use

Q
Q.R

I R (8)

from which

(2i
=

131 0.8

0.458 1 0.8
^ 83.4
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Qt

and so

131 >: 6.8

0.458 -f- 6^8
123

Q = VQiQ^ V 83:4 X
determined previously).

123 101, which is the desired value (as

(D) Conclusions
All that is required to design the specified transformer is to go through the simple

steps (a) to (c) and, knowing and Rg, apply eqn. (7). Overall response and phase

shift are determined from the universal curves, as explained previously.

It should be obvious that eqn. (7) will not hold under all practical conditions, but

it is not limited by the ratio of Qi/Q^ or Q. ()|, and failing cases can be checked
by the condition for /3 0. It has been assumed for simplicity that L L,

but this is not essential, and the design equation could be extended to the case of

L V LjL2 . In some failing case, if it is essential to fulfil the specified conditions,

Q, and Qs (and if necessary Lj and L.) can be selected to give the desired values of Q
and L ; this will be illustrated in the section on the design of variable bandwidth
crystal filters.

(E) h Measurement
The coefficient of coupling, for two circuits resonant at the same frequency, can

be set on a Q meter (provided Qt lies within the useful working range) using the

relationship

If

then

Q.

Q Ml

(9 )

Q'u I

1 QutQ,>
Q.i Qu

Qm
1 T

where primary Q (sec. o/c or detuned by large amount)

Qut secondary Q (pri. o/c or detuned by large amount)

Qt Q to be obtained when primary and secondary arc coupled and the

secondary tuned to make the primary Q a minimum.
(Usual precautions as to can and earthy side of secondary winding being grounded

to be observed ' it is preferable to use the same order of connections for measurement
as those to be used in the receiver.)

When the transformer has different primary and secondary Q’s, it is often advan-

tageous to use the higher Q winding as the primary when setting the coefficient ol

coupling ; this applies particularly when the coupling is very loose.

The actual capacitance values tuning the primary and secondary for Q meter meas-
urements should include the allowance made for stray capacitance otherwise incorrect

slug positions (i.c. incorrect inductance values) will give rise to an error which can be

avoided.

In our example we desire a value for k 0.0099 (for critical-coupling when Q
V QiQ, 101) ; Q „ 131.

Then from (9Aj

Q.
131

1 ' (1.297)^
48.9.

AH that is required is to adjust the spacing between the two resonant circuits until

the Q meter reads 48.9. The desired co-efficient of coupling has then been obtained

Alternatively, by transposing terms in the equation, k is given for any values of Q^,
and Q.,,

so that /k

Q»t ' Qh
QttiQuiQh

(9B)

The method applies directly to under-, over-, or critically-coupled transformers

and is useful within the limits set by the u.sable range of the Q meter. For over-

coupled transformers additional methods are sometimes required, and the procedure

will be indicated in Sea. 5.
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It is sometimes required to measure k in terms of critical or transitional coupling.

In this case the circuits are loaded to give the values of Q, and required when the

transformer is connected into the receiver, and the following expressions can be
applied :

k |Q^ :Q^
kr \J Qb

k /2Q\QAQ\ Qb)

kt sj QbiQr -f Q^)

{90

(9D)

It might be noted that when Qi Q: the expressions (9C) and (9D) are identical,

as would be expected.

(iii) Over-coupled transformers

(A) Design equations and table

Here the method to be followed is based on that due to Everitt (Ref. 3).

Fig. 26.5 illustrates the terms used regarding bandwidth.
It should be noted that when the primary and secondary Q*s differ appreciably,

two peaks of secondary output voltage do not appear immediately critical-coupling

is exceeded. The actual value of ky which corresponds to the condition for two
peaks of secondary voltage, is called the transitional-coupling factor [sec Chapter 9,

Sect. 6(v)), and Ref. 8.

In what follows we shall use Q \ QiQz and L \ as was done for critic-

ally-coupled transformers, but this is not an approximation in the derivation of the

design equations (10), (11) and (12) provided that L,C, L..Cj. It will also be
assumed, for simplicity, that the peaks of the response cur\^e are of equal height and
symmetrically placed in regard to /„.

Qc

A

2J/,.

/o

ft

where Q

k

A

A \ A- 1

(Q^y 1

20 k

1

{QkA

tan
'

j

\

{Qk •

which and

( 10 )

( 11 )

( 12 )

(13)

Q are primary and secondary Q*s

respectively ; k is coetlicicnt ot critical-coupling)

any coclltcicnt nf ci>upling equal tv> or greater than critical

gain variation from peak to trough i c. dilTercncc in transmission level)

2J/ bandwidth between peaks ; \ 2'2Jf
,

) is the tvnal bandwidth for two
v'lher points on the resonance curve with the same amplitude as at

phase sitih between the secondary current at resonance and the secondary

.urrent at J/ c s resonance

.V 2J//..(J
and /„ resonant Irequency ot transformer (i-f'.

The unncrsal resonance and phase shift curves of Figs. 0.17 and 9.18 (Chapter 9

.Sect b‘ are directly applicable, using the exact expressions if desired and taking Q
as (J^ ti’f ail terms involving t/. It is more convenient, and sufficiently accurate, to

Use titc conditions lor tj, Q when (), Q: or ^2 (J^ 2 ; in this case b — Qk
cr A* k , /> (2J^ Q and since these expressions do not involve a, the value

\ dctcrmincil in the design problem is used. A check will reveal that

It is dilVuuh read any diflcrcncc from the curves whichever method is used.

It shtmKl be observed that live points on the resonance curve arc given directly

Irom the design equation''
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To find the maximum suge gain which occurs at the peaks, the equation (5) as

given for critically-coupled transformers, is applied dir^y. Genendly it is the

average gain in the pass band (\/2 x 2Jf) which is required and this is given by
multiplying eqn. (5) by

_JQL±_L)1
(14)

If the gain at/« (i.e. at the trough of the curve) is required, equation (5) is multiplied

by
2Q*

(Q*)* + 1

which is the same as multiplying equation (5) by 1 /A, since equation (15) is equivalent

to \/A.
Equations (14) and (15) can be evaluated directly from Fig. 26.4 when Qk is known ;

the dotted line being for eqn. (14) and the solid line for eqn. (15). Equation 5 is

multiplied by the gain reduction factor so found. The gain reduction indicated by
eqn. (15) can also be read directly from the 1/A column in table 2.

Qh
riC?f4 CAIN RCOUCTION TAC TO«^ rOR COUPLING

OTHCA than critical

TABLE 2, OVER-COUPLED TRANSFORMERS
For use with equations (10), (11), (12), (14), (15)

A (
^ peak to trough gain

variation)

/' 1

Adb Times Down Qk V (Qk)*
(Qk)*

0 LOO 1.00 0.000 1.00 1.00
0.25 1.03 1.27 0.616 1.61 0.971

0.50 1.06 1.41 0.707 2.00 0.943

1 1.12 1.73 0.817 3.00 0.893

1.9 1.25 2.00 0.866 4.00 0.800

2 1.26 2.02 0.869 4.08 0.794

3 1.41 2.41 0.910 5.81 0.709

3.1 1.43 2.45 1 0.913 6.00 0.670

4 1.59 2.81 0.935 7.90 0.629

4.4 1.67 3.00 0.943 9.00 0.599

5 1.78 3.25 0.952 10.56 0.562

6 2.00 3.72 0.963 13.84 0.500

6.6 2.13 4.00 0.968 !
16.00 0.469

7 2.24
!

4.24 I 0.972
I

17.98 0.446
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(B) Example
A 455 Kc/s i-f transformer is required to pass a band of frequencies 16 Kc/s wide

(i.e. :i: 8 Kc/s). The variation in gain across the pass band is not to exceed 0.5 db.

(a) From Fig. 26.5 it is reasonable to take the total bandwidth as 16 Kc/s and

so the peak separation is 16/V2 = 11.3 Kc/s.

(b) 2J///. - 11.3/455 - 0.0248.

(c) From Table 2, \/l - 1/(Q*)’ = 0.707.

(d) From eqn. (12), k = 0.0248/0.707 = 0.035.

(e) From Table 2, Qk = 1.41

Q = 1.41/0.035 = 40.2.

(f) Assuming a value for Cj (=^ C,) of 80 (including strays)

L = 25.33/0.455* x 80 - 1.53 mH
and take L = Li = L, = 1.53 mH.

(g) To determine the average stage gain in the pass band. From Fig. 26.4

(or eqn. 14), with Qk 1.41, reading from the dotted curve, gain reduction

factor equals 0.97. Assuming we use a type 6J8-G converter valve having a

conversion conductance of 290 /xmhos (0.29 mA/volt), then from eqn. (5)

and the gain reduction factor.

Average stage gain “ 0.97 n 0.29 x 40.2 x 0.455 < 1.53

= 24.7 times (or 27.9 db).

(h) Assume that the transformer is connected between a type 6J8>G converter

and a type 6SK7 voltage amplifier and that both valves are working under
a particular set of operating conditions.

For type 6J8**G the conversion plate resistance r, — 4MlQ = Ri and for

the type 6SK7 the short circuit input resistance = 6.8 MO = (as de-

termined from Chapter 23, Sect. 5).

From Equation (7)

* - 40.2 X 0.17 X 10.8 - 73.8 ; a* = 0.544 x 10*

p 2(27.2 -- 0.17*1 = 54.4 approximately

73.8 + Voi^~^10‘“+~4/76 y T6*~
Qm - M4 ~ 41.4,

SO that Q-i ~ 41 .4 which is the unloaded value for primary and second-

ary Q*s before the transformer is connected between the two valves ; the additional

refinement in design is hardly necessary here, and it would be sufficient to make

Q Qi Qt 40 (approx.).

It can easily be checked, using the procedure set out for critically-coupled trans-

formers, that the geometrical-mean of the loaded values Qi and Q, is 40.2 as required.

Complete rescmance and phase shift curves are plotted as previously explained. The
values for k can be set in exactly the same way as explained in the section on critically-

coupled transformers, if this is convenient. If k is high it is preferable to apply

one of the following methods.

(C) k mcaaurement (when k is high)

When k is high, one of the following methods may be used

The first of these uses the relationship

JC “ ^•)
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or k

where Ci

and
k

JC

JC
dc r C\

capacitance required to tunc the primary to resonance with the second-

ary open circuited.

coefficient of coupling required (say k greater than 0.1 or so)

increment in capacitance required to tune the primary to resonance

when the secondary is short circuited.

As an illustration suppose k 0.2 and C, * 200 /i/il* (the exact working frequency

may not always be convenient) then JC 8.34 Using a “ Q meter, the spac-

ing between primary and secondary is adjusted until this increment in capacitance is

obtained ; this gives the required value of k.

With some transformers, neither of the two methods given previously will be con-

venient, and a third method is required. In this case a “ Q ” meter is again used,

and the two transformer windings are connected lirstly “ parallel aiding ” and then
“ parallel opposing.** Any convenient resonance frequency may be selected, and
the two capacitance values (C, and C.) required to resonate the coils with the two
different cormections are noted. The coefficient of coupling is then given by

‘ ('.“’XS - S)
where a‘ L. Li. (This result was determined by J. B. Rudd).

For a pre-determined value of k the relationship

4aka,

1 a(a " 2k)

is applied ; where JC change in capacitance C, C..

As an example, supp^ise Li (i-e. u- 1; the capacitance C,. lOB fifiV and

k O.I is required. Then
4 1 O.l 100

JC
J 2 0.1)

~

This method should not be used for small values of k say below about 0.02) as it

docs not take into account capacitive coupling. For k equal to 0.02 or less the method

of Sect. (ii)E should always be used. For k greater than ab<iut 0.2 the short-circuit,

open-circuit method, given previously, is usually the most convenient. All measure-

ments must be made with the transformer in its can, and the can should be earthed.

In cases where a “ Q ” meter is not available, the operation oi' the transformer can

be checked using a single stage amplifier and measuring the selectivity curve with a

signal generator and a valve voltmeter. Alternatively, measurements can be made
in the receiver, and a typical case is illustrated in Uhaptcr 27 Sect. 2'iv, m connection

with measurements on ratio detectors (see also Chapter 14 of Ref. 17,.

(iv) Under-coupled transformers and single tuned circuits

It is S4>metimcs necessary to use combinations of single tuned circuits or under-

coupled transformers in conjunction with over-coupled circuits to give a substantially

level response over the pass band. Another application fiT the under coupled trans-

former often arises when an improvement in selectivity is needed, without an excessive

loss in stage gain. It has been shown by Adams ; Rcl. that the opninuin v •>nditi(M'is

for selectivity and gain for a given arc obtained when the c«»cffiueni «*i v-uphiig

is approximately 0.82 of critical. H<»wc\cr. u is readiK shown !•'; .i .t. tti!. :

having k equal to 0.5 kg that the loss in gam is only about 2 db appr**\. o s ..i m.ixj-

mum gain).

The design equations (Ref. U that t4>lU>w arc applicable to smgic uincc: .n\uio.

which will be considered hr.st :

(A) Single Tuned Circuits

(1 A'->' - (JO
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and 0 tan ' } Q ' tan ^ X (19)
ji)

where p attenuation at J/ c/s off resonance

N ^ ^ number of identical tuned circuits (for a- single tuned circuit K 1)

/o resonant frequency
and 0 phase shift between current at resonance and the current at J/ c/s off

resonance.

The design of the single tuned circuit presents no difficulty, and it is only necessary

to use Table 3 in conjunction with eqns. (16), (17) and (18). Selectivity and phase

shift can be found from the universal curves of Figs. 9.17 and 9.18 (Chapter 9 Sect. 10 ',

or selectivity can be evaluated directly from cqns. (16), (17) and (18) used in con-

junction with Table 3.

TABLE 3. SINGLE TUNED CIRCUITS
For use with equations (16), (17) and (18)

X number of iceniical tuned circuits

Attenuation (p) A’ 1 7^; 2 N - 3

Times Down db Down A X X

\ 2 3 1.00 0.644 0.509

2 6 1.73 1.00 0.767

4 12 3.87 1.73 1.23

7 17 0.93 2.15 1.63

10 20 9.95 3.00 1.91

20 26 4.36 2.52

40 32 6.25 3.27

70 37 8.31 4.00

100 40 9.05 4.53

1000 60 9.95

U: F!xample
Lwo single tuned circuits arc required 10 give an attenuation ('f 17 db for a total

bandwidth of 10 Kc s. 'I hc 1i-f is 455 Kc s.

(a) From ’Fable 3, A 2.45 (since A’ 2\
(bj Q 2.45 455, 10 1 1 1 .5 from cqn. (18\

(c) Assuming C; 200 pi/iF (including all strays';

L 25,3^ 0.455- , 200 0.6 ii niH.

(d) The unloaded Q required depends on the combined effects of valve input

and output resistance. Take the loading for the two transformers as being

the same, for simplicity.

Then suppose 0.8 Mfi and grid input resistance 6.8 S\U the

effective shunt resistance is 0.715 ML>.
From cqn. (6)

Q„ 111.5 0.715 (0.715 0.104} 155.

(e) l‘hc gain of each stage , twice that fi>r a critically-coupled transformer) is

''O that taking
.17 ,., - rnA volt (2000 /imhos) in each case, stage

gain 2rr 2 111.5 0.455 0.611 300 times (or 51.8 db).

(f) Suppose wc have the loaded Q given as 111.5 (as in our previous problem
using N 2), and we require the bandwidth tor 6 db attenuation ; from
table 3 obtain A" 1.0 and from cqn. (18) the total bandwidth (2J/) is 4.08

Kc s. In a similar manner the attenuation can be found when the band-
width is stated, 'fhe resonance curves could also be used to find A' ( D in

Chapter 9 , in this case) and />.

(C) Undcr-couplcd transformers
if the transformers use very loose coupling, the methods for single tuned circuits

could be applied (S 2 for each transformer) in conjunction with cqn. (7), This
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approach does not lead to very accurate results since the values ofcoupling are seldom
less than 0.1 of critical and more often are of the order of 0.5 to 0.8 of critical.

General design equations applicable to transformers having any degree of coupling
are given below> but it will be seen that they are not quite as tracuble as in previous

cases unless an additional factor such as Q, A, or Qk (i.e. a given proportion of critical-

coupling) is specified. However, this will offer little difficulty.

X = [{{1 - «•)•^ + (p*/^ - 1X1 +. «•)•}* - (1 - >•))» (20)

Rl + «• - X*)* + lAf/t

(21)p =
L (1 + at*)* J

X = (22)

Ckh — + {X* + - 1)}* - (X* + p*/'' - 1)1*
“ “L pt/.V _ 1 J

0 = tan-^ax/d - AT* -f- a* 1 (13)

where p — attenuation at J/ c/s off rescaiance

« = Qk = k/k,

Q =VQiQ» = l/^r (m which and Qt arc the primary and secondary Q*s
and kt is critical coupling coefficient)

k ^ any coefficient of coupling

N = number of identical transformers

/, = resonant frequency

and 0 — phase shift between secondary current at and off resonance.

The restriction of Qi/Qt or QtIQi > 2 is applied, as previously explained.

It may be observed that these equatitms are the most general ones, e.g. if Qk ~ I

the equations reduce to those for critical-coupling.

Stage gain is given by evaluating eqn. (5) and multiplying by eqn. (15) (or reading

the gain reduction factor from Fig. 26.4).

The coefficient of coupling can be set as described for critically-coupled trans-

formers.

(D) Eauunplc
A 455 Kc/s i-f transformer is required to give a total bandwidth of 20 Kc/s for an

attenuation of 4 times. The transformer is to be connected between a voluge am-
plifier, having a plate resistance of 0.8 MQ (e.g. type 6SK7), and a diode detector

having a load resistance of 0.5 MQ.
In this case other loading effects due to the a.v.c. system etc. will be neglected.

For a typical case where the a.v.c. diode plate is conneaed by a fixed capacitor to the

i-f transformer primary, there will be appreciable damping of the primary circuit due
to the diode circuit (approx. R/ /3 when diode is conducting). This damping will

not be constam for all signal input voltages, particularly if delayed a.v.c. is used.

(a) The difficulty first arises in evaluating X. If we selca a suitable value for

Q the problem becomes quite straightforward.

To select a value for Q it is necessary to realize that an unloaded value of

150 would be about the absolute maximum with normal types of construaion,

and even this figure is well on the high side unless an *' iron pot ’* or a fairly

large can and former are used. Assume Q 150 for this problem (so far

as the procedure is concerned it is unimp^^rtant if a lower value is selected).

The next point is that circtiit loading will set a limit to the value of QoiJL
(r:r Q/tt»«C). Now L will be set, normally, by the minimum permissible

value of C. Suppose C ^ 85 ppF including strays, then L 1.44 mH ;

and we will uke L - Lt and C ^ C, Ct for praaical convenience

Better performance would be possible by making L) > Lt but the improve-

ment is only small, and hardly worthwhile unless the secondary load is very

small.

(b) For our problem

wJL » 4120 Qf also Ri ^ 0.8 MO and
Rg 0.5/2 » 0.25 MO (half the d.c. diode load resistance).
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Then applying cqn. (8)

150 > 0^25

0.25 ”f "(150 - 4.12 - 10-*)

^ ^ 150 0.8

(0.8 , 0.618)

so that

Q \ Q,Q^ \ 84.6 43.3 60.5.

(c) From eqn. (22)

^ 20 60.5X 2.66.

(d) From eqn. (23)

r2.66|2.66« . (2.66’ * 4)(4’ ^ l)j! (2.66* t
4* - I)"] i „„

2* L
-

- 4= 1 J
- 0.9

and k 0.93 60.5 0.0154.

(c) From cqns. (5) and (15) (the st»!id curve of Fig. 26.4)

Stage gain
(2 60.5 4.12)

249 times or 47.9 db.

(f) The completed transformer has primary and secondary Q*s of 150 (before
connection into the receiver), a coefficient of coupling equal to 0.0154 (which
is 0.93 of critical-coupling when the transformer windings are loaded)

primary and secondary inductances of 1 .44 mH and tuning capacitances of
85 fA/iF (including strays). The stray capacitances across the primary
would be valve output (7 fi^F for type 6SK7) plus distributed capacitance of
winding, plus capacitances due to wiring and presence of shield can ; across

the secondary there would be diinlc input capacitance (about 4 for a

typical case), plus distributed capacitance of secondary winding plus wiring
and shield can capacitances. The total capacitances can be measured in the

receiver or estimated using previous experience as a guide ; typical values

would be 10-20 ^/iF depending on the type of i-f transformer, valves etc.

If the second valve is not a diode, the input capacitance should also include

that due to space charge. Miller effect etc. as discussed in Chapter 2 Sect. 8 ;

Chapter 23 Sect. 5 and Sect. 7 of this chapter. However, in most praaical

cases the total capacitance across the secondary is estimated by adding a

suitable value to the valve input capacitance. Changes in input resistance

which would affect the loading across the i-f transformer secondary, are also

discussed in these same sections. Input capacitance changes with a.v.c.

arc considered in Sect. 7 of this chapter.

(g) A tx>mplctc resonance curve can be obtained from Fig. 9.17 (Chapter 9
Sect. 10), by taking

D Q2J/ /„ ( A') and 6 Qk k

or directly from the design equations (20), (21) and (22).

(v) F-M i-f transformers
(A) Design data
The design methods given so far are applicable to both F-M and A-M transformers,

but there are additional data available which will be of assistance (see also Sect. 9(ii)

t>f this chapter for an alternative design pnH:edure based on permissible non-linear

distortion .

bandwidth requirements are ot im|H>rtance, and it ^s lairly generally accepted that

the i-f amplifier should he capable of passing all signiti^ant sideband frequencies

4>f the frequeiKy mt>dulated wave ; where significant sidebands arc taken as those

having amplitudes which arc greater than about T',, of the unmodulated carrier

amplitude. 'Fhc bandwidths for this condition can be found from 'Fable 4 (sec also

Ref. 19) for c<»mmon!y occurring values of modulation index.
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TABLE 4. BANDWIDTHS FOR USE WITH F-M TRANSFORMERS

Modulation Index
AF carrier frequency dtviation

/ audio modulating frequency

JF
Values for

y
may be interpolated with sufficient accuracy

AF/f 0.01-0.4 0.5 1.0 2.0 3.0
I

4.0 5.0
;

6.0

Bandwidth 2/ 4/
:

8/ !

1

12/
1

14/ 16/
:

18/

4F/f 7.0 8.0 9.0 i 10.0 i 12.0 15.0 18.0 21.0

Bandwidth 22f 24/ 26/ 28/
;

32/ 38/ 46/ 52/

As an example, for the; F-M broadcast band JF : 75 Kc s and the highest

audio frequency is 15 KC/ s, then AF f — 75/15 ^ 5.

Then the required bandwidth is 16 : 15 ^ 240 Kc/s.

The highest audio frequency is chosen because this imposes the most severe re-

quirements on bandwidth ; e.g. suppose we had taken/ 7.5 Kc s, then the modula-

tion index would be 10, and the bandwidth -
^ 28/ - 28 / 7.5 210 Kc/s.

The bandwidths actually employed in a receiver should also make allowance for

possible drift in the oscillator frequency. A reasonably good oscillator should not

drift by more than about li 20 Kc/s when operating around 110 Me, s ; so that an

additional 40 Kc/s should be added to the bandwidth. Of course, this is only a rough

approximation, since the oscillator frequency variation is random and w’ould intro-

duce additional frequency modulation ; the determination of the true bandwidth

would be quite a difficult problem, unless several simplifying assumptions are made.

From what has been said, it appears that the receiver total bandwidth should be

about 280 Kc/s to fulfil the most severe requirements. However, most practical

receivers limit the total bandwidth to about 200 Kc s, which is not unreasonable

since the average frequency deviation is about 50 Kc s.

For such large bands of frequencies to be passed through tuned circuits which do
not give transmission (for the bandwidth desired) without attenuation it is necessary

to have some criterion which will allow the permissible amount of attenuation to be
estimated. To eliminate non-linear distortion the circuits should provide a uniform
amplitude and a linear phase characteristic over the operating range. Curvature of

the phase charaaeristic of the tuned circuits will cause non-linear a-f distonion, while

curvature of the amplitude charaaeristic may cause additional distonion if the ampli-

tude happens to drop below the operating voltage range of the amplitude limiting

device incorporated in the receiver A suiuble aiterion can be determined from the

phase angle/'frequency charaaeristics of the tuned circuits (the phase angle being

that between the secondary current at resonance to that at J/ c/s off resonance).

Inspeaion of universal phase shift curves will show that the greatest range of linearity

of phase shift versus frequency change, is given by aitically-couplcd transformers

(Ross, Ref. 2) ; but slight overcoupling does not lead to excessive non-linearity

Overcoupling has some advantages, in panicular slightly greater adjacent channel
seleaivity can be obtained ; but there is the disadvantage of more difficult circuit

alignment. As an extension of this work, Ross (Ref. 2) has also shown that for a

critically-coupled transformer a suitable criterion of permissible non-linearity is that

X > 2 (24)
where we will take

X {2Af fo)Q (this is the samp X as previously)

2A/ total bandwidth

/o central carrier frequency

and Q \ QiQt (where Q, and Qa wc the primary and secondary magnification
faaors).

The amount of introduced amplitude modulation can be estimated from
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(25)
P + 1

where m = amplitude modulation faaor
and p “ attenuation at bandwidth of twice deviation frequency (i.e. 2J/ = 2JF).

Fig. 26.6 shows directly values of m for various values of X. Values of m are of
importance since they allow an estimate to be made of the amplitude limiting re-

quirements demanded from whatever device is incorporated in the receiver to “ iron

out ’* amplitude variations.

Many F-M receiver designs allow anything

from 20% to 50% of introduced amplitude

modulation, but these figures should always

be considered in connection with the amount
of non-linear distortion introduced by the

tuned circuits [see Sect. 9(8)]. Good designs

often allow considerably less than 20% of

introduced amplitude modulation.

It is also worth noting, before leaving this

section, that the carrier frequency should

be regarded as a reference point only, since,

unlike amplitude modulation, its amplitude

varies and becomes zero under some conditions of modulation. This is the

basis of a method due to Crosby (Ref. 25) used for measuring frequency deviation.

IN AN F-M CURACNT FOI^ N
CRITICALLY COUFtXO TRANVOflMCRS

(B) Example
A F-M i-f amplifier is required using three critically-coupled transformers. The

i-f is 10.7 Mc/s and the frequency deviation ± 75 Kc/s ; the highest a-f modulating

frequency is 15 Kc/s (critical-coupling has been selected in this case but a combina-
tion of critical and over-coupled transformers might lead to a better solution).

The converter valve to be used has a conversion of 1.5 Ml? and a conversion con-
duaance of 475 /xmhos ; and the two i-f valves each have plate resistances of 2 Ml?
and grn " 5000 f^mhos.

(a) For simplicity it will be taken that any additional selectivity, due to the other

tuned circuits in the receiver, is negligible. Also, as will be illustrated, the

dynamic impedances of the i-f transformers will be so low as to render ad-

ditional damping due to plate and grid input resistances negligible ; this is

not true, however, if the final transformer is connected to a limiter stage

because of grid current damping —some consideration will be given to this

later.

(b) From previous considerations regarding bandwidth, in conneaion with
Table 4, we will adopt 220 Kc/s as a compromise.

If we design on the limit ofX ~ 2, then from eqn. (3)

97.4
2 X lO^x 10«

^ 220~V“i0*
“‘

l/Q - 0.0103.

(c) Taking 2J/ ~ 2AF = 150 Kc/s, for maximum frequency deviation, since

Q - 97.4 andN -- 3, then, from eqn. (3), X == 1.365 and, from equation (1),

p 2.55, whence from eqn. (25) or Fig. 26.6,

Q
and kc

2.55 - 1

"
2.55 + 1

0.436 or 43.6% amplitude modulation.

(d) This is a severe additional requirement for limiters etc., and could also lead

to high distortion, although the condition for linearity of phase shift with
frequency is fulfilled. The distortion can be found from eqn. (54) for each

of the transformers.

(e) Select suitable values for C| and C,. To obtain the highest possible dynamic
impedance these are usually made rather small. Take

Cl ~ Ct -- 60 /xftF (including strays)

25 330
L(= L. = LO = = 3-68 mH.
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There would be an advantage in making C| < Cs and Li > Lt but this is

awkNK'ard for winding i-f*s on a machine.

(f; The dynamic impedance of each winding (considered uncoupled from one
another; is

Ro Qw^,L - 97.4 2tr 10.7 3.68 - 24 000
which is very much less than the valve plate or input resistances in typical

stages.

(g) To find the overall gain of the i-f stages : For the first stage, conneaed to

the converter, we are concerned with conversion gain.

From eqn. (5) and step (f).

Conversion gain ^ 475 10 24 000 2 5.7 times (15.1 db). For
the second and third stages in each case, gain ^ 5.7 5 0.475 ^ 60 times

(35,6 db). Hence the overall gain is 15.1 — (2 • 35.6) ^ 86.3 db.

(h) If the third transformer connects to a limiter its design should be modified

for best results ; however, this is not done in many receivers. Grid current

will alter the effective input capacitance of the limiter valve and cause very

appreciable detuning of the transformer secondary. To overcome this

detuning it may be necessary to make the pass band of this transformer

somewhat greater than for the other two, or else to use a very large capacit-

ance (of the order of 600 /x^tF) to tune the secondary ftapping down is also

effective;. It has also been suggested that Q, should equal Q, in this case

(Ref. 21,. The important point, apan from possible distortion, is that the

susceptibility to certain types of impulse noise is increased if the tuned
circuits are not accurately aligned to the centre frequency of the discrimina-

tor, Further, when the i-f circuit is detuned, additional amplitude modu-
lation will be introduced, and this increases the difficulty of obtaining effective

limiting. Grid current damping, of course, would tend to offset the effect

to some extent '^see also Refs. 21, 24^. Since this transformer would pro-

bably be non-standard in any case, it would be advantageous to make L, as

large as possible, to assist in keeping the stage gain high. This follows as

a result of the stage gain being directly proportional to \ - LQ.

(i) It is imponant to check whether the i-f transformers will provide sufficient

adjacent channel selectivity. This will depend on the frequency allocations

of the various transmitters. In the U.S.A. local F-M transmissions are

usually spaced 400 Kc s apart, and the past experience of some designers

has indicated that adjacent selectivity is adequate if the receiver bandwidth
is not more than about 800 Kc s for a relative attenuation of 60 db.

In the example above there are three critically-coupled transformers each

having a nominal Q of 97 :

From Table 1, AT 4.46 for 60 db attenuation.

From eqn. (3)

Kc,
However, commercial F-M receivers have given reasonably satisfactory

performance with two i-f transformers with Q\ of about 75 leading to a band-

width of 1 140 Kc s for 60 db attenuation. It might also be noted that larger

commercial receivers generally use three transformers with Q\ of about
70 to 75 and not 97 as found in the worked example, which is not to be taken

as indicating good design praaice.

VC heiher the selectivity performance is entirely adequate will depend very

largely on the relative field strengths of the desired and undcsired trans-

missions at the point of reception, and it is to be expected that more exact

figures will only be decided on after a number of years* experience with

practical operating conditions. The problem is similar to that of the A-M
broadcast receivers using 455 Kc s i-f transformers, where it is usually

taken that adjacent channel selectivity will be adequate if the overall band-
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width docs not exceed about 40 Kc, s for 60 db attenuation relative to the

response at the centre frequency^ although many commercial receivers have
bandwidths of less than 30 Kc s for the same attenuation.

(vi) I-F transformer construction
The methods of (i) to (v) in this section will allow the necessary design data for an

i-f amplifier to be collected together. The final step is to determine the winding
details and physical arrangement of the transformers. It is not proposed to discuss

the merits of various types of windings) but merely to give a few details which have
proved helpful in practice.

For transformers working at the higher frequencies, the windings are quite often

solenoids and the determination of the number of turns required is a simple matter.

Satisfactory results can be obtained by applying Hayman’s modification of Wheeler’s
formula as given in Chapter 10. Methods are also set out for determining the number
of turns per inch, and suitable wire diameters for obtaining optimum values of Q,
Usually wire gauges between 18 and 28 s.w.g. are suitable as they are not so heavy
as to be awkward to bend and they do not tear the usual type of coil former when the

construction requires the leads to be passed through the inside of the former down to

the base connections. Some error in the calculated number of turns will be apparent
unless allowance is made for the inductance of leads. The number of nims required
is finally determined experimentally in any case so that the calculated number of turns

provides a good staning point.

Measurements must always be made with the coils in the cans because the effeas

of the can, brass mounting bosses, slugs etc. on inductance and Q are quite large.

Powdered iron “ slugs ” are commonly used for setting the inductance vahies and,

for 10.7 Me s in particular, the iron must be vcr>' finely divided if the coil Q is not

to be seriously changed as the cores are moved through the windings. Sufficient

inductance variation also requires that the “ slugs ” have a certain minimum size.

Silvered mica fixed capacitors are to be preferred for good frequency stability with
temperature changes, panicularly at high frequencies such as 10.7 Me s, and tem-
perature compensation using negative temperature coefficient capacitors is essential

if the best results are to be obtained. Cheaper mica t>T;>cs are very often used at the

lower frequencies around 455 Kc s. If capacitance trimmers are to be used, care

must be taken in their choice as pressure types are often mechanically unstable and
sometimes have very low Q values. Suitable wax or other treatment should be
applied to fixed capacitors to offset the effects of changes in humidity.

Coils should be baked* to remove moisture and then given suitable wax or varnish

treatment to prevent humidity changes altering their properties. The electrical

charaaeristics of the coils will be altered by wax etc. and it is essential to check the

final values for Q, k etc. after the treatment is complete.

Typical former diameters for i-f transformers range from about J in. to f in., and
the grade of material used for the former will affect the stability of the transformer

directly when variations in temperature and humidity occur.

The design of transformers with pic windings (a larger number of pies generally

reduces distributed capacitance and increases Q; is not as simple as for solenoids since

most equations require a knowledge of coil dimensions which are not always available.

There are also optimum sizes of winding to give the highest possible Q see Chapter

10, A method which has proved satisfactory in practice is to make measurements

on various types of coils which arc likely to be used fairly often and apply the re-

lationship

X B\ L (26

where turns per pic

L inductance in fiH

and B experimentally determined constant.

As an example : A winding is to be made to have an inductance of 1 .44 mH. Pre-

vious experiments have shown that, in the frequency range of 300-000 Kc s and for

•See «!v> Chapter 1 1 Sect. 7.
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an inductance of about 0.5-2 mH, a two pie winding on a 9/16 in. former (each pie

5/32 in. wide> with 3/32 in. spacing between the pics and using 5/44 A.W.G. Litz

wire) has the factor B ~ 4.33. Then from eqn. (26)

N = 4,33\/l440 — 165 turns per pic ;

the two pies each of 165 turns, being connected series aiding. The same method
can be applied in cases where it is convenient, to any type of winding.

Since the presence of the iron “ slug ’* will affect inductance (and r-f resistance)

it is necessary to determine its effect and also to calculate the variation in inductance

which can be made. The turns required arc found for the condition with the “ slug
”

in the winding* and in the position giving the mean inductance value. This means
that the value of L used in eqn. (26) will be less than the calculated value by the in-

crease due to the iron.

The value of the inductance (L) using a powdered iron core (c.g. magnetite) can

be found from

L == L.[i + -
1)] (27)

where L« = inductance of air cored coil

ri == radius of iron core

r, = mean radius of coil

/i = length of core

It = length of coil

IX = effective permeability of iron core (Refs. 88 and 89 list values for fi

and M eff for various types of iron powders ; typical values for ii ,f/ arc

from 1.5 to 3, depending on the type of iron)

a = 0.8 when < It

and a = 1 when /* < /».

The iron cores in common use are about j in. to } in. in diameter and range in length

from about 1 in. to 1 in. An inductance change of about ± 10% when the “ slug
**

is moved through the winding, is generally sufficient for most requirements. The
dimensions required for solving eqn. (27) are available if the experimental procedure

previously suggested has been canied out on air cored coils ; or the whole procedure

can be carried out experimentally.

Some manufacturers make up 455 Kc/ s i-f transformers completely enclosed in

powdered iron pots. There is often little difficulty with this constnicticm in obtaining

(2*8 in the order of 150. Stray capacitances are often large, however, and sometimes
lead to very imsymmetrical resonance curves.

At the lower frequencies (up to about 1 or 2 Mc/s) Litz wire is advantageous for

obtaining high Q values and 3, 5, 7 and 9 strands of about 44 A.W.G. (or near S.W.G.
or A.W.G. gauges) wire are common ; Q values greater than about 120 will require

some care in the transformer construaion, and the size of can selected will materially

affect the value obuinable (see Ref. 91 for illustration).

The required values of Li, etc. for developmental purposes are conveniently

found using a Q meter. Meth^s for setting ky using a Q meter, have already been
outlined in this section. For an experimenul transformer it is of assistance to place

the windings on strips of gummed paper (sticky side outwards) wrapped arotmd the

former. In this way the windings can be moved quite readily along the former.

It should be noted that some variation in k can be expected when the transformer

is conneaed in the receiver because ofalteration of** slug *’ position, added top capacit-

ance coupling (this occurs for example because of capacitance between the a.v.c. and
detector diodes) etc. Regeneration is also troublesome as it alters the effeaive Q
values, and benct the conditions for critical k. To avoid overcoupling it is sometimes
desirable to make the value of k somewhat less than is aaually required (often about
0.8 to 0.95 of the critical value depending on the receiver construction and t-f). If

all added coupling is accounted for and the Q values are those specified then no diffi-

culty arises. Some slight increase in coupling, in the receiver, is not necessarily

serious, because the loaded primary and secondary Q’s are not always equal. In this
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case a double hump in the secondary voltage does not appear until transitional coupling
has been exceeded^ and the k required for this to occur is always higher than k critical

;

transitional and critical k are the same, of course, when primary and secondary Q’s
are equal.

For the capacitance and mutual inductance coupling to be aiding, the primary and
secondary windings are arranged so that if the plate connects to the start of the prim*
ary, then the grid (or diode plate) of the next stage connects to the iinish of the seoond'*

ary winding ; both coils being wound in the same direaion. This method of con-
nection also assists in keeping the imdesired capacitance coupling to a minimum .

The order of base connections is also important in reducing capacitance coupling and
the grid and plate connections should be as far from one ano^er as possible.

The cans to be used with i-f transformers should be as large as is praaicable. They
are generally made from aluminium, although copper was extensively used at one time.

Cans should preferably be round and seamless. Perfect screening is not obtained,

in general, and care is necessary in the layout of the various stages to ensure that the

transformers are not in close proximity to one another. When mounting the trans-

former into a can, if there is a choice as to the position of the leads (although this is

largely determined by the valve type available) it is always preferable to bring the con-
nections for each winding out to opposite ends, as this reduces stray capacitance

coupling. The effects of the coil shield on inductance and r-f resistance can be cal-

culated (see Chapter 10 and Ref. 4, p. 134) and the results serve as a useful guide, but
direct measurement on the complete transformer is the usual procedure. Mechanical
considerations generally ensure that the can is thick enough to provide adequate

shielding (for considerations of minimum thickness see Ref. 4, p. 135).

Methods for determining gear ratios, winding pitch and so on, for use with coil

winding machines are discussed in the literature (Refs. 29, 30, 31 , 32) ; see also Chapter

11, Sect. 3(iv) in particular.

Finally, the measure of the success of any i-f transformer design will be how closely

the predicted performance approaches the actual results obtained when the transformer

is connected into the receiver.

(vii) Appendix : Calculation of Coupling CoeflScients

For the calctilation of the coefficient of coupling (sec also Chapter 9) it is helpful

to use the following rules of procedure :

(a) If the coupling circuit is drawn as a T seaion, the coefficient of coupling is

given by the ratio of the reaaance of the shunt arm divided by the square root of the

product of the sum of the reactances of the same kind in each arm including the

shunt arm,

xek
\ (AT, -• A’JCAT, r A„)

(b) If the coupling circuit is drawn as a /7 section, the coefficient of coupling is

given by the ratio of the susccptance of the series arm divided by the square root of

the product of the sum of the susceptanccs of the same kind in each arm including

the series arm,

'
V (B, 4 B„)(B, i B„)

A few examples will now be given to illustrate the procedure. From rule (a

applied to Fig. 9.15,

A
*

'

\X.Y, f AJ(A, -i- AJ '

VXLi + LJ)(U~+~LJ

For Fig. 9.12 using rule (b)

Cm

\/(Bi -f B*)(B, 4 B„) 4- C„)(Cj + C«)

Fot Fig. 9.14 using rule (a)



1044 (vii) CALCULATION OF COUPLING COBFnCIBNTS 28A

k = 1/C,

For Fig. 9.13 using rule (b)

1/L«
k =

^(k-k.)(k-k)
-n/;

c.c.

(c, + c,xc, + c,)

t.L,

(Li + LnX^i + L,„)

It is sometimes helpful to make use of the obvious relationship in the form of k
for the two types of circuit^ by drawing dual networks and writing down the value of

k for the duals as though capacitances were inductances and vice versa, e g. the in-

ductances of Fig. 9.13 are the duals of the capacitances of Fig. 9.14, and so the value of

k is written down fori say, Fig. 9.14 and if k is required for Fig. 9.13 we merely sub-

stitute the symbols Lt /.« L« for C Ct C.,.

As a more difficult example the coefficient of coupling for Fig. 9 16(A) will be cal-

culated. Firstly redraw the two coupled circuits as two T sections and then combine
the two directly connected series arms. The complete coupling circuit now com-
prises a series arm Li - Mj ; a FI seaion made up from Af„ L/ ~ Af|

; Lt — Afw Aft > * series arm L, -- Af,. Transforming the fl section to a T
section and adding the two series arms of the previous circuit to the new series arms,

we have a single T section in which the first series arm is

- Af, -f Lt' - Aft)

Li *+* Lt
L, M, -

UL, Af,(Af, ^ Mt)

V Lt

the second series arm is

Aft(L/ - My -I L: ~J4t)
Li' -f Lt

and the shunt arm is f
~

,
, y ,

I ^1

^ Lt - Mt
L,(L/ -f LF) - Af,(Af, f Af,)

Li -f Lt

Applying rule (a), and writing L^

k

Lx 4 Lt<t

Af,Af,

VTl.L. - Af,(Mr4- Af,) + Af,Af,l|L,L,

MiMt
' VdxtV- m7^
„ ^

\/(l - kx^Xi A,*)

Afi ^ Af,
where A,

VL,L« VLtL^

Mt(Mx i Af,) r Af,Af,)

As a further example a bridged T coupling seaion will be considered, made up
from inductances bridged by a capacitance. This corresponds to the familiar case

of a mutual inductance coupled transformer with added top capacitance coupling

(e.g Fig. 9.16D) and also refers to any praaical i-f transformer because of the presence

of stray capacitance affeaing the coupling between the primary and secondary wind-

ings.

The procedure in this case is to use rule (a) and determine the coupling coefficient

due to mutual inductance (the inductances are considered as forming a T network) ;

call this A«. Next use rule (b) to determine the coupling coefficient due to capacit-

ance coupling (the capaciunces form a // network) ; call this kr. Then if the con-

ncatont are such that the two forms of coupling aid each other, the resultant coupling

coefficient is

1 r

and if k^k, < 1 then
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kj. ^ + ke (approximately).

For the case of the two forms of coupling being in opposition

1

~
1 - k^ke

and if k^^kr ^ 1 then

^7
* = (approximately).

The above expressions for can be derived quite simply from data given in Ref.

101, or directly using a similar method to that set out below. The results are most
helpful in determining rapidly the effect of additional top capacitance coupling e.g.

an i-f transformer is connected between the last i-f amplifier valve and a diode de-
tector, and the a.v.c. diode is connected to the primary of the transformer in the usual
manner. Then clearly there is top capacitance coupling added across the i-f trans-

former due to the direct capacitance between the two diodes, and a knowledge of the

value of this capacitance will allow the added coupling to be taken into account when
designing the transformer. If the capacitance value is not known its effect can be
estimated when a response curve is uken.

This method for finding kj- can be applied in exactly the same way to a bridged T
coupling network in which the two main series arms are inductances with mutual
inductance coupling between them, the shunt arm is a capacitance and the T is bridged
by a capacitance.

An alternative procedure, and a most important one, for determining k will now
be discussed. This method can be applied quite generally to determining coupling
coefficients for 17 and T networks which have L,C, = LtC*. The method is due to

Howe and the reader should consult Refs. 99 and 100 for a more detailed explanation.

This procedure uses the relationship

^ ~
-f

where cni is the higher angular frequency of free oscillation in the circuit and i$

the lower angular frequency of free oscillation.

tt»| is calculated from Fig. 26.6A, which shows a symmetrical T network with mixed
coupling, by considering the capacitors C to be charged as shown. During the dis-

cha^e of the capacitors it is clear that L^Cm have no effect on the resonant frequency

in this case, and
<iii* ~ IjLC,

Off is calculated from Fig. 26.6B in which the capacitors C are charged as shown.
In this case, when the capacitors are discharging, it is convenient to consider the

shunt arm as being made up of two equal parts each carrying the primary and second-

ary current alone ; the reactances of and being doubled to allow for the single

current. Then

?
"• (L + 2LJ( CCJ2 \

VC + cJzJ
^ , t.C. - LC

»o th« * - + LC + LC„
A somewhat similar procedure can be applied to a 77 network, or an equivalent T

network can be found and the above procedure applied.
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For cases where the sectioas are unsymmetrical some modification in the procedure

is necessary. Taking the case of a T section using inductance coupling (with Li Ci ~
LtC|) the shunt arm is replaced by two inductances (jc^ and x^) in parallel such that

their combined inductance eqtials that of the shunt arm {Lm) and such that the values

selected will give equal resonant frequencies for the two circuits

Li -f Xi Cl

L. + X. ” C,

The case of capacitance coupling is treated in a similar way. The procedure is then

exactly as before- for the symmetrical coupling network. There would be little diffi-

culty in extending this procedure to the case of the unsymmetrical T seaion using

mixed couplings but it is worth noting that numerical solutions are much easier to

handle than a general algebraic solution even in the case of simple coupling.

For the two mesh network just considered, using mixed coupling and in which

LiCi = LjCa it is usually simpler to use the relationship

~
I ±

as was done for the bridged T network. Taking the example just considered.

, ,
L + Lnt C -f- Crn

and kj> — LC
‘ ~ (L + LJ(C 4 CJ

^ L,C„ - LC
LmCni + LC -f- LCm

exactly as before.

It should be carefully noted that in all cases of mixed coupling the sign of is

most important. For the example just given was taken as being positive ; this

is the case of the two forms of coupling being in opposition, and zero voltage transfer

occurs when the shunt arm is scries resonant. With negative the two forms of

coupling aid each other and there is no series resonant frequency. The aiding con-

dition, which is the one usually required, is possible only when the coupling between

the two inductances is due to mutual induction, as a physical coupling inductance

would aa so as to oppose the capacitive coupling.

The methods given so far, for determining the coupling coefficient, are useful for

the types of circuit considered. However, it should be observed that they can be

applied directly only to the following cases :

(1) Circuits having coupling elements all of the one kind i.e. all capacitances or all

inductances (simple coupling).

(2) Circuits having mixed coupling in which the primary and secondary circuits

arc tuned to the same frequency. However, it is only necessary that LjC, = LjCg
and the primary and secondary circuit elements need not be identical.

Determination of k for the cases just stated usually presents little difficulty and is

simplified by choosing one or other of the procedures outlined ; these cases cover

most practical requirements. A real difficulty does arise when the primary and

secondary are timed to different frequencies and the coupling is mixed.

It may now be of interest to consider the procedure given below which makes use

of the result obtained by Howe (Ref. 98) and follows from the definition that the

coupling between two circuits is the relation between the possible rate of transfer of

energy and the stored energy of the circuits ; by the possible rate of energy transfer

is meant the rate oi energy transfer in the absence of all resistance other than that

utilized for coupling.
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The definition leads to the relationship

k -
V

where we have taken for our purposes that

(Oj ^ 2tt : resonant frequency of primary circuit with sec. o/c

<02 ^ 2n :: resonant frequency of secondary circuit with pri. o/c

E,2 ^ voltage transferred from primary to secondary
= Zm for a primary alternating current of 1 amp. and angular frequency w*

12

Ezi ~ voltage transferred from secondary to primary
^ Zm for a secondary alternating current of 1 amp. and angular frequency

it

oia

Wi - maximum energy stored in primary circuit for an alternating current

of 1 amp.
11^2 = maximum energy stored in secondary circuit for an alternating current

of 1 amp.
This method can be applied to any two oscillatory circuits coupled together in any

manner, when all the elements are linear and bilateral.

As a simple example consider the case covered previously of an unsymmetficai
T section of inductances. Then

Z i Zm <0^1^ rn y
~ Lj -f" Lm > 1^2 Lj 4“ L n,

1

/ _ >1
LJiL.

,

- - exactly as before.

V(L, 4 - LJ(L2 4- LJ
It can be seen that the primary and secondary frequencies need not be considered

in cases of this type involving simple coupling only.

Now consider an unsymmetrical T section with mixed coupling, and different

primary and secondary resonant frequencies :

la ^

and since

___
(L.'T L.XL2 T L^)

LJ{L. I- L„)

' (L,

C. ! C »

^ {L, r L»)C,C„‘
the expression for k can be rewritten as

/ a,„CH.
~ L,C,){L^C^ LX\)

^ {L, 4- L 4 LJ(C, 4 CJCC^ t CJ
It should be carefully noted that the and cu, used here are not the same as foimd

previously for the natural resonant frequencies of the coupled circuits.
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If now wc uke Lx — Lt ~ L and Cj = Cj = C,

^
- LC

(L -f LJ(C + CJ
“

Since this case corresponds to that used in conneaion with Figs. 26.6A and 26.6B

it would be expeaed that the results would correspond. However, it is seen that

there is an additi<mal term L^C in the denominator of the second solution. This is

explained by the method used for determining o>i ^d (i>t in the latter case, and so

the method as given here cannot be considered exact. The approximation involved

in this particular example is that the result is equivalent to

• t . t jf 1 dl
kj. ^ ± k, and not =

- j.
*

This is seen quite readily because

* t ^
Lmi(C + C*) - C(L + L,*) L^Cm — LC

and so *7. =
(L -f L«XC -h CJ (L-f L^XC H- C^)

which is the result just obtained.

A rather similar difficulty occurs when determining the central reference frequency

for the transformer of Fig. 26.2. The angular frequency ( <0) is determined exactly

as above by considering the secondary on open circuit, and for this case

where <tf| and a»s are now determined in the same way as for Figs. 26.6A and 26.6B.

SECTION 5 : VARIABLE SELECITVITY

(1) General considerations («) Automatic variable selectivity.

(i) General considerations
Any method giving variable-coupling may be used to provide variable selectivity.

Variable-coupling by means of pure mutual inductance is the only system in which

mistuning of the transformer do« not occiur without introducing compensation of

other component values. As the coupling is increased above the critic^ value, the

trough of the resonance curve remains at the intermediate frequency (Ref. 8).

riC.2«'7

With any other type of coupling which has no mutual inductance component, one
of the two humps remains at the intermediate frequency. The mistuning is then

half the frequency bandwidth between humps.
The method of switching tertiary coils approximates far more closely to the curve

for pure niimuil inductance (M in Fig. 26.7) than it does to the other curve. The
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tertiary coil may have no more than 5% of the turns on the main timing coil and less

than 0.5% ratio of inductance. The symmetry of the overall selectivity curves is

usually good.

Variable capacitance coupling may be used and the coupling capacitor may be either

a small capacitor linking the top end of the primary to the top end of the secondary

or it may be a common capacitor in series with both primary and secondary circuits.

This latter arrangement is commbnly known as “ bottom coupling.**

For “ top coupling ** very small capacitances are required and the effect of stray

capacitances is inclined to be serious, particularly in obtaining low minimum coupling.

It may be used, however, with a differential capacitor arrangement whereby con-

tinuously variable selectivity is obtained (Refs. 41, 42). The differential capacitance

in this case adds to or subtracts from the capacitance in the primary and secondary

circuits to give the requisite timing The disadvantage of this arrangement is that

sufficiently low minimum coupling is very difficult to obtain and the capacitor is a

non-standard type.
“ Bottom coupling ** has results similar to “ top coupling,** but is easier to handle

for switching and also has advantages for low coefficients of coupling. A two or three

step tapping switch may be used to give corresponding degrees of bandwidth pro-

vided that simultaneously other switch contacts insert the necessary capacitances in

the primary and secondary circuits, for each switch position, to give correct tuning.

L,

One such bottom coupling method which requires the minimum of switching for

two degrees of coupling is shown in Fig. 26.7A (Ref. 42a). The two coils and L,
should each be in a separate shield can. With switch 5, in the position shown, the

selectivity is broad ; in the lower position the selectivity is normal. Capacitances

as shown are only illustrative. The same principle can be used for three values of
coupling, using seven capacitors.

In most cases, the second i-f transformer is slightly under-coupled and its peak is

used to fill in the “ trough ** between the peaks of the first transformer in its broad
position.

A wide variety of circuit arrangements for obtaining variable selectivity has been
described in the literature. Desigft methods and practical constructional details

for many of these can be found in the references listed at the end of this chapter.

Further discussion is also given in Chapter 11, Sect. 3(iii).

(ii) Automatic variable selectivity

Automatic variable selectivity allows the bandwidth of the i-f amplifier to be varied

with signal strength, the pass band being a maximum for the strongest signal.

Many types of circuits have been developed using variable circuit damping, varying

coupling reactance and circuit detuning. A number of the circuits are not very

practical arrangements since they involve the addition of a number of valves whose
sole function is to provide variable bandwidth.

One interesting circuit arrangement (Ref. 46), which docs not require any additional

valves, is shown in Fig. 26.8.

To understand the operation of the circuit it is first necessary to consider what
happens in an ordinary mutual inductance coupled transformer. It is well known,
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when two circuits are coupled together^ that there is a back e.m.f. induced id the

primary winding from the secondary which will have a marked effect on the magni>
rude and phase characteristics of the primary current as a function of frequency.

The primary current response curve exhibits a double peak at values of k even less

than critical, because the back e.m.f. represents a voltage drop that decreases rapidly

on either side of the resonant frequency. Double peaking of the primary current is

masked in its effect on the secondary current by the selectivity of the secondary circuit.

When the coupling exceeds critical (actually transitional) coupling the secondary

current exhibits two peaks, but to a lesser extent than the primary current.

CONVCRTtR
(«AI?

V|

AUTOMATIC SELCCTIViry ARRANCCMCNT

If the magnitude of the counter e.m.f. is increased by increasing the munial in-

ductance, and at the same time a voltage of almost equal magnitude and opposite

phase is added in series with the primary circuit, a single peak of output current can

be obtained in the transformer secondaiy. The additional series voltage, so intro-

duced, will increase the stage gain and selectivity from the condition which existed

prior to its introduction ; in our case the prior condition is that the stage gain is less

and the secondary current has two peaks, i.e. the transformer is initially over-coupled.

In the droiit of Fig. 26.8 the valve Kg performs the dual funaions of amplification

and production of the series voltage to be added to the primary circuit. A resistance

in the cathode of K| produces an a.c. voltage drop, which is proportional to the

of the valve and the secondary current of the transformer ; this voltage drop across

the cathode resistor is the one applied back to the transformer primary. When a

strong signal is being received a.v.c. will increase the bias on the grid of Kg and so its

g*, is reduced. When the gm (and consequently the voltage drop across the cathode

resistor) is sufficiently small, peak separation is obtained ; the width between the

peaks depending on the value of mutual inductance. Weak signals reverse the pro-

cess and narrow down the overall response curve.

A quantitive analysis (sening out design data and insubility conditions) is given

in the Ref. (46). For the circuit of Fig. 26.8 the peak separation is given as 8 Kc/s
for an i-f of 450 Kc/s. Other designs are shown for peak separations of 15 Kc/s
and also for obtaining two position automatic selectivity ; the latter arrangement

necessitates the use of a relay.

Other types of automatic selectivity are discussed in the references listed.

SECTION 6: VARIABLE BANDWIDTH CRYSTAL FILTERS

(i) Behaviour of equivalent circuit (ii) Variable bandwidth crystal filters (itV) De-

sign of variable bandwidth i-f crystal filter circuits {A) Simplifying assumptions (B)

Gain (C) Gain variation with bandwidth change (D) Selectivity (E) Crystal constants

(F) Position of filter in circuit (G) Other types of crystal filters {iv) Design example.

(i) Behaviour of equivalent circuit

Fig. 26.9 shows the generally accepted equivalent electrical circuit for a quartz

crystal of the type used in the i-f stage of a communications receiver.
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In this network suppose we consider that R is zero, then between terminals 1 and 2
there is a reactance

cuL — l/a>C

(28)
X -

- k)]^C Cq
When coL = 1/coC the reactance is zero and the circuit is series resonant.

When utL
l(c~+'k) the reactance is infinitely large, and the circuit is

parallel resonant (ahti-resonant).

The difference in frequency between /p and fr is given approximately by

""
2Co

From the values of the 455 Kc/s crystal constants which arc given in (iii)E below,

it will be sben that d/ is about 250 c/s in a typical case.

The presence of R will slightly modify the conditions for which parallel resonance
occurs. Fdr our purposes the conditions given are near enough.

It should be clear from the circuit that the parallel resonance frequency (/p) will be
higher than the series resonance frequency (/,). For frequencies above fr the resultant

reactance due to L and C in series is inductive, and this is connected in parallel with a

capacitive reactance due to C©. A typical curve of output voltage versus frequency
change, for this type of circuit, is shown in Fig. 26.10.

If the value of C© could be altered as required, then the position of /p would be
variable. Suppose by some means we are able to connect a negative capacitance

Cjy (or a parallel inductance will give somewhat similar results) across C© ; then the

value of the capacitance shunted across the series circuit will be

a ^ Co - Cy. (29)

ILECTHIC CIRCUIT REPRESENTATION

FIG. 26.9 QUARTZ CRYSTAL
CIRCUIT Of FlC.a«-9

From this, it foUokrs that C' can be reduced from its initial value of C© (when Cj^ is

zero) udtil it becomes zero, and Cy has then exactly neutralized C©. The response

curve would now be that for the series circuit (made up from L, R and C) alone, which

behaves ks a pure series resistance at fr. If the magnitude of is further increased,

then C' becomes negative ahd the series circuit is shunted by a negative capacitance ;

which is equivalent to shimting an inductance across the series drciiit (which behaves

like a capacitive reactance for frequencies below fr). This means that the parallel

resonance frequency (/p) will now bfc lower than the series resonance frequency (Jr).

Any frequency above or below the series resonance frequency can now be chosen as

the rejection, or parallel resonanop, frequency and the current through the circuit,

at this point, Will be reduced ; the values for /p and the current depending on the

circuit constants.

To achieve the variation ih C' the circuit of Fig 26.9 (i.e. the crystal) is incorporated

in the bridge circuit of Fig. 26.1 1, in which is made variable to achieve the results

discussed. In this circuit is the load impedance ; Z, is the impedance of the

voltage source I Zi and Zt are Shy two impedances used to make up the resultant
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bridge circuit. It will be realized that the presence

of Z, and would have some modifying effect on
our previous discussion, but the general principles

remain unchanged ; these impedances will be taken

into account when the design of the crystal filter

stage is carried out.

The arrangement of any praaical circuit using a

single crystal can be reduced to the general form of

Fig. 26.11.

Two typical circuit arrangements are shown
in Fig. 26.12. Fig. 26.12(A) shows that Z, and
Z, are obtained by using two capacitances Ci and Ct for the bridge arms. Fig. 12(B)

uses a tap on the i-f transformer secondary (Li and L,) to obtain the bridge arms
Zj and Zs.

In any circuit arrangement such as those shown, the best overall selectivity is ob-

tained when C' is zero (i.e. ~ Co). Under this condition, if the circuit is de-

signed with some care, the response curve of output voltage with frequency change
will be reasonably symmetrical. If is varied to place/p above or below/^, although

we may improve the selectivity (and so the rejection) against an imwanted signal at

/p, the resonance curve is no longer symmetrical and the selectivity is decreased on the

opposite side of the curve.

Fic.ze il CIRCUIT ARRANC£MCnT FDR
VARYING C'(-Co-C„;
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no 2612 PRACTICAL CIRCUIT ARRANGEMENTS FOR QUARTZ CRYSTAL
FILTERS

(ii) Variable bandwidth crystal filters

It is often necessary, in practical leceivers, to have means available for varying the

bandwidth of the crystal filter circuit. This can be achieved in a number of ways,

such as detuning the input and (or) output circuits or varying their resonant im-
pedances. Also, as well as having variable bandwidth it is desirable that there should

not be appreciable change in stage gain as the bandwidth is altered. Further, the

overall response curve of voltage output versus frequency should remain as sym-
metrical as possible with changes in bandwidth when the bridge circuit is arranged so

that Co is neutralized by Cff.
To hilfil all of the conditions above, a simple solution is to use a nmed circuit as

the load for the filter circuit, and to alter its dynamic impedance by switching-in

either series or parallel resistors. Simple detuning of the input circuit, or the output

circuit, is not very satisfactory and the best results can only be achieved by detuning

both the input and output circuits in opposite directions by an amoimt depending
on their relative Q's. (For a description of circuits using the latter method see Refs.

48 and 63). To obtain constancy of gain it is necessary that the voltage source im-
pedance be low, and this again suggests the switched output circuit when the band-
width is to be varied. The choice of series or shunt resistors to alter bandwidths is

largely bound up in stray capacitances across switch contacts and the resistors them-
selves ; careful consideration here suggests that resistors in series with the inductor,

or the capacitor, of the tuned load will probably give the least denming effects. Un-
less the values of the tuning capacitances for the input and load circuits are fiurly

large, alteration of will have some appreciable effea on the resonant frequencies

of these circuits, giving rise to asymmetry of the response curve and loss in sensitivity.

This effect can sometimes be overcome, partly, by the use of a differential type of

neutralizing capacitor. However, circuits using this arrangement should be care-

fully examined as usually there are still some detuning effeas. For most practical

cases it is^sufiSdent to choose suiuble values of tuning capacitance, particularly when
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operation is confined to an i>f of 455 Kc/s, and to tap down on the circuit when this

is possible.

Two other points are worth mentioning. The first is that the crystal stage gives

high seleaivity around resonance, but the “ skirt ” selectivity may be quite poor

;

for this reason the other stages in the receiver must provide the additional “ skirt
**

selectivity required. In addition/ good “ skirt ” selectivity is a requirement of the

i>f amplifier to minimize any possible imdesirable effects which may arise because of
crystal subsidiary resonances. The other point is that having as a variable control

is not necessarily a great advantage, and simpler operation is obtained when C;, can
be pre-set to neutralize Cq. This cannot be done with all types of variable bandwidth
circuits, since the conditions for neutralization may be altered as the bandwidth is

changed.

(iii) Design of variable bandwidth i-f crystal filter circuits

(A) Simplifying assumptions
From Fig. 26.11, when a capacitance balance is obtained as far as Co is concerned,

Co(Zi/Z*). (30)

Since Co is generally about 17 pi/iF it is convenient to make Zj = Z,. Also, C^
must have very low losses if the attenuation at the rejection frequencies is to be high.

The general design will call for all capacitors to be of the low loss type. When the

condition of eqn (30) is fulfilled, the equivalent circuit reduces to that of Fig. 26.13(A).

For purposes of analysis it is convenient to rearrange Fig. 26.13(A) as shown in Fig.

26.1^B), and, ifwe take Zj = Z2 , the value of Z', will be a quarter of the total dynamic
impedance of the secondary circuit of the i-f input transformer. E', will be half

the voltage developed across the two series capacitors tuning the i-f transformer

secondary.

(B) Gain
First we will derive an expression for the overall gain of the i-f stage.

From Fig. 26.13(B),

E'.

where En
Zi -f Z' g Z g

(31 )

z
Z'.

z.

output voltage across load circuit applied to grid of following i-f am-
plifier valve

V|

I
— load impedance (

voltage source impedance

crystal impedance (Co neutralized)

R + y^cuL

R at resonance (i.e. i-f)
riC.2« l4 CIRCUIT FOR OCTCRMININa.Cs,*

and E' g
= available voltage developed at tap on input i-f transformer secondary.

To compute the complete stage .gain we must now consider Fig. 26.14. Here,

since we require maximum gain, a critically-coupled transformer is connected to a

voltage amplifier valve (Vi) whose grid to cathode input voltage is Then since

is half the total voltage appearing across Ci and Cs

F. - l(«^) (32)



1054 (iii) DESIGN OF VARIABLE BANDWIDTH 26.6

where — mutual conduaance of

Q - 1/*.
cUo = 27r X f-/

and L —VLiL, (always provided that LjCi —
Combining eqns. (31) and (32), the gain from tie grid of Vi to the grid of the next

amplifier valve (V*) is

Stage gain
E. E,

(33)

Eqn. (33) gives a great deal of information about the circuit. For constancy of gain,

it follows that should be very much greater than (Z', 4- Zg). Since Z« (or R
at resonance) cannot be altered by the receiver designer, it is necessary to make Z'

,

as small as possible. However, as Z', is made smaller the overall gain will be affected

since it is a centre tap on the output of the input i-f transformer. The maximum value

for Zjr will be limited by the maximum bandwidth requirements, and the permissible

values of circuit constants. The other factors affecting gain arc gmi Q L. For
a given valve under a fixed set of operating conditions, y « is practically outside the

designer’s control ; the value of L(—

V

LiL^ is made as large as possible consistent

with the requirements of minimum permissible tuning capacitance ; Q —x/QiQt
is adjusted so that Qi is made as high as possible, and since we desire Z', to be low a

suitable value is selected for Q^. The method of determining Q has a large effect

on the stage gain which can be obtained, as will be seen later in the illustrative example.

(C) Gain variation with bandwidth change
For constancy of maximum gain at /© (i.e. the i-f) it has been suggested that Z',

should be small. There is a limit, however, to the minimum gain variation that can

be obtained for a given change from maximum to minimum bandwidth. From the

preceding equations it may be deduced that the maximum stage gain (i4mar) is ob-
tained when the bandwidth is greatest, and the minimum gain (/!»„«) when the band-
width is least. This limit in gain variation (since R for the crystal is fixed) is the con-

dition for which the voltage source impedance (Z',) becomes zero, which occiu^ when

where

^ min

R
7’,

— R)

Rj-J^R-p^ — /?)

total series resistance

(34)

(at /o) when the bandwidth is least

(= R 4- Z', 4- Z^ ; in which Z^ has its smallest value)

and Rp^ ^ total series resistance (at /o) when the bandwidth is greatest

( = R + Z', + Z; ; in which Zj now takes up its largest value).

To determine the voltage source impedance (Z',) for the usual condition where
Z'

,

is not zero, we use

Rp(Rp - R) ~ aRp{Rp - R)
Z'. = (35)

Rp — oiRp
/, /j

which, for convenience, is rewritten in terms of eqn. (34) as

ao — a
Z'. =

ao (35A)

- R - R

where Rp^ and Rp^ have the values given immediately above,

R = equivalent series resistance of crystal

and a = variation desired, and must always be less than one.

If a value is selected for Z', then

Rp^Rp^ — R) — Z'Jip^

Ep^Rp^ — R) — RpZ't
(36)
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(D) Selectivity

Selectivity around resonance can be calculated by the methods to be outlined^ but
for most purposes it is sufficient to determine the bandwidth for a given attenuation

at the half power points (3 db attenuation or 11\/2 of the maximum voltage output)
on each of the required selectivity curves.

Considerable simplification in the design procedure is possible^ if the bandwidths
fr.r 1 db attenuation (or less) are known. In this case it would be sufficiently accurate

to take and equal to their dynamic resistances at resonance» at least for most
practical conditions, without introducing appreciable error. The advantage obtained

being that, in what follows, and = R' for all conditions. The

value of Qg would be given by «= /o/4d/for 1 db attenuation, and this expression

would be used in place of eqn. (38). However, the procedure given is more general

and there should little difficulty in applying the simplified procedure, if necessary.

Further the method given illustrates (in reverse) how the bandwidths near resonance
can be calculated for various amounts of attenuation.

To determine the bandwidth at the half power points proceed as follows : first

it may be taken that the equivalent inductive reactance of the crystal is very much
greater than the inductive reactance of the load and source impedances. Also, pro-

vided the variations in gain are not allowed to become excessve, at and near resonance

the value of Z'g is very closely R',, For very narrow bandwidths, near resonance,

it is also sufficiently close to take Z^ — Rj^; for large bandwidths the resistive com-
ponent (Rj) of Z^ at the actual worlung frequency will have to be found. From these

conditions, we have

ttioL 1

JR^2 oi^CR* j>

(37)

where Q, = the equivalent Q of the circuit of Fig. 26.13(B)

L — equivalent inductance of the crystal

C = equivalent scries capacitance of the crystal

R ~ equivalent series resistance of the crystal

R^ — resistive component of Zjr, the load impedance, at the frequency being

considered (= Zjr at resonance)

R\ = resistive component of Z', the voltage source impedance
R'j^ = Ri^ + R' , + R = total series resistance at frequencies away from /o

(for very narrow bandwidths R^ Zj^ and R'y^ R^-^

and wq — 2n X /© (where /o is the i-f).

From the principles of series resonant circuits we know that the total bandwidth
(2J/) for the half power points (3 db atten.) is given by

2J/ = /o/Qx. (38)

It follows from eqns. (38) and (37) that for large bandwidths should be small

and so R'j> should be large. For narrow bandwidths the reverse is true, and the

limiting case for the narrowest bandwidth would be when R'-p = R (i.e for the crystal

alone) ; a condition impossible to achieve in practice because of circuit requirements.

Since Zj^ >> (Z'g + R) for constancy of maximum gain at /q, under conditions of

varying bandwidth, it also follows that Qx will mainly be determined by the magnitude
of the resistive component of the dynamic impedance of Z^.
Some additional selectivity is given by the input i-f transformer, and for more

exaa results the attenuation for a particular bandwidth would be added to that found
for the crystal circuit. This additional selectivity is usually negligible around the
** nose ** of the resonance curve, but can be determined from the universal resonance

curves of Chap 9 Sect 10, ev^uating D and b for tmequal primary and secondary

Q's (Qi and Qi) and noting that Q in these expressions is

The resonance curve for the complete circuit is seldom necessary for a preliminary

design. The procedure is rather lengthy but not very difficult. First it is necessary

to find the resistive component of Zjr (i.e. Ri) at frequencies off resonance. This is

carried out from a knowledge of |Z, |(= Z^) at resonance, and by determining the

reduction factors from the universiu selectivity curves. Multiplying IZ^I by the
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indicated attenuation factors gives the required magnitudes of load impedance \ZW,
To find the resistive component, values of 0 corresponding to the various bandwiddis
(and values of \Z\\) are read from the universal phase-shift curves of Chapt. 9 Sect. 10

Then
= IZ\I cos e. (39)

The resistive component of Z', can be found in a similar way from
R' ,

= Z't cos

but since the impedance of Z'

,

is generally small, and the circuit relatively unselective,

R\ can often be taken as equal to Z'

,

for a limited range of frequencies near resonance.

When Z'

,

is very low% it can be neglected in comparison with Ri -r R.

Then, since the resistance {R) and the inductance (L) of the crystal are known,
eqn. (37) can be applied to determine the values of corresponding to the various

bandwidths. (Strictly /© would be replaced by the actual operating frequency off

resonance, but this is hardly necessary).

Knowing the diiferent values of Qj., and since the bandwidths corresponding to

each Q, value are known, the various points for the complete selectivity curve can be

found from the universal resonance curve for a single tuned circuit (it is unimportant
that this is for a parallel tuned circuit rather than a series tuned circuit, since the

conditions for parallel and series resonance are practically the same provided the Q
is not less than about 10 ; there is, however, a reversal in sign of the phase angles

for the two cases). Additional selectivity due to the input transformer can be taken

into account if this degree of accuracy is thought to be necessary.

(E) Crystal constants
Before a complete design can be carried out, some data on the equivalent electrical

constants of the quanz crystal must be available. In most cases details can be ob-

tained from the crystal manufacturer.

Typical values for the electrical constants of 455 Kc/ s quartz crystals widely used

in Australian communications receivers are :

R - 15001? ; C - 0.018 /i/xF ; Co 17 mmF.
The crystals arc a special type of X cut bar and have no subsidiary resonances for a

range of at least — • 30 Kc, s from /,. They are approximately 20 mils (0.02 in.) thick,

i in. wide, | in. long and are mounted between flat electrodes with an air gap not

greater than 1 mil. (O.OOl in.).

L C

nc.26»b APPROXIMATE MtTMOOS FOR OCTERMININC CQOIVALCnT
CLCCTRrCAL constants Of QUARTZ CRYSTALS

If the required data cannot be obtained, then details of methods for measuring,

firstly, the value of Q for the crystal, can be found in Ref. 65. The experimental

set-up is shown in Fig. 26.15(A) and Q is found from

Q - - /-"
/r)V

(40)

where f, — series resonance frequency

/p = parallel resonance (or antiresonance) frequency

Er ~ voltage across terminating resistance at series resonance

and Ep ~ voltage across terminating resistance at parallel resonance.

A knowledge of Q will allow the filter circuit to be designed, but if values for C
and Co are required these can be readily measured (Ref. 64) by using the arrangement

of Fig. 26.15(B) and the relations

+ C» ' /r /
(41 )
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and

where C

Co

2-V^
series capacitance of crystal

parallel capacitance of circuit

parallel inductance of circuit L^C

^

shunt capacitance across crystal due to holder etc.

parallel resonance frequencies of combined circuits. The com-

bination has two parallel resonance frequencies, one above and
one below fr.

ft — series resonance frequency, measured with combined circuit,

and /p ^ = parallel resonance frequency of circuit alone.

Co is determined by disconnecting the crystal and adding capacitance to L

^

to retune the circuit to the frequency fr

(F) Position of filter in receiver
In most receivers using crystal filters at least two i-f stages are included, since the

gain of the crystal stage is usually well below that for a normal i-f stage. Low stage

gain immediately after the converter valve may have an adverse effect on signal-to-

noise ratio, and it is sometimes preferable to place the filter between the first and second
i-f voltage amplifier valves ; however, it is fairly common practice to place the selective

crystal stage immediately after the converter to reduce the effects of spurious responses.

It would not be satisfactory to place the filter between the last i-f valve and the

detector because of the low impedance of the load in this case.

Since it is common practice to incorporate at least one r-f stage in receivers of the

type mentioned, it is unlikely that effects such as possible deterioration in signal-to-

noise ratio would be of any consequence. However, good design suggests at least

two i-f stages plus one or more r-f stages, depending on performance requirements.

(G) Other types of crystal filters

There are several types of crystal filters suitable for use in radio receivers other

than the simple bridge circuit, to which attention has been confined. Typical ex-

amples are double-crystal and bridged T fillers. These circuits are characterized

by having two rejection frequencies, usually placed with geometric symmetry about

/,. Details can be found in Refs. 49, 54, 55 and 61.

Resistance balancing is sometimes applied to the complex types of crystal filters

to increase attenuation at the rejection frequencies. This method has also been
applied to wave filters using LC circuits only. Details are given in Refs. 59, 60 and 61

.

(iv) Design example
Using the constants for the 455 Kc/ S crystal given in (E) above, it is required to

design a crystal filter circuit to have a total bandwidth (2J/) for 3 db attenuation,

"\H Q,» 140

Cp-^bp>JF (including strays)

’•C c’to '6 CRt^’AL nUTtH CIRCUIT DCSiCNCO FROM ULUSTRaTivC CXAMPlC

which can be varied from 200 c/s to 3 Kc/s. The variation in maximum suge gain

should not exceed about 2 db ( ir 1 db about the average gain) but it is desirable to
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keep the stage gain as high as possible, consistent with suble operation with varying
signal input voltages (i.e. large detuning of the i-f circuits should not occur when the
signal voltages vary over a wide range).

To make the problem complete, it will be assumed that the filter is conneaed be-
tween two type 6SK7 pentode voltage amplifier valves. The complete circuit is

shown in Fig. 26.16.

(10 Since Zi — Z% and Co ^ 17 fi/iF, let us select a suitable capacitance range
for Cjf, The smallest residual capacitance for Cjf will be about 3 fi/xF. From this,

we have to increase Cff a further 14 to neutralize Co. In addition, it is desired
to move the rejection frequency (/,) below /„ so that it is reasonable to allow C« to
increase at least a further 14 /i/iF. The total increment in C^. is thus 28 ^f*F ; which
gives a range of 3 to 31 /x/iF ; for convenience this is made, say, 3 to 35 /xfxF (or what-
ever is the nearest stand^d capacitance range).

(20 From eqn. (38) :

for 200 c/s to^ bandwidth, and 3 db attenuation,

(2.^
= 455/0.2 = 2275 ;

for* 3 Kc/s,
= 455/3 = 151.6.

(30 From eqn. (37) (and C = 0.018 fifiF)

10 ‘*

R't =

and R't —

2275 X 2n

8550 X 2275

151.6

X 455 X 10» X 0 018

0.128 MQ,

8550 Q

So that (since R - 1500 O)
8550 - 1500 =

0.128 15 X

7050 Q
10-* = 0.126 MI3.

For narrow bands of frequencies, R^ Zi , and we may write

V. - i?r, + Z‘, 7050 a.

(40 To find Zi^. It should be clear, from the values just given (Z', remains

unchanged) that for fairly large bandwidths

Rl, > Z'.

Assume that, for the load circuit, Qjr ^ 140. Then by calculation, or from the

universal resonance curves, we have for a single timed circuit and a frequency of
455 Kc/s,

at resonance
= 1,37.

at 3 Kc/s bandwidth

Also, t^ phase shift 9 == 42° 43\
Using th^ factors in conjunction with eqn. (39),

\Z'l

and so Z,

cos B

1.37 X

0.126

0.735

0.126
0.235 hAQ.

‘'i 0.735

(If the maximum bandwidth required is too large it will be foimd that cannot

be obtained with ordinary circuit components).

From this, since

0.235 X 10*

Ll =

and C,

140 X 2tr

25 330

0.455* X 586

A ^ 0-586 mH
X 0.455

208 fifAF (see below).

(50 If it is possible to make Z^ higher than 0.235 megohm then a voltage step-up

is possible using the arrangement of Fig. 26.17, which also reduces detuning effects
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when Off is varied. Good circuit stability (which requires a large value for Cj) is

most iofiportant since the circuit bandwidth and gain are very critical to detuning.
The main causes of detuning are capacitance changes at the input of V, due to grid
bias variations, and resetting of ; this latter capacitance chiige is offset, to some
extent, in the alternative circuit since it appears across only part of the tuned circuit

capacitance. Any form of tapping down is helpful in reducing detuning variations

due to Cffi but this is limited by the impedance required for the filter load circuit.

Fig. 26.17. Alternative load circuit

for crystal filter stage.

Methods of reducing detuning effeas are discussed in Sect. 7(ii), and could be
applied here to offset changes in valve input-capacitance. Connecting the grid to a

tap on the timed load is an obvious means of reducing the effects of valve input-

capacitance variation. This method involves a loss in gain, but this is not necessarily

serious as in some receivers the total gain is more than can usefully be employed.

The actual fixed capacitance for Cy is found approximately as follows :

Valve input capacitance

Strays across coil -f wiring etc.

Cfj -f Co 2Co 2 X 17

Total strays

Fixed capacitance req. — 208 — 49
(6') From cqn. (34) ; and since ^ 8550 Q and

6 5 fifxF

8.5 fjLfjiF

34 fi^F (when Cy is neutralized by

C,.)

49 fxfiF

159 ti^iF (say 160 #ifiF).

R. 0.237 Mf? (approximately ; i.e. -H R),

0.237^(7050)

8550 (0 235)

(which shows that the gain variation is practicable).

*0 - 0.83

Then, since a - 2 db down — 0.794, we have from eqn. (35A)

0.83 - 0.794 0.036 x 7050
^ “ 0.83 0.794

^ ”
0.83

” ’

7050 ~
0.235 X 10‘

so that Z. = 4Z', = 1224 Q.

(7') To determine the approximate range of the selectivity control Rr- For maxi-

mum bandwidth R » 0. For minimum bandwidth, since Zy.
^

^ R
j ^)

= 7050 —

306 6744 Q,

then =

and R\ ~ WoLyr

6744

1680

1680

4

_ A IThis is an approximation only ; sec end of

step (8')]

- 420 Q.

Resistance already in circuit when Q is 140, is

Rj - 1680/140 - 12 17.

Range of Rv required is from 0 — 408 17.

This is the range if is conneaed in series with If is to be connected in

series with the capacitive arm of it should be realized that it would actually be in
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series with the fixed capacitance of 160 fifxF only, and not the total capacitance, so

that new values for the range of would ^ve to 1^ calculated in this case.

(80 The design of the input transformer is the next step. For maximum gain the

transformer will be critically-coupled (this term is hardly a correct one in the design

which follows and for this particular case it might be preferable to use other methods).

Consider first the secondary circuit. The total secondary capacitance, if we select

100 fifiF capacitors (connected in series) for the ratio arms of the bridge circuit, will be

100/2 -f 14.5 = 64.5 fifiF. The 14.5 /x/iF represents the approximate total for

c c c
H— (since Cy == Co) = 8.5 /x^F plus an allowance of 6 /x/itF

4 4 2
for coil and circuit strays.

Then the apparent secondary inductance required is

, 25.33
“ 0.455* X 64.5

“

From step (6') above, Z, = 1224 Q, Since critical-coupling (see remarks above)

will halve the actual value of Qt, we must use an uncoupled value for Z« of 2448 O,

This allows us to determine the uncoupled secondary magnification factor

^ 2448 2448
-

a>.L, ~ 5440
~

Because of the low value for Qa, the condition of coq^LzCz ^ 1 is no longer suffici-

ently accurate. For cases such as this, where Q is less than about 10, proceed exactly

as before but modify the value of L* by a factor Q*/(l -f Q*). This gives the true

condition for resonance (unity power faaor) ifQ is assumed constant and L, is variable

as it will be in most i-f transformers of the type being considered. The actual value

required for Lj is now
r 0.45* “1

L, (actual) - 1.9 ]
- 0.32 mH.

(90 Since the secondary Q is very low, and Lj is fixed by other considerations, it

should be clear that if we require reasonably high stage gain the primary Q ( Qi)
and the primary induaance Li should be as high as possible ; since this will allow

QL =VQ.e,X,L, to be increased.

As the minimum capacitance across Li will be about 25 ^/xF (valve output + strays,

which will be fairly high for a large winding), then it is possible to make

L,
25.33

0.455* X 25
4.9 mH.

Of course, it may not be advisable to resonate the primary with stray capacitances

only, but there are practically no detuning effeas present (except those due to tem-
perature and htunidity variations). The possibility of instability must not be over-

looked, however, when the grid to plate gain is high, and for the case given it would
probably be necessary to neutralize the i-f stage or to reduce the gain by increasing

the capacitance value above 25 fi/xF (and so reducing Li). However, Li will be made
large here to illustrate the design procedure to be adopted in cases such as this, where
Li is not equal to L] and also to bring out an additional useful point which could be
overlooked in connection with the design of a.v.c. systems ; see Chapter 27 Sect. 3(xv).

(100 Assume that unloaded Q values of 140 for the primary and secondary can be
obtained. The plate resistance (rp) for type 6SK7 is 0.8 Mf7 for a set of typical

operating conditions. Then the actual value of Qi is

Qufp 140 X 0.8
Cl ~ _ 40 6

Quw^i + rp 1.96 -f 0.8
‘

(IT) In order that the actual value of Z, shall be 1224 Q (and so Z',

secondary circuit must be loaded with a resistance Rt given by
QuQtuyJ^t 140 X 2448

306 Q) the

Q*», Qi 140 - 0.45
= 2460 Q

where has the apparent value of 1.9 mH, and not its actual value, so as to make
allowance for the use of approximate expressions which are normally only applicable
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when Q exceeds about 10.

(120 Q = Vaa =v'40.6 X 0.45 = 4.28.

The coefficient of coupling = kc — 1/4.28 = 0.234.

L =V*.9 X 0.32 = 3.06 mH.
The actual vdue of L, is required here.

(13') It is now proposed to estimate the gain. To find the true gain for the con-
ditions selected it would be necessary to solve the complete equivalent circuit. It

should also be noted that the condition for secondary circuit series resonance does not
coincide with the condition for parallel resonance. Correct circuit matching (i.e.

that the value of Z', is the required one) can be readily checked from the equivalent

secondary circuit. This has been done to ensure that the previous modifications
to the transformer constants are quite satisfactory. Here the original gain equation

(33) will be used, and then a suitable correction factor (namely Xr /Xj ) will be

applied for this special case where X^.^ ^ X^^, The results show an appreciable

error, about 4- 20% in the worst practical cases, but the additional labour involved
in a more exact analysis is hardly justified.

For the valve type selected gm — 2000 /imhos (2 mA/volt). Gain from grid of

Vi to grid of Vj, using ey
. (33), is

r 0.235 "I
Gain (max. bandwidth) — - : -7-;, x

^ Lo.235 4- 306 < lO * + 1500 x 10'®J

j~
2 X 4.28 X Itt X 0.455 x 1

.25J

- 0.992 X 7.7 = 7.6 times (17.6 db).

Gain (min. bandwidth) ^ 6744/8550 x 7.7 = 6.07 times (15.6 db).

The faaor X^jX^x ~ 5470/917 = 5.95 and so the maximum gain is about 45
times (33 db) and the minimum gain about 36 times (31 db). The calculated value

from the equivalent ciroiit is 38 times.

Thus the maximum total gain variation (including all approximations) is about
2 db as specified i.e. i 1 db about the average gain. Larger variations in gain, if

permissible, would also allow increased overall gain ; the disadvantages have been
discussed previously.

(14') For some purposes a standard i-f transformer using fixed capacitances of

about 100 fifiF, and the coupling increased to critical when the secondary and primary
are correctly loaded, would give satisfactory results. The gain variation, and maxi-
mum gain, are largely controlled by the value of the damping resistor -R, conneaed
across the secondary of the transformer.

To control bandwidth it is necessary to increase Zj to increase the maximum band-

width, R r is increased to decrease the minimum bandwidth. If switched steps are

required for bandwidth control, R r can be calculated for each step ; the remainder

of the design is exactly as before.

The arrangement used for the input transformer is only one of many possible cir-

cuits. For cases such as the one given here (where the total gain is not a prime re-

quirement) it may be preferable to leave the secondary circuit imtuned and to use a

tapped resistor to provide the ratio arms for the bridge circuit. The design pro-

cedure is readily developed from the usual coupled circuit theory.

SECTION 7 : DETUNING DUE TO A.V.C.

(i) Catdses of detuning («) Reduction of detuning effects (/I) General (B) Circuits,

(i) Causes of detuning
Detuning of i-f (and r-f) circuits is largely due to changes in valve input capacit-

ance. The capacitance dumge is brought about when the grid bias on the valve is
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altered, the bias change being due to the a.v.c. voltage altering with different signal

inputs. This alteration in bias also leads to variation in the valve input conductance
which will have to be considered in some circuits, since the conductance increases

by about 2 : 1, from cut-off to normal operating conditions, with typical valve types

operating at 100 Mc/s (see Ref. 68 ; also Chapter 2 Sea. 8 and Chapter 23, Sea. 5).

If all the faaors which cause valve input capacitance and conductance changes
are considered the problem is rather involved as can be seen from the discussions

given in Chapter 2, Sea. 8 and Chapter 23, Sect. 5. We will confine attention here,

mainly, to input capacitance changes which are most troublesome in receiver design.

One of the principal causes of change in valve input capacitance is the variation in

position and density of the space charge distribution between grid and cathode,

brought about by the change in grid bias.

Variation in grid-plate transconduaance (g^) is another principal cause of input

capacitance change as will be seen later.

Short-circuit input capacitance changes are not very much affeaed by frequency,

although the change in capacitance with transconduaance is slightly greater at low
frequencies than at high. The slight variation with frequency will not usually be
important when compared with the changes due to alteration of transconduaance,

so that the data given in Chapter 2, Sect. 8 can be used direaly. From this data,

it is seen that the short-circuit input capacitance alters by about 1 to 2 in typical

cases. It is interesting to compare these changes with that due to grid-to-plate

coupling i.e. Miller effea (see Chapter 2, Sea. 8).

Suppose, for simplicity, that the plate load aas as a pure resistance. Then the input

capacitance change is given by

= c. - c„ = («

Taking a type 6SK7, with a plate load of 0.25 megohm, as a typical example. Then
since Cgp — 0.003 /x/xF, = 0.8 MO (this value is not constant, but it has been
assumed so for simplicity) and changes froth 0-2000 /xmhos,the input capacitance

change is

JC = 0.003
2 X 0.8 X 0.25 X 10*

1.05
1.14 /x/xF.

If C,, is augmented by stray capacitances, such as those inevitably present due to the

socka, wiring etc., this figure for AC will be very appreciably inaeased. The
corresponding change in shon-circuit input capacitance is 1.18 /x/xF (see table Chapter
2 Sea. 8).

The effeas are additive and cause an inaease in input capacitance as the grid bias

voltage becomes more positive.

(li) Redoctian of detuning effects

(A) General
There are a number of methods available fbr reducing the effeas of valve input

capacitance variations, and these methods (in most cases) also reduce input condua-
ance variations. Usually the reduaion of these effeas will lead to a loss in stage gain

unless additional circuit changes are made.
In the case of the ordinary broadcast receiver special circhits are not often Used.

The only precautions uken are :

(1) The total capacitance tuning the i-f transformer secondary, in particular, is

made as large as is praaicable consistent with other circuit requirements. Values

of 200 /x/xF, Or so, should be used if possible, although values of the order of 100 fi/xF,

are gesierally used, since it is unlikely that the change in input signal will be sudi as

to cause the maximum input capacitance change. Large values of tuning capacitance

for the ttansformer are also helpful in inaeasing the attenuation at frequencies far

removed from resonance. Also, with some types of converter valves (e.g. 6AS-G)
a large tuning capacitance for the primary of the first i-f transformer can be of assist-

ance in reducing degeUetation in the sigi^ input circuit conneaed to the converter ;

this applies particularly to signal frequencies which approach the intermediate fro-

quency.



26.7 (ii) REDUCTION OF DETUNING EFFECTS 1063

(2) The receiver is aligned on small input signal voltages, since detuning effects

will be less serious when the input signal is large.

(3) The circuit layout is such as to minimize stray grid-to*piate capacitance.

The degree of circuit mistuning in terms of frequency shift can be determined by
comparing the input capacitance change with the total capacitance across the valve

input circuit. A number of helpful practical examples of circuit mistuning are given

in Ref. 69.

There are several additional factors which are of importance.

(1) Detiming will cause sideband asymmetry and so lead to the possibility of in«

creased distortion. This is of particular importance in high fidelity receivers.

When the carrier is received on the side of the i-f selectivity curve, one set of side-

bands is almost completely eliminated (or at least substantially reduced in amplitude),

and the amplitudes of the carrier and low frequency components of the other set of

sideband frequencies are reduced. The tuned circuits will introduce phase and fre-

quency distortion and the diode detector will give rise to non-linear distortion because
of the absence of one set of sidebands. Experiment has shown that with the usual

type of receiver the amount of detuning that can be tolerated before distortion becomes
noticeable to a critical listener is about ± 1 Kc/s.

(2) Detuning of the r-f and converter input circuits can lead to a reduction in

signal-to-noise ratio. This effea is not often very serious, when compared with the

deterioration in signal-to-noise ratio caused by the reduction in gain of the r-f stages

as the a.v.c. bias is increased ; further discussion of this point will be given in con-
nection with the design of a.v.c. systems in Chapter 27.

(3) Detuning can result in considerable loss in adjacent channel selectivity. This
is not particularly serious if the receiver has been aligned on small signal input, since

the deterioration occurs when the desired signal is large.

(4) The i-f stages lend themselves more readily to compensation methods than the

r-f circuits ; in the case of the r-f circuits exaa compensation can usually be obtained
at one frequency only. Since the r-f stages are often relatively unselective, detuning
is not often a very serious factor and it is usual to compensate only in the i-f circuits.

(5) Even although exaa compensation for input capacitance (Ganges can be ob-
tained at the resonant frequency, the compensation is not complete at frequencies

removed from the i-f centre frequency, and there will always be some departure from
symmetry on the “ skirts ** of the overall response curve. However, since compensa-
tion is required mainly at the centre frequency, this is not serious.

(6) The neutralization methods to be described in Section 8, in connection with
stability, will affea input capacitance variations which are due to grid-to-plate coup-

ling. If the amplifier is neutralized, then the input capacitance changes with grid bias

will be due, mainly, to space charge effects.

(B) Circuits
Attention will be confined to the circuits of Fig. 26.18 (some discussion of which

has already been given in Chapter 23, Sect. 5), since these allow satisfactory results

to be obtained with a small number of components. Other types of compensating

circuits can be found in Refs. 67, 71, 72.

In Figs. 26.18A and B, C, is a by-pass capacitor and may be neglected in the dis-

cussion which follows. It is possible to show that, for complete compensation of

the input capacitance variation, the condition required is

Rkgk
where Rt

gk

(44)

and

unbypassed cathode resistance

grid-to-cathode transconduaance ; which is given by in

which gm is the mutual conductance ; Ik is the total d.c. cathode cur<^

rent (for a pentode this is usually the sum of the plate and screen-grid

currents)

;

/» is the d.c. plate current

valve input capacitance change

grid-to-cathode capacitance.

For a typical case suppose JC == 3 fifiF, ~ 6 fifiV and g^ = 2000 (11.8/9.2)

2560 ^mhos, so that

JC
^$k



1064 (ii) REDUCTION OF DETUNING EFFECTS 26.7

= (3/6) X (10V2560) = 195 Q.
Since determines the value of R* for a particular valve> it is sometimes

convenient to increase C,* artificially to obtain a more suitable value for R*. This is

done by adding a small capacitance between the grid and cathode terminals. How-
ever, too large a total value for C,* can have an undesirable effect on the valve input
conductance, particularly at high frequencies, and so it is not advisable to increase

to more than about twice its usual value or even less, at high frequencies (say

10 Mc/s or so). For typical results see Ref. 68. For 455 Kc/s i-f circuits it is often

permissible to connect the whole of C* in parallel with C,*.

Because of the presence of the imbypassed cathode resistor there will be a change in

the effective mutual conductance (and consequently a loss in gain) given by

Sm( 0/f 4 eti V t) —

In our example :

S m{ 0ft tetim t)
~

Sm
1 4- Rkgk

2000

1 + 195 X 2.56 X 10-" 1330 fxmhos.

(45)

If Cgkis increased to 20 fxfiF then 58.5 O and the effective^,„ = 1740 /xmhos.

The acmal cathode bias resistor required is approximately 260 Q so that about 200 Q
(=jR'jk) would be used and this is then by-passed in the usual manner by C*, as shown
in Fig. 26.1 SB. The increased value of C gt would need some corresponding re-

duction in Cj since the total capacitance tuning the i-f transformer secondary includes

the resultant capacitive reactance due to and /?* in series if the reactances of

and Ck are ne^eaed.

The use of an unbypassed cathode resistor results in an increase of the short-circuit

feedback admittance, and this effect can be used to increase the stage gain so as to

offset the loss in and, also, the reduction in Q of the input transformer due to the

cathode resistor forming part of the tuned circuit. Two methods are available for

increasing the feedback admittance ; the first is to connect the plate and screen by-

pass capacitors back to the cathode ; the second is to add a small capacitance between
plate and cathode, the plate and screen by-pass capacitors being connected to ground
in the usual manner. These methods of increasing gain need to be treated with some
care as they can easily lead to oscillation and particular attention is needed if insubility

is to be avoided. With some valve types (e.g. 6SG7, 6SH7, 9001, 9003, 6AG5,
6AK5) the plate-to-cathode capacitance is already relatively high because of the in-

ternal connections between the suppressor grid, beam confining electrodes, and the

cathode ; this can lead to oscillation difficulties without external capacitance being

added.

In the majority of cases it is preferable to return plate and screen by-pass capacitors

(also the suppressor grid) to ground, and add a capacitance from plate to cathode if

this is thought to be desirable.

With any circuit the capacitances can be measured and the value for Ru accurately

calculated, but in a praaical case it is generally much simpler to determine an approxi-

mate value for Rik and then find the exact value experimentally.
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SECTION 8 : STABILITY

(0 Duign data (ii) Ntutralizing circuits.

(1) Des^n data
The discussion of Chapter 23, Sect. 7 should be used in conjunction with the data

to be given here ; also> the detuning effects discussed in the previous section are

closely bound up with the data which follow.

For stages using single tuned circuits the expression given in Chapter 23 is more
conveniently arranged as

Max. suble impedance
99

(46)

from which it immediately follows that the

Max. stable gain I
2g^

\J <**0^99
(47)

For double tuned circuits which are critically-coupled—the usual case—^Jafre

(Ref. 74) has shown that

Max. suble impedance

and max. suble gain
/0.79

(48)

(4?)

where g** = mutual conductance of amplifier valve

a>o =* 2tr X /o (and /© is operating frequency ; i-f in this case)

Cgp ~ total grid-to-plate capacitance made up from that due to the valve>

wiring and valve socket etc.

Additional dau are given in Ref. 75 for cases where the input and output circuits are

not identical. This reference also shows that greater gain is possible when the im-
pedance of the input circuit is less than that of the output meuit ; a condition which
it fulfilled only in special cases in practical i-f circuits.

The equations given above, and in the references, are useful in forming an estimate

of the possible maximum gain obtainable and in indicating some of the causes of

insubility ; but detailed calculations for various circuit possibilities hardly seem to

be justified.

It may be helpful to note that when selecting a particular type of valve for maximum
gain combined with stability, the most suitable is that having the greatest value of

imlCf, consistent with other circuit requirements (and cost). For an i-f valve9

tm/C,p is of considerable importance but for a r-f valve operating at v-h-f it is also

very important to consider the faaor as pointed out in Chapter 23, Sea. 5.

(ii) Neutralising circuits

A simple neutralizing dreuit, which requires only the addition of one capadtor,

is shown in Fig. 26.19(A). The equivalent capacitance bridge is shown in Fig.

26.19(B). It is assumed that the cathode by-pass capadtance is large.

The condition for the effects of the grid-to-plate capadtance to be neutralized is

- cgj (50)

where Cff » neutralizing* capadtance required

C « a.v.c. by-pass capadtance (usually about 0.01 iaF)

Cfp » total grid-to-plate capacitance including strays

and « total grid-to-cathode capadtance including strays.

For a typical case C = 0.01 fiF, — 0.01 ^^F and C,* = 15

Then « 0.01 X 10“« (0.01/15) == 6.7 ^^iF.

The exaa value for is determined experimentally. For receiver production

it it genmlly sulBdent to use a fixed value for Cjy which is reasonably doae to the
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valve required. The neutralization is generally not suificiently critical to require

different capacitance values in different receivers of the same type, as even partial

neutralization is helpful and often sufficient.

Other circuits using various arrangements of inductance and capacitance for neutral-

ization and stabilization can be foimd in the references. Two interesting alternatives

(Refs. 79 and 80) to that of Fig. 26.19 are shown in Fig. 26.20.

Circuit (1) will be briefly discussed ; circuit (2) should be self-explanatory. In

both cases all the components have their usual values except Cs in circuit (1), and
L« is an added inductance (in i-f and some r-f circuits) in circuit (2) ; the latter ar-

rangement is of interest when the cathode is grounded for d.c. To obtain complete

neutralization in circuit (1) it is required to make
c, - Ci(C,»/C„) (51 )

where Ci == i-f tuning capacitor

CfU ^ plate-cathode capacitance including all strays

and Cgp = total grid-plate capacitance including all strays.

In a typical case for a 455 Kc/s i-f transformer Ci = 100 C,* = 10 fifiF,

= 0.01 /xmF.

Then Cj = 100 x (10/0.01) = 0.1 ftF, which is used as the by-pass capacitor

across the cathode resistor. Also, remember that exaa neutralization may not be
necessary.

CCNCRATivt WHEN AA', BO' ARC RCVCRSEO

r\r..2t 20 methods tor stabilisinc R-r and i-r AMPLir*ERB

This circuit requires no additional components and C, is set to the value required

for neutralization. It will be noted that the capacitance of C, is somewhat larger

than is generally used for a by-pass capacitor. The only disadvantage is that an
additional lug is required on the i-f transformer base and care is necessary to keep
critical leads as short as possible. The advantage of the circuit in a r-f stage should

be apparent.

Receivers which combine the detector diode in the i-f amplifier valve sometimes
require additional neutralization because of feedback (which may be cither regenera-
tive or degenerative) caused by the grid-to-diode capacitance. A typical circuit is

shown in Fig. 26.21. This requires two capacitors, and Cjft, in addition to the

usual circuit components.
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Analysis of this circuit (Ref. 77) shows that sufficient accuracy can be obtained if

two bridge circuits are used to find the values of Cffi and Cfft, Although there is

interaction between the two circuit8> which affects the values selected for ^Nl and
the odculated values are sufficiently close to allow the practical circuit to be satis-

faaorily neutralized. The values of and are adjusted in the circuit until

complete neutralization is obtained. Fixed values can then be selected^ since the
circuit is not very critical to small changes in the values of the neutralizing capacitors.

p

The equations required are (50) above, which is used to determine Cjyi, just as pre-

viously, and

C^i C{C gi/C tk) (52)
where C — a.v.c. by-pass capacitance (as before)

Cg 4 — grid-to-diode capacitance including strays

and Cgk grid to cathode capacitance (as before).

For a typical case :

Cgp = 0.007 /i/iF (including strays), Cg^ — 0.009 /a/xF (including strays),

C = 0.01 /iF, Cgk — 15 /ifiF (including strays),

Cff^ = 0.01 X 10-* X (0.007/15) - 3.3 /x/xF,

- 0.01 X 10-* X (0.009/15) - 6 fx^xF.

In ah actual receiver, using a type 6SF7, the values required were Cf/i = 4 mmF i

Cjf, = 7 /x^F. With wiring re-arrangement the values required were Cjfi = 3 mmF
and Cjyi -- 5

For methods of alignment and a suitable neutralizing procedure see Ref. 77.

SECTION 9 : DISTORTION

(i) Amplitude modulation i-f stages (iV) Frequency modulation i-^f stages.

(i) Amplitude modulation i-f stages
In Chapter 23, Sect. 8(i) the causes of modulation envelope distortion were briefly

discussed. These same factors apply, also, to i-f amplifier stages, but become more
serious because of the larger signal voltages which must be hanffied by the valves.

The most severe conditions for non-linear distortion will be obtained in the voltage

amplifier preceding the deteaor stage, and the worst condition is given when the

grid bias, due to a.v.c., is large. To reduce the distortion due to non-linearity of tlie

valve characteristics, the fimd amplifier valve is sometimes operated with fixed bias,

but this also affects the a.v.c. charaaeristic (see Chapter 27 Sea. 3). As an alter-

native, partial a.v.c. may be applied to the last stage. If the screen voltage is supplied

by means of a series resistor (as is common praaice) instead of a voltage diWder«
appreciable reduction in distortion is possible. The screen voltage rises as ffie grid

biM voltage is increased and, although there is some loss of efficiency in tl^ a.v.c.
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system> the distortion is materially reduced ; this can be confirmed experimentally.

As a compromise between distortion and a.v.c. action> the screen supply voltage can
be obtained by means of a high resistance voltage divider arrangement if so desired.

Detailed measurements of distortion have been made on typical i-f voltage amplifier

valves for various methods of screen voltage supply and some of the results can be
foimd in Ref. 83. In cases where the range of bias voltage is limited, a high resistance

voltage divider can be arranged to give less distortion than that given by the series

feed arrangement. A total increase in non-linear distortion of the order of 2% for

90% amplitude modulation is to be expected in typical cases using a series screen

resistor. Because of the internal construction of remote cut-off valves, such as those

used in i-f and r-f amplifiers, the screen current is often rather variable and this sug-

gests a voltage divider in cases where variations in screen voltage are important (see

Ref. 84).

For methods of measuring the signal handling capabilities of i-f amplifier valves

and the non-linear distortion from this cause, the reader is referred to Ref. 4 (page

335) and Ref. 83.

Frequency distortion, caused by sideband cutting due to the seleaivity of the tuned
circuits, is always present to some extent ; this should be obvious from the discussion

on the design of i-f transformers and it is not proposed to treat the matter further here.

(ii) Frequency modulation i-f stages
With frequency modulation receivers, distortion of the amplitude (in itself) of the

frequency modulated wave is generally not of great importance, provided the ampli-
tude limiting device is capable of smoothing out the variations. Non-linearity in

i-f and r-f valve characteristics are of secondary importance, with this system of
reception, and the non-linear distortion appearing in the receiver output from this

cause is usually negligible ; this is the reverse of the case for amplitude modulation.

The amount of distortion caused by the non-linearity of phase shift/frequency

characteristics of the tuned circuits is of considerable importance, however, and
poorly designed i-f transformers will lead to non-linear distortion in the receiver

output. If the criterion for non-linearity given in eqn. 24 [Sect. 4(v) of this chapter]

is fulfilled, then the distortion in the receiver output due to the i-f circuits preceding
the discriminator (or whatever deteaion system is used) will be quite small, and in

most cases less than that introduced by the detection and audio systems.

When a F-M receiver is accurately tuned to the centre frequency of the carrier,

the non-linear distortion of the modulating signal introduced by the tuned circuits

will consist mainly of odd order harmonics. Of these the third harmonic (//«) is

the largest and a method of estimating its magnitude is helpful when i-f transformers

are being designed. The required expression is (Ref. 82),

- 4^* - n
- p (I + Q*k*)* J

For a cridcally-^oupled transformer Qk = 1 and so

dF
where A — z—

Q

+ A*)Kl - 2^*) (54)

Qt)

and

JF == frequency deviation

/* = central carrier frequency

Q » magnification factor (Qi
—

P ~ modulation index ^ AP/f
f == a-f modulating frequency

k ^ coefficient of coupling (the coupling may be
and either shunt or series).

inductive or capacitive

For 1 db attenuation it is known that, for a critically-coupled transformer with
identical primary and secondary circuits, Q » A/total bandwidth. From this we
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may write A — JF/total bandwidth. If it is taken that the total frequency deviation
(2JF) is equal to the total bandwidth for 1 db attenuation^ then we obtain

VT 7
/!-land//, = — - - %. (55)

The Q required for this condition is given from the previously stated relationship

Q = /o/total bandwidth.

Suppose Q 71 is obtained, for a critically-coupled transformer, with/o = 10.7
Mc/s, 2JF =150 Kc/s and = 5. Then the third harmonic audio distortion intro-
duced by each transformer is 1.4% (approx.) ; using either eqns. (54) or (55).

If Q = 80 is obtained from the procedure of Sect. 4, then eqn. (54) gives =
1*57% ; eqn. (55) is not applicable in this case.

It should be clear that a simple approximate design procedure can be developed
from the conditions leading to eqn. (55).

The distortion given in the examples is somewhat higher than that experienced
under normal operating conditions. The third harmonic of 15 Kc/s will hardly
trouble the listener, but harmonics of the lower audio frequencies would be serious
if their amplitudes are appreciable, and the possibilhy of intermodulation effects

should not be neglected.

Applying eqn. (54) for Q = 71, dF = 50 Kc/s (more nearly the usual operating
condition) and a modulation frequency of 5 Kc/s, then //, = 0.074%. (See also

Chapter 27, Sea. 2 under heading “ Non-linear distortion **).

It should be carefully noted that eqn. (55) applies only for the special conditions
under which it was derived. Distortion is normally calculated from eqns. (53) and
(54).

Only a few of the significant factors have been mentioned here, and for more de-

tailed information the reader is referred to Refs. 82, 85, 86 and 87.
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SECTION 1 : A-M DETECTORS

(0 Diodes (A) General (B) Diode curves (C) Quantitative design data (D) Miscellaneous

data (if) Other forms of detectors (A) Grid detection (B) Power grid detection (C)
Plate detection (D) Reflex detection (B) Regenerative detectors (F) Superregenerative

detectors.

(i) Diodes
(A) General
A diode has two electrodes namely plate and cathode. It is therefore identical in

structure with a power rectifier but the term is generally restriaed to valves which are

used for detection or a.v.c, as distinct from reaifiers which are used for power supply.

The operation of diodes with a.v.c, is considered in detail in Sea. 3 of this chapter.

The operation of a diode on a modulated wave is rather different from the operation

of a power reaifier, and it is necessary to consider the charaaeristic curves of a diode
valve if a full understanding of the operation is to be obtained. The operation of
diodes on a modulated input is considered in (B) below. Fig. 27.1 shows typical

distortion curves for a diode operating firstly under ideal conditions with no a.c. shunt-
ing (curve B) and secondly the distonion resulting when a lokd of 1 megohm is shunted
across a diode load resistance of 0.5 megohm (curve A). The respeaive percentages

of harmonic distortion at 100% modulation are approximately 6% and 12% so that the

presence of such shunting has a very marked effea on performance ; these curves

apply only for the particular conditions under which they were derived.

The design of a diode deteaor for low distortion is based on the following require-

ments :

(1) That the input voltage should not be less than 10 volts peak.

(2) That no appreciable a.c. shunting should be present.

The first of these two requirements is easily met for local stations and a voltage
from 10 to 20 volts is quite common in receivers fitted with a.v.c. The second re-

quirement is one which is difficult to satisfy. Shunting of the diode load may be
due to

:

1072
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I

I

FiG. 27.1 UodulotiOA P«rccftt«9t

(1) The a.v.c. system

(2) The following grid resistor.

(3) An electron ray tuning indicator.

The circuit of a typical diode detector is shown in Fig. 27.2 in which the diode load

resistance is K, together with ; the latter, in conjunction with Ci and C,, form a

r-f filler so that the r-f voltage passed on to the a-f system may be a minimum. Ri
is generally made about 10% of R^ and typical values are 50 000 ohms and 0.5 megohm.
The capacitances of C, and Ca depend upon the frequency of the carrier ; for an inter-

mediate frequency of 455 Kc. s they may both be 100

If the volume control (R 2 ) is turned to maximum the shunting effect due to Rg
will be appreciable, since R 3 cannot exceed 1 or 2 megohms with most types of valves.

If, however, grid leak bias is used on a high-mu triode valve, may be approximately
10 megohms and the input resistance of the valve will then be of the order of

5 megohms. This is sufficiently high to be unimponani but for lower values of Rg
the distortion with the control set near maximum may be severe. It is found in most
conventional receivers that the a-f gain is considerably higher than that required for

strong carrier voltages and under these conditions the control will be turned to a low
setting. The a.c. shunting effect due to R^ is practically negligible provided the control

is below one-fifth of the maximum position. A good method of overcoming the

a.c. shunting due to the audio amplifier is shown in Fig. 27.3. The diode may be
in the same envelope as the i-f Mplifier valve. Negative feedback is applied across

part of the cathode bias resistor for the a-f

voltage amplifier valve. For the component
values shown, the measured input resistance

between points A and B is in excess of 10
megohms for frequencies up to about 10 Kc/s.
A possible disadvantage is the reduction in

overall gain because of the negative feedback,
although this is not generally serious. In-
creasing the feedback resistance R increases

the overall gain, but reduces the input re-

sistance. Intermediate values of gain and
input resistance may be seleaed as desired.

For further details of receivers using this

arrangement see Refs. 6 and 7.
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LOAD 5000A

riC.27-3 AUDIO AMPLIFIER GIVING LOW A C. SHUNTING ACROSS DIODE LOAD

Another useful method of reducing a.c. shunting effects is to use a cathode follower

stage between the detector and the a-f voltage amplifier. This is often conveniently

accomplished by employing a double triode valve^ one section serving as the cathode

follower and the other as an a-f voluge amplifier.

Distortion due to the a.v.c. system will be discussed in detail in Sect. 3 below. One
type of distortion often encountered is caused by delayed a.v.c. systems at the point

where the a.v.c. diode just starts to conduct. TUs form of distortion is called differ-

ential distortion and may be kept to low values by making the delay voltage small.

The conventional arrangement for obtaining a.v.c. voltage from the primary of the

last i-f transformer is generally preferred, as it reduces the a.c. shunting effect across

the deteaor diode circuit.

The a.c. shunting due to the addition ofan electron ray nining indicator to the diode

detector circuit is serious and difficult to avoid. In order to reduce the distortion to a
fiMtiimiitn the resistor feeding the grid of the tuning indicator may be made 2 megohms
and the effect will only then be apparent at high percentages of moduladoo. If the

tuning indicator is connected to the a.v.c. S3^tem it wiU not operate at low carrier

levels unless the delay voltage is extremely small. One possible method, where the

utmost fidelity is required, is to use the same circuit as for delayed a.v.c. but with a

delay ventage of zero, and to ooimect the tuning indicator to this a.v.c. circuit. With
this arrangement a.c shunting due to the a.v.c. circuit and the tuning indicator is

eliminated, while differential

loading no longer occurs.

An interesting arrangement
(Ref. 8) for counteracting the

effect of a.c. loading, and so in-

creasing the maximum percent-

age of moduladoo which can be
handled without excessive dis-

tordoo is accomplished by the

use of the circuit of Fig. 27.4.

In this arrangement a posidve
bias is applied to the diode plate

in such a way as to be propor-

dooal to the carrier A
fixed positive bias would not be
sadsfiictoty since it would only

give low distordon at one carrier

level.

ivin

flC.2T-4
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(B) Diode curvet
Typical diode characteristics are shown in Fig. 27.5. Each curve corresponds to

the peak voltage of a constant unmodulated carrier voltage. On this graph may be

drawn loadlines corresponding to diode load resistances in a similar manner as for

triodes. The intersection of the applied loadline (OA) with the peak input voltage

curve indicates the d.c. voltage developed by the diode and available for a.v.c. As
the load resistance increases, so the d.c. voltage approaches the peak input voltage.

For exmple, if the carrier input is 10 volts peak and the diode load resistor 0.5

megohm, the diode current will be 17 /xA, and ^e d.c. voluge —8.7 volts. If 100%
modulation is applied to the carrier, the operating point will move at audio frequency

along the loadline from the intersection with the “ 0 ” curve, through X to the inter-

section with the 20 volt curve. The distortion over this excursion is small (about

5% second harmonic) and may be reduced still further by operating with a higher

carrier input voltage.

Typical diode curves with loadlines already drawn are shown in valve data books.

Average curves are shown in Fig. 27.6 and these are applicable to the diodes incorpor-

ated in standard types of Radiotron diode-triode and diode-pentode valves. It has

become the usual practice to show the signal input voltages in r.m.s. values rather than

the peak voltages indicated in Fig. 27.5.

If the d.c. load resistance of 0.5 megohm, represented by OA in Fig. 27.5, is shunted

by an a.c. load (such as would occur due to the grid resistor of the following valve)

the dynamic loadline will be similar to BC, which passes through the static point X
but which has a slope corresponding to the total effective a.c. load resistance. This

loadline (BC) reaches cut-off at about 75% modulation and the distortion at higher

percentages of modulation will consequently be severe. For any combination of

d.c. and a.c. loads it is possible to draw the loadlines and determine the limiting

percenuge of modulation before distortion becomes excessive. It should not be

overlooked that there will be some distortion present even before the limiting per-

centage of modulation is reached. The evaluation of this distortion is disctissed below.

(C) Qiuuititntive dcalfii dmtm

Design formulae will be set out below so that the performance of the diode detector

circuit can be assessed. These expressions are used in coniunaion with the diode

curves of Fig. 27.6. The design procedures are necessarily a series of compromises

but the results form a useful practical gtiide. For a more detailed discussion the

reader is referred particularly to Ref. 1 (p. 339), Ref. 2 (p. 413) and Ref. 5 (p. 553).
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(ft) Diode detection efficiency

This cftn be found from curves such as those shown in Fig. 27.6.

(ftssuming a sine wave input) is

V

The efficiency

( 1 )

,) is 15 volts (r.m.s.).Suppose the d.c. load is 0.5 megohm and the signal input {Er

Then from the curves = 16.8 volts.

16.8
yj - = 0.793 or 79.3%.

V2 X 15

Actually the a.c. load should be determined and used for all calculations. The
a.c. load is> from Fig. 27.2,

R: = Rx + (2)

The d.c. load for the diode detector is

(3)

If simple a.v.c. is used the effect of additional a.c. shunting due to this circuit should

be taken into account. In this case the effects of additional capacitive reactance are

usually neglected for simplicity.

(b) Cridcnl modulation ratio

The highest percentage of modulation which can be handled by the detector, before

serious distortion of the modulation envelope occurs, is given by

° ^
+ R,/F

where F = fraction of across which is upped

=
Rl -f- Rf Rde

If Rdt = 0.5 Mf7, made up from Ri — 50 000 Q and R, 0.45 MI7, then

F = 0.45/0.5 = 0.9. Taking rj = 0.793 as before, and R, = 1 MI? we have,

« = 1 - 0.793 X 0.9 oTT^i7o:9
" ®

It should be noted that the smaller F is made, the higher the critical modulation
ratio. If F is fixed, then R« is made as large as possible but is usually limited to

about 1 or 2 megohms unless special circuit arrangements, such as those discussed

previously, are made.
The critical modulation ratio can also be increased by applying a positive d.c.
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bias voltage to the diode plate. This arrangement is only satisfactory if the bias
be changed for each i-f input voltage (Erm.) see Ref. 1 (page 348).
For this case

+ Ei
vFl: 0JV '‘R..+R,/F'

The circuit of Fig. 27.4 shows a practical arrangement for increasing the critical

modulation ratio by applying positive bias to the diode plate> as mentioned previously
in Sect. (A) above.

(c) Equivalent damping across i-f transformer
The secondary circuit damping is found approximately from

Eae(\/l - V* — V cos-'iy)

(6)
vCcos-'v — 17V1 — V*)

R^/Rac can be read directly from Fig. 27.7 for various values of rf.

Suppose Rac ~ 0.36 MI? and rj ~ 0.793 then, since Rjc/Rae ~ 0.7, the equivalent
damping resistance is R^ = 0.7 x 0.36 =- 0.25 MI?.

It is often taken in practice (as a “ rule of thumb **) that the equivalent damping
resistance is half the d.c. diode load resistance. This gives an equivalent damping
resistance of JR ^ e/2 — 0.5/2 = 0.25 MI? in this case. However, it should be realized
that if the diode efficiency is taken as unity, the equivalent damping resistance which
appears across the tuned circuit is half the a.c. load resistance ; this is indicated by
Fig. 27.7.

Dumping of the i-f trmnaformcr primary is serious when the a.v.c. voluge is

derived from a diode detector conneaed to this voltage source. The usual arrange-

ment is a capacitor (100 or less) taken from the plate connection of the trans-

former primary to the dio^ plate, llie additional primary damping from this source

it approximately one third of the d.c. load resistance for the a.v.c. diode. This also

follows fairly readily if it is considered that JR^e shunts the primary of the transformer,

and in addition the diode conduction current also adds damping equivalent to a parallel

resistance of approximately Rrfc/2. From this

R4XR4./2) ^“ R,. -h R4J2 " 3 *

For a typical case, the a.v.c. resistance would be 1 megohm, and so the equivalent

Htnp^ng resistance would be approximately 0.33 megohm. If the i-f amplifier valve
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has a plate Resistance of 0.8 megohm the primary damping resistance wotdd be 0.23

megohm.
This means that> with detector and a.v.c. diodes conducting, both the secondary

and primary circuits of the i-f transformer are heavily damped and this damping must

be taken into account when the i-f transformer, connected between the last i-f voltage

amplifier valve and the diode detector, is being designed. Delayed a.v.c. will, of

course, affect the primary circuit damping and three conditions arise : the diode not

conducting, the diode just starting to conduct, and the diode conducting when the

applied voltage is reasonably large. When conduction just starts the damping de-

pends very largely on the diode detection efficiency and will vary quite appreciably

for a sittsll range of input voltages. It is usually sufficient, however, to know the

tuned circuit damping for the two conditions, diode not conducting, and diode con-

ducting with a reasonably large input voltage. For the diode not conducting the added

damping is approximately Rad Rde should not be used here With the diode con-

ducting the added damping can be taken as JRde/3 with sufficient accuracy in some

cases since in this case the fact that the diode detection efficiency is not unity offsets

to some extent the increase in damping which is obtained when Ra« is used in place

of iRde.

Damping of the transformer tuned circuits as determined above assumes linear

diode plate-voltage—^plate-current characteristics. For parabolic diode detection

the damping differs by only a small amount from that given by the linear characteristics

and so, in practice, it is seldom necessary to treat the two cases separately. In any

case the order of accuracy to be expected in the final results from the procedures set

out, would hardly justify any additional refinements in the design calculations.

(d) The actunl degree of modulation
The degree of modulation applied to the detector is always less than the modulation

of the incoming carrier. The actual value of m which the deteaor will be required to

handle is given approximately by

_ _ _/ -h 2Zi)

where m'

Rde
R.

and Zr

R,J^, + 2Z^(i?,, + R,)

original modulation percentage

R, -h Rt (see Fig. 27.2)

grid resistor of following stage (see Fig. 27.2)

load impedance presented to the i-f voltage amplifier preceding the

deteaor stage ; including the effeas of all damping on the primary

and secondary of the i-f transformer.

In addition, at higher auffio frequencies the reduction of side band amplitude by
the selectivity of the earlier stages in the receiver resulu in a further decrease in depth

of modulation.

(e) Audio frequency output voltage and reaponae (frequency distortion)

The approximate r.m.s. audio frequency output voltage can be determined for a

particular arrangement by using the equiwslent circuit of Fig. 27.8. It is often as-

sumed that all capacitive reactances are negligible, for simplicity in carrying out gain
calculations. However, the circuit is readily modified to include C|, Ct and Ct as
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shown by the dotted line8> and any additional capadtanoes in the circuit can be in-

cluded if necessary. For this diagram
m « modulation factor

Erm$ » i-f input voltage

17 = detection efficiency determined from curves of Fig. 27.6

Z = total load impedance connected between the terminals AB.
equal to over the middle audio frequency range)

+

(This is

B oe

R 4

Rit Rt and R

and
Rt + Rt

internal equivalent resistance of diode at audio frequencies. This is

givcu by the inverse slope of the curves of Fig. 27.6.

are as shown in Fig. 27.2.

It should be noted that R' a is not the diode conduction resistance (Rd) but is related

to it by

_ ,
-nRd

R 4 = (8)

Also R'd and are not constant for all operating conditions. For our previous

example we see ffom the 15 volt (r.m.s.) curve of Fig. 27.6^ and taking the diode load

as being

Ri Rt — 0-5 hAOy for simplicity>

(17 ~ 16.5) X 10*

* ' =
(42

-I^) - = 31200 O.

It will be seen that R'd is determined in a rather similar manner to that used for

finding the plate resistance of multi-element valves. The diode conduaion resistance

in this case is (approximately) 6500 ohms.

It is sometimes required to find the audio frequency response and this can readily

be determined from the complete circuit of Fig. 27.8. A suitable procedure would
be as for r.c. amplifiers in which the capacitances are ignored over the middle fre-

quency range (say around 400 to 3000 c/s), and the audio voltage output is calculated

for the resistance network only. At low frequencies the effects of Cj and C, can
be ignored since they are usually about 50 to 100 fi/xF each, and only the effect of

Ct would be considered. At high frequencies Cs would be neglected and the effects

of Cl and C, considered. Often only the maximum output voltage is required plus

the total output variation from say 50 c/s to 10 Kc/s, and this simplifies the calcu-

lations. If Fig. 27.8 is inspected it will be seen that it is a simple matter to apply
the generalized low frequency response curves given in Chapter 12. The high* fre-

quency curves can also be applied, directly if Ri can be neglected (this is usually per-

missible) and Cl and Cs are considered as being in parallel.

When using the circuit of Fig. 27.8 it is more convenient to determine the voltage

since this is given directly by
E^g = i;m Erm,-

It follows that, over the middle frequency range,

= E

and
Eput

E'

Aa\

Eput

ih:^)
'AB

E'

R*f Ri

Ra9 + Rd
If Ri can be neglected in comparison with Rt and Rt in parallel, then = E^^g

over the middle frequency range.

It is more accurate to determine E^g from the curves of Fig. 27.6, since 17 is not

constant for a modulated carrier voltage and the effects of contact potential are in-

cluded in the measured data. The procedure is to draw the a.c. loadline on the graph

and note the d.c. voltages Ede^ and given by the maximum and minimum values

of Ermt during modulation. From this

Bab __L (E^. - Eg, ).

2V~2 '
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The simplified graphical procedure is only suitable when the amplitudes of harmonics
higher tWi the second are negligible [see also (h) below]. More accurate graphical

methods are required if this is not true.

To compare the results obtained by the two methods, assume — 15 volts

and the percentage modulation is 50% (i.e. m = 0.5). As determined previously

ri = 0.793, and it will be taken that /?»«== Rde = 0.5 megohm. Then
= rtm Erm$ — 0.793 X 0.5 X 15 = 5.95 volts (r.m.s.).

From Fig. 27.6, E^ei — 26.5 volts and E^e, = 7.5 volts so that

=
2V2

(26.5 - 7.5) = 6.7 volts.

The discrepancy between these two results is easily explained, as an examination of

typical diode circuits giving the d.c. voltage developed by the diode in the absence

of signal input shows that there is about —0.5 to —1 volt developed across a diode

load of 0.5 megohm. This difference is also illustrated by the curve of Fig. 27.5,

which shows that —1 volt is developed for the conditions being considered. It is

also seen that the variation in detection efficiency (17) over the range of voltage used
does not have a large effect on the final result. The presence of d.c. voltage across

the load resistor, in the absence of signal input voltage, is due to contact potential

in the diode.

(f) Effect of ahunt capacitance on detection efficiency

Too low a value for Ci and C, will affect the detection efficiency. Provided the

12.72
total shimt capacitance across the diode load is not less than — ft/xF the ef-

jE a

c

feet can be negleaed where

/ = frequency (expressed in Mc/s)
R R

= El + ^ (expressed in hAQ).
i<i -t-ZCj

For our previous example of R^e ~ 0.36 fAQ, and i-f of 455 Kc/s, the capacitance

due to Cl and Ct should not be less than about 78 /x/xF ; this includes all stray capacit-

ances. In the circuit of Fig. 27.2 typical values of Cj and C, are 100 /x/xF each and
if El is neglected it is seen that the total capacitance is more than twice the value

required even when strays arc neglected. It would be feasible to reduce Ci and C*
to 50 /i/xF respectively with a reduction in attenuation at the higher audio frequencies.

(g) Non-linear distortion

If the value of total capacitance across the diode load resistance is too large, the

discharge time constant will be too long and the voluge across the diode load

will not follow the modulation envelope. This will give rise to non-linear distortion

and suggests that the rate of discharge of the load circuit should not be less than the

maximum rate of change of the modulation envelope. It can be shown that non-
linear a-f distortion due to this cause can be almost completely avoided provided that

Suppose we neglea the decoupling resistance (Ei) in Fig. 27.2, as this unnecessarily

complicates calculations when its value is about 1/10 of E, (the usual case).

V(^t is required, is to determine a value for CiR^c which will allow m — 1, i.e.

the incoming signal to be 100% modulated. However, it should be clear from pre-

vious discussion that the modulation percentage is generally a good deal lower than this

figure, and it seldom happens that very high modulation percentages occur at high
audio frequencies.

Take E^e as 0.5 megohm, then l/aiC| = mRg^ ==* 1 x 0.5 x 10*.

Assume that the highest audio frequency is 10 Kc/s, then w — 27r x 10^ and so

10^*

“ 2ir X. 10* X 0.5 X 10*
“ ® '*'**’•

This is the largest value C| should have if the detector is to be capable of handling

audio frequencies of 10 Kc/s and 100% amplitude modulatton.

It will be noticed from (e) above that the detector efficiency will be reduced if C| is
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given the value determined. A suitable practical compromise would be to make
Cl » Ct « 50 nfiP and retain the values of Ri, Rt and R^ given in the example. If
improved decoupling is required then Ri could be increased to say 0.1 megohm.
This also permits a higher critical modulation ratio at the expense of some reducdoo
in available audio output. The difficulty with non-linear distortion is not encountered
when C| is chargings since the diode is conducting and the charging time constant is

approximately CfR'^ which in our example is, taking Ct 100 100 x 10~^*

X 3.12 X 10^ — 3 12 secs. The discharge time constant is approximately 100
X 10-»* X 0.5 X 10* = 50 /i secs.

(h) Esdniate of mmgnltttdc of non-lincnr diatortion
The distortion can be found from the curves of Fig. 27.6 in the same way as for power

amplifiers (Ref. 3, p. 100). The operating point corresponding to a given signal

input is marked on the a.c. loadline. The maximum and minimum excursions of
the modulation envelope are now marked on this same line. If only second harmonic
distortion is required (and higher order harmonic distortion is very small) these points

are sufficient. For distoition calculations which involve harmonics higher than the

second the methods detailed in Chapter 13 should be used. The expression to be
used here is

2nd harmonic percentage =
T" i)^ 100%, (10)

where A
posiuve current swmg
negative current swing

Voltage swing would give the same results, since the load is taken as being a pure
resistance.

Suppose we uke JR.. — Rie and use the 0.5 bAO loadline. The carrier input
voltage is 15 volts (rm.s.) and is modulated 50%. The voltage swing is thus ± 7.5

volts (r.m.s.) about 15 volts.

From Fig. 27.6 this gives (approximately)
53 - 33.5

^ “
33.5 - 16

= 1.11

2nd harmonic percentage = ^ 100 == 2.6.

The true a.c. loadline would indicate somewhat more distortion than is given by
this simple example.

(D) fifiacelUuieoua data
(a) With radio receivers using diode-triode or diode-pentode valves as combined

detectors and a-f or i-f a]iq)lifier8 several effects require consideration. Where the

combined valve is used in the a-f application, difficulty is often experienced with

raaMual volume effect (** play-through *’). This effect is quite distinct firom the

minimum volume effect experienced with receivers using a reflexed amplifier. The
residual volume is heard in the receiver output when the audio volume control is

turned to zero (the grid may also be earthed as a further check). The cause of the

effect is capaddve and electronic coupling between the detector diode and the plate

of the a-f voltage amplifier.

In some cases there may be direct coupling at audio frequencies, but usually the

is^XMtant factor is coupling of modulated i-f currents which are detected in the audio
amplifier.

A complete cure for the trouble is to combine the detector diode with the i-f voltage

amplifier. However, this can sometimes lead to difficulties with regeneratioci ot

degeneradon at i-f due to coupling between the detector diode and signal grid. When
the valve is retained as an a-f amplifier it is necessary to keep all stray coiqfling to a

minimum by carefril layout and wiring. Diode pentodes are often helpfiil, pardcularly

when series screen feed is used, as adequate screen by-passing gives a marked improve-
ment. Adequate cathode circuit by-passing is essential in all cases. Neutralizadoo

to reduce the effect is almost uselm unless rather elaborate circuits are used. In

some cases different types sockets offer an improvement. If simple a.v.c. is used.

n.D.N.
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i^rfhjngj or even leaving disconnected^ the second diode will often effect an almost

commit cure. Obviously the diode connection nearest the plate of the voltage am-
plito is the one which should be earthed.

A second effect which is less frequently encountered is residual volume due to

capacitance between a diode and the control grid of a combined detector and a-f

amplifier. Normally this capacitance is unimportant because with the volume control

turned right down the control grid is grounded through the grid coupling capacitor

(see Fig. 27.2). However if the audio amplifier is grid leak biased it may have a 10

megohm grid leak, and in this case a 0.001 $jlF grid coupling capacitor would give

adequate bass response for a small receiver. Under these conditions a voltage of the

order of one thousandth of the i-f input to the diode could appear on the control grid

and with a high gain receiver this is ample to give annoying minimum volume. The
remedy, of course, is to increase the size of the grid coupling capacitor.

(b) In general, diodes do not stan to conduct at precisely the point where the plate

voltage exceeds zero. Contact potentlnls and other effects will sometimes allow

the valve to conduct when the diode plate voltage is slightly negative (this is usual

with valves having indirectly heated cathodes), but in other cases (e.g. some battery

valves) conduction does not occur until the plate voltage is appreciably positive. This
point can be appreciated by an examination of typical diode curves. The effects of

the contact potentials will be further considered in Sect. (3) below when automatic
volume control is being disctissed.

For a discussion of the effects of positive and negative start of plate current (which
may be deliberately introduced as mentioned in (C)(b) above) in diode detectors the

reader is referred to Ref. 1, Chapter 8.

(c) There are distina advantages in having the a-f volume control ns the diode
load. For the usual operating conditions on local signals the setting of the control

is fairly well down, and so the effects of a.c. loading are very much reduced. This
advantage is lost when the control is in the grid circuit of the a-f voltage amplifier.

The disadvantage is that many controls become noisy, usually after a fairly short

period, when they have the diode current passing through them. A compromise
arrangement may be best with the control in the grid circxiit (R, in Fig. 27.2) and
Ri about 0.1 megohm and Rt say 0.5 megohm.

(d) As a summary of the characteristics of the diode detector, it may be suted that

its perfonnance as regards frequency and non-linear distortion is excellent provided
the input voltage is high and the factors discussed above regarding a.c. shunting etc.

are incorporated in the detector design. All forms of detectors suffer from distortion

at low input levels, but the diode has the partictilar advanuge that the input may be
increased to a very high level with consequent reduction of distortion, without any
overloading effect su^h as occurs with other forms of detectors.

(e) Crywttd diodes are described in Section 7.

riC.27'9FORM OF GRID LEAK DETECTOR.

(ii) Other forms of detectors
(A) Grid detection
Leaky grid or ** cumulative detection " has been used for many years and is still

widely used for certain applications. The theory of its operation is essentially the
same as that of the diode except that a triode is also used for amplification. The
derivation of a leaky grid detector from the combination of a diode and
triode is shown in Fig. 27.9. Whether the grid capacitor and resistor are inserted as
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shown (as is usual with the diode) or at the point X is immaterial from the viewpoint
of operation. The diode is direcdy coupled to the triode and therefore the audio fre-

quency voltages developed in the diode deteaor are passed on to the triode grid, but at

the same time this grid is given a d.c. bias throufi^ the d.c. voluge developed in a
similar way to that by which a.v.c. is obtained. Consequently the operating point of
the triode varies along the e^-i, curve from zero towards more negative grid bias

voltages as the carrier voltage is increased. This is the same effect as that obtained
when the diode is omitted (Fig. 27.10) since the grid and cathode of the triode aa as a

diode and produce the same results. The illustration given was purely to demonstrate
the derivation of the one from the other and not to be a practical form of detector

since no advantage is gained by retaining the diode in the circuit.

FIC.27IO GRID LEAK DETECTOR WITH
TRANSFORMER COUPLING.

It will be seen that the operating point varies along the e^-ip characteristic curve

between zero bias and the cut-off point (Fig. 27.1 1). There will be a certain strength

of carrier at which the deteaion will be most satisfactory, and at lower or higher

levels deteaion will not be so satisfaaory on account of improper operating conditions.

If with a certain carrier input voltage the d.c. bias on the grid is OA, then the point

corresponding to peak modulation is B where OB equals twice OA. If the point

B is on the curved part of the charaacristic, or in the extreme case actually beyond
the cut-off, the distortion will be severe. A valve having low ^ and low is capable

of operating with a higher carrier voltage than a valve with improved characteristics,

but the gain in the deteaor stage will be less. There is a further difficulty in that

the plate current at no signal, or at very weak signal, may be excessively ffigh. If

transformer coupling is used this may, in extreme cases, damage the valve, or pass too

much direa-current through the transformer, unless the plate supply voltage is re-

duced. If resistance coupling or parallel-feed is used the efficiency of the detector

is decreased. As with diode detection there is distortion at low levels due to the

diode charaaeristics ** but as distinct

from the diode, the overload point

occurs at quite a low carrier voltage.

This method of detection is therefore

very much limited in application.

With battery type valves used as

cumulative grid detectors it is often

advantageous to connect Ri (Fig. 27.10)

to filament positive ; C| remains as

before. The advantage obtained is

that larger modulation percentages can
be handled and detection will start

with smaller input voltages. The
arrangement is equivalent to supplying

the grid, which is acting as the plate

of a diode, with a positive bias voltage

(see Ref. 1, p. 357) and moving the
B A 0 position of the start of grid current,

fIC.2MI TYPICAL Cj-Ip CHARACTERISTIC.
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A typical circuit for a grid leak detector as used in radio receivers is shown in

Fig. 27.12.

Damping of the input circuit occurs in the same manner as for a diode but additional

damping occurs because of grid-plate coupling. The arrangement shown in Fig.

27.12 for the grid resistor further increases the loading on the idput circuit. Detailed

discussions of this type of circuit can be foimd in Refs. 2 (p. 414), 1 (p. 377) and 10.

riC27l2 typical grid leak detector
WITH R-C COUPLING.

(B) Power grid detection
Power grid detection is a modification of leaky grid or cumulative detection and the

circuit is identical in form, but the operating conditions are so chosen that the valve

will operate on higher carrier voltages without overloading. In order to obtain a

short time constant fronl the grid capacitor and resistor combination the capacitance

and resistance are reduced, thereby improving the high audio fiequency response.

Under optimum conditions the distortion is at least as high as that of a diode together

with increased distortion due to the curvature of the e ^-i^ characteristic. The over-

load point, even though higher than that of ordinary leaky grid detection is at a much
lower level than that with diode detection.

All forms of grid detection, particularly ** power grid detection,’* involve damping
of the grid circuit due to grid current, and this damping causes loss of sensitivity and
selectivity. Grid detecdcm is thus similar to diode deteaion in that it damps the input

circuit. It has the advantage over diode detection in that gain is obtained in the de-

tector which can be still further increased if transformer coupling is used between it

and the following stage. Transformer coupling can, of course, only be used when
the valve has a low plate resistance.

The foregoing comparison between a diode and a grid detector is on the basis of the

detector akme. In modem practice the diode detector is frequently in the same
envelope with a voltage amplifier and the total gain is quite high.

(C) Plnte detectioii

Plate detection or ** anode bend detection ” involves operation towards the point

of plate current cut-off so that non-linearity occurs, thereby giving rectification.

Osdng to the slow rate of curvature the detection efficiency is small, but there is an
advantage in that the amplification which is obtained mak^ up, to a certain extent,

for the poor detection efficiency. Due to the gradual curvature the distortion is very

grat with low input voltages, and even with the maximum input before overload

occurs the distortion is rather high with high percentages of modulation. An im-
portant advantage of plate detection is, however, that the grid input circuit is not
damped to any great extent, and the detector is therefore sometimes spoken of as being
of infinite impedance, although this term is not strictly correct.

With pentode valves it is possible to use either Bottom Bend Rectification ” as

with triodes or Top Bend Rectification ” peculiar to pentodes. This ** top bend ”

in resistance coupled pentode characteristics can be seen on valve data sheets e.g.

type 6J7 dynamic — i, characteristics provide a good illustration (Fig. 12.14A).

A iiinilar effect occurs with triodes, but only in the positive grid region, and for ti^
reason it is incapable of being used for plate rectification. For top bend rectificatioo

with a pentode valve it is desirable to operate the valve with a plate current in the regioo
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of 0.95 {Eg/Rj), The exaa operating point for optimum conditicms depends upon
the input voltage.

Pentode valves are particularly valuable as plate detectors since the gain is of such
a high order. If resistance coupling is used the gain is reduced very considerably,
and in order to eliminate this loss it is usual to adopt choke coupling using a very high
inductance choke in the plate circuit, shunted by a resistor to give a more uniform
frequency response. If the shunt resistor were omitted the high frequencies would
be much greater than the low frequencies in relative level.

With all forms of plate detectors the bias is critical and since different valves of the
same type require slightly different values of bias the use,of fixed bias is not recom*
mended. A very high vdue of cathode resistance is usually adopted to bias the valve
very nearly to cut-off, and in such a way that if valves are changed, or vary during life,

the operating point maintains itself near optimum (Fig. 27.13).

Screen grid and pentode valves with self-bias have been used as plate detectors

very satisfaaorily for a number of years, although the distortion with the usual arrange-

ment is too high for them to be used in any but the cheapest radio receivers at the

present time. Such a deteaor is, however, permissible for some types of short-wave

reception and for amateur communication work where its high grid input impedance
results in higher sensitivity and selectivity.

With the usual plate detector the cathc^e bypass capacitor (Ct, Fig. 27.13) has

customarily been made sufficiently large to by-pass both audio and radio frequencies.

Often Cl is a 25 electrolytic in parallel with a 500 fifiF mica capacitor. This
arrangement, although widely used in the past, is not a correct one and leads to dis-

torti(Hi when the modulation factor is at all high. The effect is similar to that de-

scribed in connection with diode detectors having the ax. loadline appreciably different

in slope from the dx. loadlinc. The correa procedure calls for the resistor JR| to be
by-passed for radio frequencies only, and although this results in a very considerable

loss in gain because of negative feedback, the results obtainable are excellent. In a

typical case might be taken as 10 000 to 100 000 ohms and C| as 500 to 100 /ifiF

respectively, the plate load resistor would be about 0.25 megohm ; additional r-f

decoupling is usual in the plate circuit, although this is not shown in Fig. 27.13. This
circuit is often called a reflex detector, although this term is sometimes reserved for

cases where 100% negative feedback is used with a plate detector, and the audio out-

put is then taken from the resistor in the cathode circuit ; the plate is earthed for

a.c. in this case. The results obtainable from the modified plate detector are ex-

cellent, and are comparable with those given by the diode arrangement. The reflex

detector is further discussed below.

(D) Reflex detector
The reflex detector is essentially a plate detector with negative feedback. Any

amount of feedback may be applied from zero to 100%, and as the feedback increases,

so the distortion decreases and the stage gain decreases until in the final condition

with 100% feedback the gain is less than unity. The reflex detector has an even
higher input impedance than the usual type of plate detector, and is therefore valuable

in certain applications. Under certain conditions the input resistance is negative

and can lead to instability troubles. The increased selectivity can also result in side-
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band cutting. The degree of feedback may be adjusted to give any required gain
(within reasonable limits) by altering the size of cathode by-pass capacitor and the
relationship between the plate and cathode load resistance, but the distortion increases

with gain and if low distortion is required the maximum gain is limited to about three
or four times even with a pentode valve. With maximum degeneration and stable

operating conditions, the distortion (see Ref. 11) is about the same as for a diode
operating under similar input voltage conditions, while the reflex detector has the
distinct advantage of high input impedance. One application which appears to be
of importance is in high fidelity t.r.f. receivers, but even here the reflex detector has
not shown any very marked improvement over the diode from a consideration of
distortion alone. Input voltages in the order of 10 volts (r.m.s.) are usually most
satisfaaory when low distortion is desired and in a typical case using 100% feedback
about 3% total harmonic distortion can be expected when the modulation depth ap-
proaches 100%. This assumes that the a.c. shunting is high (say 10 : 1 or so) com-
pared with the d.c. load. Some useful discussion is given in Refs. 14 (pages 51-55)
and 15. These performance figures can be compared with those stat^ previously
for the diode deteaor under similar operating conditions. Reflex detectors do not
provide a.v.c. and so are not used in normal broadcast receivers. They could be used
in combination with amplified a.v.c. to provide a receiver with good characteristics.

Typical circuit component values have been discussed in (C) above in connection
with modified plate detectors. For the case of 100% negative feedback (i.e. the load
resistance is in the cathode circuit and the plate is earthed for a.c.) the cathode
resistance is made large compared with \/g^ and a typical value is 25 000 ohms.
The by-pass capacitance across this resistance can be about 500 ^^F. There is

seldom any difficulty with a.c /d.c. ratios as the grid resistance of the following a-f
stage is generally about 0.5 megohm. Additional components required are a blocking
capacitor, to prevent the d.c. cathode voltage from being applied to the grid of the
a-f amplifier, and a series resistor and shunt capacitor to provide additional r-f de-
coupling between the two circuits,

A limitation of the. reflex deteaor is that there is a definite maximum for the input
signal voltage for freedom from grid current. A further increase of input causes
reaificaiion at the grid, with added damping of the grid input circuit, and a steady
inaease in distortion. An increase in the supply voltage raises the threshold point
for grid current. Further data are available in Refs. 11, 12, 13, 14 and 15.

R-rCHO^E -OI^F

(E) Regenmitive detectors
A common arrangement for this type of deteaor is shown in Fig. 27.14. The

amotmt of positive feedback is adjustable, by means of C/, to allow increased sensi-
tivity with vahous signal input voltages. Oscillation will occiu: when the degree of
feedback is sufficiently large, and the circuit can then be used for the detection ofCW
telegraph signals. For battery operated valves it is usual to return the grid resistor
to filamen^ positive.
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Best results are generally obtained using pentode valves and resistance-capacitanoe
coupling to the following audio stage. This arrangement direshcdd
howl.”

Feedback control is possible with a variety of circuits but least difficulty is usually
experienced with the variable capacitor arrangement, or the use of a variable resistor

in the screen circuit. The latter arrangement is advantageous as regards the re-

duction of detuning effects.

Further details of this type of detector can be found in Refs. 1, 5, 16, 17, 18, 19
and 20.

(F) Superregeneradve detectors

The superregenerative detector is a regenerative circuit in which the detector is

automatic^y switched in and out of oscillation at a very low radio frequency rate

(usually about 15 to 100 Kc/s). This switching frequency is called the ** quench-
ing *' frequency. In general the quenching frequency is increased as the carrier

frequency becomes greater, but sensitivity and selectivity are improved by using the
lowest permissible value of quenching frequency. For many cases it is usual to

make the quench frequency al^ut twice the highest audio frequency contained in the
modulation envelope, and it is not considered good practice for the quench frequency

to be lower than this value. The amplitude of the quench voltage is also important
and it will have a very appreciable effect on ‘the selectivity characteristic. In general

if the quench voltage amplitude is increased in a separately quenched circuit, the

selectivity is reduced.

The advantage of this circuit is the extremely high sensitivity which is possible

using a single valve. The disadvantages are the high noise level in the absence of a

signal, the poor selectivity, and the high distortion.

The circuit of Fig. 27.14 can be made to operate as a superregenerative detector

by increasing the time constant of the grid resistance and capacitance combination,

and making the amount of regeneration very large. The quenching frequency can

be simply adjusted by altering the value of the grid resistance.

A separate quenching oscillator is often used with the regenerative detector arrange-

ment, but as this requires additional circuit components and sometimes an additional

valve, it is not so popular as the simple arrangement previously mentioned. The
development of suitable types of double triodc and convcrtei valves largely overcomes
this objection, however, and many modem circuits use separate quenching.

Several other points of interest arise with this detector. Amplitude limiting occurs,

so there is less interference from car ignition and similar noises than when other

deteaors are used ; the output on strong signals is not much greater than for weak
signals. Noise quieting and limiting are improved however, by using low quench
frequencies. A r-f stage should be incorporated in receivers using this type of de-

tector to reduce radiation. This additional stage will not materially alter the signal-

to-noise ratio obtainable with the detector alone. Circuits incorporating the prin-

ciple of superregeneration have been used in cheap F-M receivers ; this point will

receive some further consideration in the section on F-M receivers in Chapter 36.

The method to be adopted for measuring the seleaivity of a superregenerative

receiver requires some consideration. Conventional method are usually inadequate

since in most cases the problem is similar to that of uking the selectivity curve of

a receiver having a.v.c., but in this case the a.v.c. cannot be disconnected. A suitable

procedure (Ref. 26) is as follows.

With no input signal applied the audio noise output is measured. A signal is ap-

plied at the resonance frequency and its amplitude adjusted until the noise is sup-

pressed by about 10 to 20 db (or any convenient amount). The selectivity is xhen

found by tuning the signal generator to various frequencies around resonance, in the

usual manner, and the input voltage is adjusted until the same degree of quieting is

obtained as at resonance. The difference between the two signal inputs off and at

resonance for the same degree of quieting, gives the attenuation at the particular fre-

quency being considered.

Further details of this deteaion system are available in Refs. 5 (page 662), 20 (page

148), 21, 22, 23, 24, 25 and 26.
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SECTION 2 : F-M DETECTORS
(i) Types of detectors in general me (it) General principles (Hi) Phase discrimina-

tors (A) General (B) Design data (C) Design example (iv) Ratio detectors (A) General

(B) Operation (C) Types of circuit (D) Design considerations (E) Practical circuits

(P) Measurements on ratio detectors.

(i) Types of detectors in general use
Although many ingenious methods have been suggested for the detection of £re-

quency modulated signals, only a few circuits have found general acceptance by re-

ceiver manufacturers. Of these detectors a form of locked oscillator (the Bradley

detector) has been used by one large manufacturer, but does not appear to have been
employed to any extent outside of this organization. Amplitude discriminators

have been used to a very limited extent with duo-diode triode valves having a separate

cathode for the two diodes. However, the generally accepted method of F-M de-

tection has been the phase discriminator. A modification of the basic phase

discriminator circuit has been used for the ratio detector, and this arrangement
has achieved wide popularity because it allows a satisfactory F-M receiver to be con-

structed without the use of an additional amplitude limiting stage. Simple detuning
of the signal circuits has been employed in one type of receiver (the Frcmodyne)
to give frequency to amplitude conversion, but this is only satisfactory in a very cheap
receiver where cost is ipore important than quality.

In what follows attention will be confined, mainly, to the design procedures to be
adopted for phase discriminators and ratio detectors. References are listed at the

end of this chapter, and can be consulted for details of a number of the alternative

detection systems available. The amplitude and phase discriminators used in con-

nectiem with Automatic Frequency Control Systems are further considered in Chapter
29.

(ii) General principles
The circuits which will be considered here utilize tuned circuits to convert fre-

quency changes to amplitude changes. The amplitude modulated carrier is then

applied to detectors (usually diodes) to recover the intelligence contained in the re-

ceived signals.

Although the amplitude modulated carrier applied to the detectors is also frequency

modulated, the detectors are only sensitive to amplitude changes, and so it is only the

resultant amplitude variations which appear at the output of the detector stage. It is

because the deieaors are sensitive to amplitude changes, that some method of limiting

is required to overcome undesired amplitude variations.

The tuned circuits to be described are called discriminators, although this name is

often taken to include the diode detectors as well. If distonion is not to be introduced

by the discriminator it is essential that the amplitude variations produced be directly

proponional to the frequency variations i.c the circuit must be linear over the full

range of applied frequency deviation. The usual precautions for reducing distortion

in the detector circuits must also be applied, just as for any other A-M detector.

These precautions have been discussed previously, and those given for diode detectors

should be carefully observed here. One big advantage does appear, however, the

percentage amplitude modulation is likely to be quite small, depending on the fre-

quency-amplitude conversion efficiency of the discriminator circuit, and so the possi-

bility of non-linear distortion is considerably reduced.

(Ui) Phase discriminators
(A) General
The basic circuit arrangement, together with the voltage distribution at the resonant

frequency, for a phase discriminator is shown in Fig. 27.15. The name arises be-

cause the operation is dependent on the 90*^ phase shift which occurs at resonance
between the primary and secondary voltages , of a timed transformer. When the

frequency of the applied primary voltage Ei (the magnitude of this voluge will be
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B
FIG.27I5 BASIC PHASE DISCRIMINATOR CIRCUIT.

assumed constant for the moment) alters, the phase angle between and Eg changes
from that at resonance. This leads to a change in the relative magnitudes of E^
and E^.
The vector relationship between the primary and half secondary voltages, for the

phase discriminator, are shown in Fig. 27.16. This assumes constant primary voltage

Et.

If the primary voltage Ei has its

A amplitude varied in a suitable man-
ner (e.g. by setting the coupling^

2

between the transformer windings,

/ \ for given primary and secondary

y \
Q’s, so that two primary voltage

^
.

j

humps of the required amplitude

/ appear as the frequency is varied)

/ the linearity and sensitivity of the

. y discriminator can be very appreci-

improved.

^ y"^^ statement, regarding line-

N. J sensitivity, refers, of
^ course, to the relationship between

Nv / -\ voltage output and frequency-devia-

XLsicosrt ^
I

from the central reference fre-
a Tr ^ /

/ quency (i.c. the nominal intermedi-

V\ / ate frequency).

. \ ^ / Analysis of the phase discrimina-
* t tor for F-M applications has been

® made by K. R. Sturley (Refs. 27
FIC.27 I6 VOLTAGE RELATIONSHIPS IN PHASE j -on j u i

^ r u-
DISCRIMINATOR WITH CONSTANT and 28), and the results of this

PRIMARY VOLTAGE. analysis will be used below It

might be mentioned that a number
of discriminator circuits for a wide variety of applications have been designed using the

data derived by Sturley and very satisfactory results have been obtained in practice.

Before proceeding to set out the design data, the circuit of Fig. 27.17 will be briefly

discussed.

The voltages applied to the plates of the double diode valve Kg will be E' and
E\ respectively. The output voltages from the diodes are developed across Rg
and Rg, and the circuit is arranged so that the available output voltage is equal to the

difference between the two separate voltages. This means that when the frequency

of the carrier voltage is exactly equal to the intermediate frequency, no output will be

obtained from the detector. Reference to Fig. 27.16 should help to make this point

B
FIG.2M6 VOLTAGE RELATIONSHIPS IN PHASE

DISCRIMINATOR WITH CONSTANT
PRIMARY VOLTAGE.

quite clear, since the rectifled voltages across R, and R 4 in Fig. 27.17 are given by the

peak voluges applied to the diode plates multiplied by the detection efficiency of the

diodes. As the signal deviates from the central reference frequency (i.e. the inter-

mediate frequency), a voltage (EowO will appear between the points P and N (Fig.

27.17), and its polarity will depend on the relative magnitudes of the voltages across

Ri and R 4 ; e.g. point P will be negative with respect to point N when the voltage

across R% is less than that across R 4 . It follows that it should be possible to calculate
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the relationship between output voltage and frequency change from
- E'l,) ( 11 )

where = the diode detection efficiency, and is assumed to be the same for both

diodes of K*.

(B) Design data
For most designs it is usual to take the total secondary voltage F, as being twice

the primary voltage Ei i.e.

Et/E, = 2 . ( 12 )

Primary and secondary Q’s are made equal, so that

Q = Qi = Q*. (13)

The value for Q is determined from

Q = /r/(2d/) (14)

where fr
~ intermediate frequency

and 2J/ =: total frequency range for which substantially linear operation is re>

quired.

The coefficient of coupling for the transformer is found from
Qk = 1.5 (15)

when a good compromise between sensitivity and linearity is required (the usual case).

For special cases where linearity is the main requirement it it suggested that

Qk = 2 (16)

be used. The loss in sensitivity in this rase is about 1.54 times as can be seen by
comparing eqns. (20) and (21).

From the principles of coupled circuits it is possible to show that

and for our particular cases with Et/Ei ^ 2 and Qk ^ 1.5 or 2, the relationship

between L, and L, is

L,/L, - 1.77 (for Qk - 1.5) (18)

and Lt/Li = 1 (for Qk = 2). (19)

The discriminator sensitivity at fr is given by

S^Qk ^ 15)=^ 5.465 X \0*g^Q*LirjEg volts per kilocycle deviation, (20)

^(Qk — 2)
3.554 X \0*g^Q*LiyjE, volts per kilocycle deviation, (21)

where ^ mutual conductance of Vt

Q ~ magnification factor determined from eqn. (14)

L| ^ primary inductance of transformer

ff « dicxie detection efficiency

and Eg ~ peak voluge between grid and cathode of Vf.

It should be apparent that the sensitivity, given by eqns. (20) and (21), is directly

proponional to Eg and so the output from the discriminator is depend^t on the input

voltage. To overcome this difficulty the valve V| is arranged as a limiter in such a

way that the product gJEg is kept almost constant, and thus the output voltage is

no longer directly dependent on t^ magnitude of the signal input voltage.

Curves of discriminator output voltage versus frequency deviation can be found
from vectofdiagrams similar to that of Fig. 27.16, and then introducing suitable cor-
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rection factors to allow for variations in deliberately introduced by the transformer

design. However, it is possible to determine two generalised curves for the design

conditions previously imposed, one curve for Qk = 1.5 and the other for Qk = 2.

The curves are shown in Fig. 27.18A, and relate the quantity X (which is a function

of bandwidth) to the relative output voltage Erei- Only the positive halves of the

curves are shown since the negative halves have substantially the same shape. To
determine the output voltage Eout against frequency, it is only necessary to multiply

the horizontal scale by a factor determined by eqn. (14), and the venical scale by a

factor determined by eqn. (20) or eqn. (21) (depending on whether Qk = 1.5 or 2

is used).

The two curves shown in Fig. 27.18(A) are calculated from the following equations.

For Qk 1 .5, the relative voltage output is

^ 3.25/1
Erel (22 )

\ (3.25 XO- ^ 4X‘
and for Qk 2,

Erel (23j
v/(5 - A'*)* H 4A*

where/! -Vir+X*[J{l +Y fx') ''
(l

X Q 2J/,/,

Q magnification factor determined from eqn. (14). Equation (14) is the

condition for A' 1

J/ frequency deviation from /,

and fr
- intermediate frequency.

To illustrate the design procedure, and to bring out additional points, a worked
example is appended.

(C) Detlgn example
A phase discriminator is required for use with a 10.7 Me s F-M i-f channel. The

maximum frequency deviation of the carrier i.s 75 Kc s. To make the problem
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complete it will be taken that the highest audio frequency is 15 Kc/s and the de-

emphasis time constant is micro-seconds.

(a) The majority of applications call for reasonable discriminator sensitivity and
so the condition Qk = 1.5 (see eqn. 1 5) is practically always used. Also, high primary
dynamic impedance will increase the sensitivity of the discriminator. However,
since Q is fixed by other considerations (see eqn. 14) Lj should be large, but Li is

limited by which in mm is limited by the permissible minimum secondary capacit-

ance Cf. A value is selected for Ct and the design can then proceed.

(b) A suitable value for Ct, including all strays, is 50 /x^F. Then

,
25 330

- 10.7* X 50
-

From eqn. (18),

/ _
^ 1.77 1.77

From this

2.5 /xH.

Cl =
10 71 X 2 5

"" (including all strays).

(c) If the discriminator frequency - voltage characteristic were cxaaly linear then
it would be sufficient to make the total frequency range 2J/ - 2 ^ 75 - 150 Kc/s.
To this would be added an allowance for frequency drift due to the oscillator and the

discriminator tuned circuits. Since the discriminator characteristic is not exactly

linear (it is linear for about 80% of the total curve using the data given as can be seen
from Fig. 27.18) and the frequency drift is not always small it has become common
practice in broadcast F-M circuits (of the type being considered) to make 2J/ from
200 to 400 Kc/s.

As a practical compromise we will take the total bandwidth (2d/) as 250 Kc/s, but
the design procedure is the same irrespective of what bandwidth is selected.

With 2Af = 250 Kc/s we have from eqn. (14)

Q = 10.7/0.25 = 42.8.

From eqn. (15), Qk = 1.5

and so A = 1.5/42.8 = 0.035.

(d)^-StiiBmarizing, for the discriminator transformer (see also Fig. 27.17)

Li = 2.5 ; L, = 4.41 ;xH i Cj - 88.5 mmF i C, = 50 /x^F 1 Q =" Qi ^ Qt
42.8 ; /t = 0.035 ; Af = 0.116 ^H. Second^ winding to be centre-tapped. The
capacitance values include all strays.

FIG. 27.l8(i) Cli«r«c<«riit»c OstolnW Pf9m Otilfft
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Assume Eg \ volt(c) The discriminator sensitivity at fr is given by eqn. (20).
(peak), = 5 mA/volt and ty = 0.7. Then

= 1.5)
= 5.465 X 10> X 5 X 10-* x 42.8* x 2.5 x 10-* x 0.7 x 1

= 0.0875 volts per kilocycle deviation.

This also allows the vertical scale factor to be determined for the complete dis-
criminator curve as shown on Fig. 27. 18(B). The horizontal scale factor is found from

2J/X = Q~ =1 [i.e. eqn. (14)].

^ ^ .1 Xfr 10.7 X 10»
Therefore 4/ = ^ = = *25 Kc/s.

The procedurejor finding the plotted points on the curve of Fig. 27.18(B) is as
follows. Draw up a table, as shown below, with values ofX corresponding to values
of Erei read from the curve of Fig. 27.18(A). Since it has just been determined that
J/ = 125 Kc/s when X \y the column for J/ can be filled in (e.g. when X = 0.8
then Af - 125 X 0.8 = 100 Kc/s, and so on). The sensitivity has been determined
as 0.0875 volts per kilocycle deviation, and so for 25 Kc/s deviation Eout — 0.0875 x
25 = 2.19 volts (the lowest deviation frequency in the table should be used to find

Eoui in this case). It is now seen that the value of Eout = 2.19 volts corresponds to

Erei “ 0.28, and so the scale factor is 2.19/0.28 — 7.82. If 7.82 is now multiplied
hy Erei in each case, the column for Eout can be filled in. The complete curve for

Eout versus J/ can now be plotted.

X ^5'
1

E„i ' F o«f

0.2 25 ! 0.28 2.19

0.4 50 0.56 4.38

0.6 75 I 0.84 6.56

0.8 100 1.12 8.76

1.0 125
i

1.36 10.61

1.2 150 1.52 11.9

1.4 175
1

1.6 12.5

1.5 187.5
i

1.62 12.7

1.6 200 1.6 12.5

1.8 225 1.52 11.9

2.0 250 1.31 10.5

(f) It now remains to determine suitable values for the other components in the

circuit of Fig. 27.17.

Cs is for the purpose of connecting the transformer primary to the secondary

centre-tap, and providing isolation of the secondary from the h.t. on the plate of Fj.

A suiuble value is 100 ^/xF. The capacitor should have high insulation resistance.

C4 is a by-pass capacitor ; a value of about 0.01 /xF is usual.

and are made equal, and are generally about 100 000 ohms each.

C* acts as a by-pass for i-f but must not appreciably affect the audio frequency

response. The usual value is about 100 fx^xF.

The de-emphasis network consists of R^ and C*. For 75 microsecond de-emphasis

the nominal values would be 75 000 ohms and 0.001 fxF respectively. If an improved
a.c./d.c. ratio is thought to be necessary then suitable values would be say, 0.25 }AQ
and 300 fx/xF. The grid resistor in the following a-f stage should not be less than

I MI2 if excessive loss in gain is to be avoided. However, the actual values used in a

receiver will generally deviate from these nominal figures if the overall audio frequency

response of the receiver is made to follow the 75 microsecond de-emphasis curve to

15 Kc/s, because of the presence of stray capacitances etc. and in some cases to help

Compensate for the overall a-f response.

To determine Ri :—the transformer primary damping due to a single diode drcuit»

connected as shown, Is Ru/^* For this circuit R^t == R$ = R 4 ^ 100000 <^iins.
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Also, because of the circuit arrangement, Rt and I? « are in parallel. The total damping,
due to diode conduction ciurents in addition to and Rt, is then

»(y) - "1^- ”
If <Ra is not equal to R^, the damping resistance is given by R^/3 and RJ3 in parallel

1 .e.

R^Ra/XR^ + (When /?, == ^4 == Rdc the value Rdc/^ is obtained as

above).

Take the undamped primary Q (written as Qu) as being 100, and neglect the ad-

ditional damping due to the plate resistance of Vi. Then the total damping resistance

(/?) required to obtain a primary Q of 42.8 is

QuQioLi 100 X 42.8 x 2n x 10.7 x 2.5
^ "" Qu~^~Q “ 100 - 42.8

~

- 12,500 Q.

From this

J_2J00_x
“ (16 600 -

To determine R^

:

R3 ~~ Ra “ Rde

16 600

12 500)
- 50«»>»

The transformer secondary damping is given by
- 100 000 17 .

(This follows because the damping across each half of the secondary is R3/2 and
Ra/2 respeaively, and in each case there is a step up, due to the transformer being

centre tapped, of 4 times. From this, across the whole of the transformer secondary

there are two resistances 4R3/2 and \RaI2 in p^allel, and since R^ — Ra ~ Rdc the

above result is obtained immediately).

The total damping resistance (R') required to make Q* = 2i = 42.8 is

R' = 12 500 X 1.77 - 22 100 Q.

From this

_ ^1^ . 100 000
~ (lOd oOO - 22 100)

28 400 Q.

The design of the limiter stage will be discussed in Chapter 29.

(g) Some causes of discriminator unbalance will be mentioned, before leaving this

section, and it is helpful to consider the circuit as a bridge in which unbalance has to be
eliminated. Even when the transformer secondary is centre-tapped accurately, im-
balance can occur because the capacitive coupling between the two halves of the second-
ary winding and the primary winding is not necessarily equal. This calls for care in

the method of arranging the windings. Two methods are in common use. The
first uses a bifilar method with the two halves of the secondary wound side by side.

The second method arranges the secondary into two halves, placed on either side of the
primary winding, and the coupling of both sections, including that due to stray capacit-

ances, is made equal.

Capacitive unt^ance will also occur when the input capacitances of the diodes

are not equal. Suitable arrangement of stray capacitances can often be used to help

in offsetting this effea.

The use of a small capacitance connected across one of the diodes is helpful in re-

ducing capacitive unbalance effects.

Balancing of the conduction resistances of the two diode units is largely outside

the control of the receiver designer, but variation in the value of R^ and Ra can be
made to assist in cases where a very high degree of balance is thought to be necessary.

Additional precautions of this nature are seldom carried out in commercial receivers.

It should be noted in Fig. 27.17 that, if the resistors Rs and Ra are shunted by
two separate capacitors, an additional series resistor or r-f choke will be required be-
tween the junaion of Ra and Rt and the centre tap on L,. Connecting the junction

of R

a

and Ra through a by-pass capacitor to ground would also effectively short-

circuit the i-f primary voltage to groimd, if the additional component is not used
For most circuits the arrangement shown is applicable, since it requires a minimum
of components consistent with satisfactory performance. The alternative arrangement
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is shown in Fig. 27.19. The design procedure to be used is exactly as before, except
that the primary circuit damping due to the diode circuits (the damping is actually

across the r-f choke) will be approximately Rde/4 instead of Rde/^ 1 the secondary
circuit damping is R^c as previously, where Rje — R% = -R4. If a resistor is sub-
stituted for the r-f choke then the circuit damping is again modified depending on
the value of resistance used in the circuit. Considerations leading to the choice of
a suitable value for the inductance of the r-f ciioke will be given in detail in Chapter 29
Sect. 2, in connection with the discussion on a.f.c. discriminators.

It is perhaps worth mentioning that htim due to heater-cathode leakage is some-
times troublesome in discriminator circuits, particularly with miniature diodes, and
a simple and effective cure for this trouble is to make the cathode positive with respect

to the heater. This can be readily effeaed, for example in Fig. 27.19, by connecting
a 10 000 Q resistor by-passed by, say, a 0.01 fiF mica capacitor between the earthy

end of R^ and ground ; the junction of R^ and the 10 000 Q resistor is then connected
to B-f via a scries resistor whose value is selected so that about 10 to 15 volts appears
across the 10 000 Q resistor (which now forms one arm of a voltage divider). In a

typical case the series resistor would be about 0.16 Mf? for a B + of 250 volts.

(iv) Ratio detectors
(A) General
Many of the details given below, regarding ratio detectors, have been uken from

Refs. 34, 35 and 36. Practical experience with several of the arrangements shown
has confirmed much of the data given in the design sections. However, a number of

additional factors will warrant discussion.

The principle underlying many circuits for F-M detection is the peak rectification

of two i-f voltages, the relative amplitudes of which are a funaion of frequency, to-

gether with means for combining the rectified voltages in reversed polarity. The
output is then equal to the difference between the two rectified voltages. This state-

ment is directly applicable to the phase discriminator circuits of Figs. 27.17 and 27.19,

the two i-f voltages being those applied to the diode plates, and the reaified voltages

combined in reversed polarity l^ing those which appear across the load resistors

/?, and R^. The way in which the two i-f voltages, applied to the diode plates, are

dependent on the instantaneous intermediate frequency has been discuss^ in con-

nection with Figs. 27.15 and 27.16. It was mentioned previously that, with the phase

discriminator, changes in the magnitude of the input signal will give rise to amplitude

changes in the resultant output voltage, and the need for some form of amplitude

limiting was emphasized.

In an attempt to eliminate the necessity for a limiter, a ratio type of detector has been

developed from the basic phase discriminator circuit. In this modified circuit the

rectifi^ voltages are split into two parts in such a way that their ratio is proportional

to the ratio of the instantaneous i-f voluges applied to the detector diodes, and the

sum of the two rectified voltages is kept constant. It has been found in this type of

circuit that the useful output voltage, which is proportional to the difference between

the two reaified voltages developed by the diode deteaors, tends to be independent
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of amplitude variatioas superimpoaed on a frequency modulated voluge applied to

the discriminator circuit input terminals.

A basic ratio detector circuit is shown in Fig. 27.20(A). It can be seen that this is

similar to the convendooal phase discriminator but one of the diodes is reversed, and
so the total voltage between the points P and N is equal to the aum of Ei and Ef,

The sum of Ei and is held constant by means of a battery or a large capacitance.

This point will be further discussed as we proceed. The audio output voltage is

taken from the junction of and C7 and is equal to (Ei — Ft)/2. The
voltage output with frequency change is seen from Fig. 27.20(B) to be similar to that

for a oonvendcnal discriminator circuit.

The sum voltage (F^ + Ft) can be stabilized by using either a battery or by shunt-

ing a large capacitance across the load resistors Ft and F4. A battery would limit

the operadon in such a way that the input signal would need to be at least strong

enough to overcome the bias due to the battery voltage. A better solution is to

use a o^Nuitor, since the voltage across it will vary in propordon to the average signal

amplitude and thus automadcally adjust itself to the opdmum operating level. This
allows amplitude rejecdon to be secured for a wide range of input signal voltages, the

lowest usdul signal being determined by the ability of the diode recdfiers to conduct

with small input voltages.

When a capadtor is used to stabilize the recdfied output voltage its capacitance

must be sufficiently liuge so that the sum of Ei + F, carmot vary at an audio frequency

rate. This calls for a time constant in the circuit made up from Ft, F4 and the

addidonal capacitance C of about 0.2 seconds. The effects of C| and Cj on the time
constant can be neglected, since the value of the capacitance C will be of the order

of microfarads (usually about 8/aF).

w

(“)

riC^7-20 (a) basic circuit or ratio OeTCCTOR.
(b) TTPICAt OUTPUT CURVE.
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LOMA. TO RECTIFIED OUTPUT WHEN

€.€o
riC.27-21 RATIO DETECTOR CIRCUIT SHOWING CONDITIONS FOR DIFFERENT ' SIGNAL

INPUT VOLTAGES.

It is worth noting that the a.v.c. voltages available from ratio detector circuits have
values which are not alwairs directly suitable for application to controlled stages.

Some form of voltage divider arrangement is often necessary to obtain suitable volt-

ages for securing the desired a.v.c. characteristic.

(B) Openitioii

A brief qualitative description of the operation of the ratio detector will be given
here. A complete quantitative analysis has not been made, although many of the

significant faaors have been investigated (see Refs. 34, 35 and 36).

Fig. 27.21 shows the same basic circuit as Fig. 27.20(A), rearranged in a more
convenient form for discussion. The main details of operadoo are also indicated,

and show what happens in the circuit when the amplitude of the signal input voltage

changes. For the case (A) where the amplitude of the signal input voltage is con-
stant, the stabilizing current is zero and the circuit has essentially the same ouq>ut
charaaeristic as a phase discriminator. When the signal amplitude increases (B),

the average diode current also increases, and resultant direa current flows into the

stabilizing voltage source (i.e. the battery is being charged). From this since Ei +
remains constant, it is seen that the effective diode load resistance must decrease

and so the primary and secondary circuits are more heavily damped than for the case

(A) where the input voltage has a fixed value. The increased damping on the trans-

former circuits will tend to offset the increase in the amplitude of the input voltage,

and so the output voltage will also tend to be constant.

Similarly, when the signal amplitude decreases—case (C)—the stabilizing vditage

source supplies additional current (i.e. the battery is being discharged) to aS&et die

reduedon in diode current, so as to maintain Ei + Et constant ; the effective diode

load resistance is now increased, and so the circuit damping is reduced.

From this it it teen that ttabilizing the rectified voltage results in the equivalent

load resistance varying in such a way at to offset changes in the amplitude of^ signal

input voltage. It also follows that there must be optimum circuit conditions whidi
will allow the undesired amplitude variations to be ofEiet most efiectively (althou^
these conditions are not necessarily the same for all input vohages). The conditions

for obtaining the most .satisfactory operation will be summarized htkm wixa dis-

cussing the design of the ratio detector.
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(C) Types ef circuit

There are two types of ratio detector circuit in common use. The first of these is

the so called balanced circuit and is illustrated by Fig. 27.22. At first glance this

does not seem to be the same as the basic circuit previously discussed. However,

if the tertiary winding is considered as Li for the moment (its presence will be ex-

plained presently), and it is taken that C« has a high reactance at audio frequencies

and negligible reactance at i-f, then a simple re-arrangement of the circuit will show
that it is the same as that of Figs. 27.20 ^d 27.21. Whether the junction of Cj
and C7 is connected to ground, as shown in Fig. 27.22, or is connected from the

junction of C5 smd C7 to the junction of and as would be expected (since C%
is part of the au^o load circuit) is tmhnportant, as can be seen by redrawing the cir-

cuit. C is the stabilizing capacitor.

The second type of circuit in common use is the unbalanced arrangement of Fig.

27.23. The operation is similar to the balanced arrangement but it obviously cannot

be redrawn directly imo a balanced arrangement. The A-M rejection is the same
whether the centre-tap ofR 3 and R^ot any point along the load is grounded, provided

that the stabilizing capacitor can hold the voltage across its terminals constant. This
condition is not easily met, however, at very low audio frequencies because very long

time constants for the diode load circuit have undesirable effects when the receiver

is being tuned.

In general the balanced circuit will give better amplitude rejection at low frequencies

than the unbalanced arrangement, when the time constants of the two circuits are the

same.
Additional advantages of the balanced ratio detector are that the ratio of a.v.c.

voltage to audio voltage is comparable with that obtained in conventional A-M de-

tector circuits, and also a voltage is available which is zero at the centre frequency

and can be used for aJ.c. purposes if so desired.

The presence of the tertiary winding in the discriminator transformer is readily

understood when it is considered that it provides a simple method of tapping down
on the transformer primary without the use of blocking capacitors and a choke, and
at the same time allows the overall sensitivity of the detector to be increased by per-

mitting a high primary circuit dynamic impedance. This is panicularly helpful since

the value of the total diode load resistance is generally small (usually less than 50 000
ohms total).

Because of the low value of load resistance it should be clear that high detection

efficiencies are not easy to obtain, and so high perveance diodes are of considerable

assistance in this regard because their internal impedance will be comparatively small.

However, it is often found that high perveance diodes are more susceptible to hum
pick-up than the medium perveance types and so are not necessarily the best choice

in all circuits.

Before leaving this section an additional point of interest will be discussed. In

Fig. 27.24 are shown typical curves of output voltage against signal input voluge for

a ratio detector. It can be seen from these curves that the output is not constant

with input voltage for a given frequency deviation. This effea can be offset to a

large extent by using the valve preceding the ratio deteaor as a panial limiter. For
weak signals the driver valve can be tised as a straight voluge amplifier, but if a grid

resistor and capacitor are included which have a fairly short time constant (say 10
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microseconds or so) they can be used to derive a bias voltage for the grid of the valve

,

when the signal exeteds some pre^determined level, and the valve can then be used
to provide a de^ee of limiting. In this way the use of an additional valve is still

avoided, since most ratio detectors operate satisfactorily with as little as 10 millivolts
(or less) applied to the grid of the driver valve, but the advantages of additional am-
plitude limiting can be obtained on strong signals. Of course, satisfaaory results

are obtainable with a ratio detcaor alone and the application of a.v.c. bias to the
earlier stages is helpful but improvement is possible with the arrangement suggested,
and with very little additional trouble. With the partial limiter arrangement a.v.c.

is sometimes applied to the first i-f voltage amplifier, the a.v.c. bias being derived from
the ratio detector circuit as indicated in Figs. 27.22 and 27.23. Some receiver manu-
facturers do not use a.v.c. at all, but use suitable grid resistor-capacitor arrangements
wim both i-f valves to provide additional bias when the signal is sufficiently large.

Some care is necesss^ with the limiter arrangements, since detuning of the i-f trans-
former can have adverse dfeas particularly with some types of noise interference.
This point received consideration in Chapter 26 when the design of the F-M i-f

transformers was beine discussed.

o-^boiooccd Typ« of Rot'O Oetteto' fiC. 37.24 TypiMl Input-Ogtput >tolro9t Curvet

for Rot>o Detector

(D) Design considerations
The data given below are quite general, but the circuit constants suggested are

based on a centre frequency of about 10.7 Mc/s and a peak separation of approxi-
mately 350 Kc/s. Most of the information which follows (with certain modifica-
tions) is taken from Ref. 34, where a more detailed explanation is available.

Diode characteristics

Good ratio detector performance can be obtained with either high perveance diodes
such as type 6AL5, or medium-perveance diodes such as type 6H6.
The circuits used will differ with high and medium perveance diodes in the extent

to which the rectified output voltage is held constant. They will also differ with
respect to the compensation used to minimize the residual unbalanced component
of amplitude modulation in the output. The unbalance is brought about by secondary
transformer detuning effects caused by input reactance variations due to the diodes.
The magnitude of the effect is generally less for diodes having lower perveance.

Because the diode rectification efficiency, and hence the diode circuit loading,
varies with signal level, optimum A-M rejection is obtained for a particular input
voltage. The level at which optimum A-M rejection is obtained can be altered by
varying the circuit constants, panicularly the fraction of the total reaified voltage
which is stabilized, or the ratio of secondary and tertiary voltages.

Secondary inductance
The secondary L/C ratio should be as high as possible consistent with circuit

stability. This suggests capacitance values from 25-70 Also, the secondary

Q should be as high as possible, depending on the required peak separation. Suit-
able Q values arc 75 to 150, with the higher values giving improved sensitivity, for
a given A-M rejection, but less peak separation.

Load rcaUtors
The value R of the diode load resistors is generally selected to reduce the operating

secondary circuit Q to a value of approximately one-fourth or less of its imloaded
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value. Smaller values for R will increase the ,downward modulation handling capa-

bilities of the detector^ but will also reduce its sensitivity.

Primary L/C ratio and Q
The primary L/C ratio should be as large as possible to increase the sensitivity.

The limiting factor is the maximum stable gain between the grid and plate of the ratio

detector driver valve (i.e. the last i-f valve.preceding the detector). When determin-

ing the maximum gain it should be remembered that the gain may increase during

downward amplitude modulation, particularly on either side of the centre frequency.

If the primary Q is high enou^ so that the operating Q is determined mainly by
the diode loading, the grid-plate gain will rise during the A-M cycle. This is advan-

tageous since it increases the ability of the detector to reject downward modulation.

The primary Q is made as high as possible consistent with peak separation and stable

gain requirements.

Coupli^
The value of coupling used, together with the number of turns in the tertiary wind-

ing, is the principal factor in determining the ratio of the tertiary voltage to the half

secondary voltage. This ratio should always be close to unity. The coupling is

generally adjusted to half critical in the actual circuit, since the degree of coupling is

dependrat on the other circuit component values and these are selected before the

coupling is finally set to the desired amoimt.

TertUury inductnnce
The number of turns on the tertiary winding is adjusted so that the required ratio

of tertiary voltage to half secondary voltage is obtained (see imder Coupling).

Reducing unbnlanced A-M component
There will always be some residual amplitude modulation in the detector output

because of the variation in the effective diode input capacitance during the A-M cycle,

and because of the unbalance introduced by the transformer and other circuit com-
ponents. Several methods are useful in overcoming this effect. One is to vary the

effective centre-tap on the secondary winding (this method is shown in Fig. 27.26)

and another is to make the resistors and R^ shown in Fig. 27.25 unequal. In

addition a resistor R^ is used in series with the tertiary winding (see Fig. 27.25) to

modify the peak diode currents, which has the effect of appreciably reducing the un-
balanced A-M compcment particularly at high input voluges. The methods using

resistors to reduce unbalance also reduce the detector sensitivity.

The reduction of unbalance effects is carried out by observing the condition for

minimum A-M output when a signal which is simultaneously amplitude and frequency

modulated is applied to the detector.

Time constant of stabilizing voltage
The discharge time constant of the stabilizing capacitance and the load resistance

should be about 0.2 second. Larger time constants will give better amplitude re-

jection when the tmdesired modulating frequency is low, but have undesirable effects

on the tuning. The tuning effect is similar to that given by an ordinary A-M receiver

when the a.v.c. time constant is too long.

Experimenu with the time constant of this circuit give some interesting effects.

If the stabilizing capacitance is made very large, say 100 fiF or so, and the receiver is

tuned rapidly across a signal, it will be found that the point of maximum output is

very easily determined, and there is no effect from the usual side responses. When
the receiver is detuned the noise level rises, as the capacitor discharges, and the side

responses again become evident until the receiver has been tuned once through the

point of maximum output.

Addldonnl details

It is not particularly easy to achieve a good balance with the ratio detector circuit,

and usually more care is required in this respect than with the conventional phase
discriminator. However, the better the balance obuined the better will be the

rejection of undesired amplitude modulation.

Although the side responses are normally well down on the response at the main
tuning point, with this type of circuit, considerable improvement has been noticed
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when the bandwidth of the discriminator is fairly large (say 300 to 400 Kc/s) and the

i-f response is such as to give steep sides to the overall selcaivity curve. With re-

ceivers using two i-f transformers (each critically-coupled and both having primary
and secondary Q*s of about 75) the side responses are still sufficiently large to be notice-

able, although they are 12-15 db down on the main tuning position. Receivers using

three transformers (each critically-coupled and having Q’s of about 70) give a very

marked improvement, and the two undesired side responses can only be found after

careful searching. If the transformers are made more selective the side responses

are reduced, but the additional non-linear distortion introduced by the nmed circuits

may no longer be negligible, as can be determined from the data given in Chapter 26.

Further, the amount of amplitude modulation on a carrier goes up as the selectivity

of the transformers is increased, and this undesired A-M has to 1^ removed by the

ratio deteaor thereby reducing its effectiveness to other undesired external noise.

Even in the case of the receiver with only two i-f transformers, the undesired side

responses are very much less noticeable than with receivers using the usual limiter

and discriminator combination

(E) Pracdcml circuits

Two circuits which have been constructed and tested under working conditions

are shown in Figs. 27.25 and 27.26. The intermediate frequency is 10.7 Mc/s
Constructional details and performance data can be found in Refs. 34 and 37.

De-emphasis is obtained in the circuit of Fig. 27.26 by adjusting the value of the

capacitor marked C^. The time constant (0.4 second) of the diode load circuit is

about twice as long as that previously recommended for typical cases, but the per-

formance is quite good, and, as suggested in Ref. 37, the individual designer can set

the constants to suit his own requirements.

The secondary winding for the circuit of Fig, 27.25 is a bifilar arrangement, while

that of Fig. 27.26 has the secondary split into two sections placed on either side of

the primary. In the latter case slug tuning is used for one half of the secondary so

that the effective centre top can be sef to any desired position.
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(F) Measurements on ratio detectors
Primary and secondary Q’s

To measure the unloaded primary Q, the double diode valve is removed from its

socket and the secondary is detuned. The primary Q is then determined by the

selectivity of the primary timed circuit. The loaded primary Q is measured in the

same way but with the double-diode valve in the circuit.

To measure the secondary Q the primary is heavily loaded by a shunt resistor.

The secondary Q is then determined from 'the selectivity of the secondary winding
as indicated by the rectified voltage variation with frequency. When measuring the

unloaded secondary Q, the diode load resistance should be replaced by a resistance

of about one megohm. When measuring the loaded secondary Q, the normal load

resistors should be used. For these measurements the centre-tap of the secondary

winding should be disconnected from the tertiary winding, to prevent the tertiary

voltage from contributing to the reaified voltage.

Coupling
The percentage of critical-coupling can be measured by noting the change in prim-

ary voltage as the secondary is varied from a tuned to a deumed condition. With all

circuit conditions normal, and the signal input voltage set to the intermediate fre-

quency, the primary voltage (£,) is noted. With the same input signal level, the

secondary is detuned so that the primary voltage rises to Fj. The percentage of

critical-coupling can then be expressed in terms of the ratio between the primary
voltage with the secondary detuned and tuned using the relationship

For example, if the signal voltage at the plate rises 25 per cent. (i.e. 1.25 F,)

when the secondary is detuned, the coupling is 50 per cent of critical.

The ratio between the secondary and tertiary voltages can be measured indirectly

in terms of the rectified output voltage which is obtained (a) with the secondary tuned
and (b) with the secondary detuned. In both cases the input signal is adjusted so

that the primary voltage remains constant. If the ratio between the voltages read in

(a) and (b) is r, that is if

Rectified voltage (tuned secondary)
^ Reaified voltage (detuned secondary)

S --7—

r

then p
- y/r^ — 1

where 5 = half secondary voltage at centre frequency

P “ primary (i.e. tertiary) voltage effective in the diode circuit at the

centre frequency.

The ratio 5/P is usually made equal to unity.

Signal generator
It is convenient to have available a signal generator of good quality capable of

being simultaneously frequency and amplitude modulated. Undesired amplitude
and frequency modulation should not be present in the generator output.

Alignment procedure
The ratio daeaor may be aligned by using either an unmodulated signal set to

the centre frequency and a d.c. vacuum-tube voltmeter, or by using a F-M signal

generator and an oscillograph

If an unmodulated signal generator is used, the procedure is to set the signal to the

intermediate frequency, and with the d.c. vacuum-tube voltmeter conneaed to measure
the rectified output voltage (this is usually the a.v.c. take-off point), the primary
tuning being adjusted for maximum voltage output.

The procedure used for adjusting the secondary tuning depends upon whether the

centre-up of the subilizing voltage is earthed or whether one end is earthed. If

the centre-up is earthed, the secondary tuning is adjusted so that the d c. voltage at

the audio uke-off point is equal to zero ; the d.c. vacuum-tube voltmeter is shifted

to the audio4ake-off point for this measurement. If the deteaor is of the unbalanced
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type the secondary tuning is adjusted so that the d.c. voltage at the audio take>off

point is equal to half the total rectified voltage. As an alternative an amplitude

modulated signal can be used> the primary trimmer is adjusted for maximum d.c.

output voltage and the secondary trimmer adjusted to give minimum audio output

;

the residual output is measured in the conventional manner. Circuit imbalance is

indicated if the two methods do not give the same secondary trimmer setting.

If sweep alignment is used, the primary can be accurately aligned by using a com-
paratively low deviation, and adjusting the primary trimmer for the maximum am-
plitude of output voltage. The secondary may be adjusted by using a deviation such

that the total frequency swing (twice the deviation) is equal to the peak separation.

This procedure makes it possible to adjust the secondary tuning so that a symmetrical

detector characteristic is obtained.

Peak separation

The separation between the peaks on the F-M output characteristic of a ratio de-

tector may be measured by applying a frequency modulated signal and increasing the

deviation until the response is just observed to flatten at the peaks. When this is

done, the peak separation is equal to twice the deviation.

If an attempt is made to measure the peak separation by plotting the output charac-

teristic point by point, the peak separation obtained will usually be considerably less

than that obtained under dynamic conditions with the output voltage stabilized. The
F-M detector characteristic may be plotted point by point provided a battery of the

proper volttge is connected across the stabilizing capacitor. The voltage of this

battery must be equal to the rectified voltage which exists at the centre frequency.

In practice it is convenient to use a 7.5 volt C ** battery and to adjust the signal

input so that the capacitor-stabilized voltage at the centre frequency is equal to the

battery voltage.

It is worth noting that the peak separation is not constant for all values of input

voltage, and measurements should be made for several representative voltages of the

magnitude likely to be encountered under practical conditions of reception. The
peak separation is wider for larger input voltages, as a result of the increased diode

loading on the tuned circuits. Similarly the peak separation is less for smaller input

voltages because of reduced circuit damping.

Mcnaarement of A-M rejecdoii

The measurement of A-M rejection can be carried out using a signal generator

which can be simultaneously frequency and amplitude modulated.

Ref. 34 shows a number of the typical wedge-shaped patterns which are obtained

when visual methods are used for determining the amplitude modulation present

in the audio output. A pattern of the type to be expected is shown in Fig. 27.27.

The measurement of the A-M rejection

of a ratio detector can be described in terms

of the pattern obtained for a given frequency

deviation and a given percentage of amplitude

modulation.

The measurements should be made for

several different values of input voltage.

Ideally the pattern obtained should be a

diagonal line regardless of the presence of

amplitude modulation. The amount by

which the pattern depans from a straight

line indicates the extent to which the de-

tector fails to reject amplitude modulation.

To measure A-M rejection with a genera-

tor which can only be frequency modulated

the procedure is as follows. A frequency

modulated signal fully deviated (db 75 Kc/s
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in the usual case) is applied, and a battery of which the voltage is equal to the rectified

output is shun^ across the stabilizing capacitor. The magnitude of the input

signal is now reduced until the output becomes distorted as a result of the diodes

being biased by the stabilizing voltage, and finally the F-M output drops to zero.

The ratio between the initial input sigmd and the minimum input signal for which
the F-M output becomes distorted is then a measure of the amount of downward
modulation that the detector can reject. Fof example if the voltage ratio is r, then the

percentage of downward amplitude modulation which can be handled is 100 (r — l)/r.

To determine the rejection of the detector for upward amplitude modulation the

same set-up is used and the change in output is noted as the input signal is increased.

3inoe the amplitude of the input signal is not varied dynamically, this method will

not indicate any unbalanced component which may be present in the output. The
latter is more conveniently measured using simultaneous F-M and A-M as discussed

previously.

Another method which can be applied to measure the amplitude rejection pro-

perties of any t3n?c of deteaor for different signal input voltages may be worth dis-

cussing. The input signal is simultaneously frequency and amplitude modulated.

Any audio modulating frequencies can be selected which are not harmonically related,

and suitable values are say 400 c/s for F-M and 30 c/s for A-M. The percentage

A-M can be ukcn as 30% (or any value desired) and the deviation as ± 22.5 Kc/s
(or any other value). The ratio of the xiesired and undesired audio outputs can then

be measured on a frequency selective voltmeter such as a wave analyser. Measure-
ments can be made at the centre frequency to indicate residual A-M, and for various

frequencies off the centre frequency to determine the rejection capabilities of the

detection system under operating conditions ; e.g. those which occur when oscillator

and other frequency drift occurs Low audio frequencies are preferable for this

test (and also for the previous methods), particularly with ratio detectors, since the

aiiQ)litude rejecdcm is least for this condition. Tests on a number of ratio deteaors

have indicated similar performance when high audio modulating frequencies are

used, but considerable variation occurs in the amount of amplitude rejection obtained

for the lower audio frequencies using balanced and unbalanced circuits. This is

readily understood when the function of the subilizing capacitor is considered.

Standard test procedures have been devised for F-M receivers, and standard methods
for evaluating the degree of A-M rejeaion, downward modulation handling capability,

and the effects of mistuning are described in Chapter 37.

Non-Unear diatordon
Distortion measurements are usually quite diffictilt to carry out with any degree of

accuracy because of the inherent non-linear distortion present in the signal source

and test equipment. Tests on typical F-M receivers using limiter-discriminator

combinations and ratio deteaors have baen made, using the low power suges of a

F-M broadcast transmitter as the signal source. The non-linear distortion in the

transmitter signal was less than 0.5% for frequencies from 100 c/s to 15 Kc/s, and
less than 1% from 30 to 100 c/s ; the frequency deviation was set to ± 75 Kc/s in

all cases.

Both types of receiver indicated a measured overall distortion of the order of 2 to

2.5% in the frequency range 100 c/s to 7.5 Kc/s, 3 to 5% at 50 c/s and 5% at 15 Kc^
although this laner case was a visual check only. Above 10 Kc/s the non-linear

distordon with ratio deteaor receivers is generally somewhat higher than with limiter-

discriminator receivers. The input in all cases was approximately 100 ixV and the

output was adjusted to 0.5 watt. The test frequency was 97.2 Mc/s and the i-f of

all receivers was 10.7 Mc/s. The measured distortion for the a-f amplifier alone was
0.5% for the range 100 c/s to 7.5 Kc/s and 2% at 50 c/s ; above 7.5 Kc/s, observa-

tion was made using an oscillograph and as there was no visible distortion it was as-

sumed that distordon was less than 3%.

The non-linear distordon is increased with rado deteaor receivers when the magni-
tude of die input voltage is made very large. With the other type of receiver the input
signal mutt* be sufficiently large to ensure satisfiuxory limiter qperation. Receivers
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using a combination of partial limiting and a ratio detector give excellent results for a

wide range of signal input voltages, and do not require extra valves.

The test conditions used are very severe, as it is unlikely that a 15 Kc/s audio signal

will cause 75 Kc/s deviation ; although it should not be overlooked that pre-emphasis

in the transmitter will cause a 15 Kc/s modulating signal to be increased in magnitude

by about 17 db. Listening tests indicate that excellent results are obtainable with

any of the receiver arrangements. It will be appreciated that the possibility of errors

in the distortion measurements are very large, and the results are given to serve as an
indication of the magnitude of the distortion to be expected with typical F-M receivers

which do not include elaborate design features, but conform to good engineering

practice.

SECTION 3 : AUTOMATIC VOLUME CONTROL
(i) Introduction (it) Simple a.v.c. (iVi) Delayed a.v.c. (iv) Methods of feed

(a) Series feed (b) Parallel feed (v) Typical circuits (vi) A.V.C. application (vii)

Amplified a.v.c. (viii) Audio a.v.c. (ix) Modulation rise (x) A.V.C. with battery

valves (xi) Special case with simple a.v.c. (xii) The a.v.c. filter and its time constants

(xiii) A.V.C. characteristics (xiv) An improved form of a.v.c. characteristic (xv)

Design methods.

(i) Introduction
Automatic volume control is a device which automatically varies the total ampli-

fication of the signal in a radio receiver with changing strength of the received signal

carrier wave. In practice the usual arrangement is to employ valves leaving “ remote

cut-off*’ or “ variable-mu ” grids and to apply to them a bias which is a function of

the strength of the carrier

From the definition given, it would be correctly inferred that a more exact term to

describe the system would be automatic gain control (a.g.c.). The older term a.v.c.

has been reuined here as the name is not likely to lead to any confusion, and is widely

used throughout the radio industry.

(ii) Simple a.v.c.

In order to obtain simple a.v.c. it is only necessary to add resistor Ri^U^jf^ilMicitor

Ci to the ordinary diode detector circuit shown in Fig. 27.28. In any detector

there is developed across the load resistor (Ri and in scries) a voltage which is

proportional to the strength of the carrier voltage at the diode. The diode plate end

of the load resistor is negative with respect to earth (Fig. 27.28) and therefore a nega-

tive a.v.c voltage is applied to the controlled grids. R^ and C4 form a filter to remove

the a-f component and any residual i-f and leave only the direct component of voltage.

Since a capacitor in series with a

resistor takes a finite time to charge

or discharge, the a.v.c. filter circuit

has a “ time constant.” The time
constant of R^ and C4 is equal to

/{4C4. For example, if R^ is 1 meg-
ohm and C4 is 0.25 microfarad the

time constant will be 0.25 second.

In this circuit the time constant is

also influenced by Ri during charge
and by R^ during discharge, but since

Ri is small compared with it will be
sufficiently close for practical purposes
to regard R4C4 as giving the time
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constant during charge^ and as the time constant during discharge.

It is seen that the char^ time constant is shorter than the discharge time constant.

Time constants in a.v.c. circuits will be discussed in detail in (zii) below.

For 100% rectification efficiency the a.v.c. voltage would equal the peak i-f voltage

applied to the diode. Because of losses the a.v.c. voltage is alwa3r8 somewhat less

than the peak carrier voltage (this is readily seen from Figs. 27.5 and 27.6), and since,

in general, a higher voltage is required for the a.v.c. than for detection, this will be a

limitation to the use of simple a.v.c.

The design of the i-f transformer to couple the i>f voltage into the diode circuit is

quite straightforward. The damping to be expected across the windings due to the

diode circuits has already been ffiscussed in Sea. l(i)Cc of this chapter. Methods
of i-f transformer design are detailed in Chapter 26.

In the circuit of Fig. 27.28 the d.c. diode load consists of Ri and R^ in series, Ri
being used in conjunction with capacitors Ci and Ca to form a filter to prevent the

major part of the undesired i-f voltages from appearing aaoss R^ The volume
control is Rt in this circuit, and the advantages and disadvantages of using the control

in this position were discussed in Sea. l(i)Dc above. At audio frequencies R^ is

shunted by R^ and by Rt when the setting for Rt is at the maximum. It follows that

the diode load for a.c. is considerably different from that for d.c., and, as previously

discussed in Sea. l(i), considerable non-linear distortion of the a-f output will result

when the modulation percentage is hi^h. R^ and C4 will substantially remove all

audio frequency variations from the a.v.c. bias applied to the controlled suges, as well

as any residual i-f voltages which may be present aaoss

Fig. 27.28 shows R^ conneaed to the junaion of Ri and Rt^ but in some cases Rt
is conneaed to the top of Ri. This latter arrangement will give a slightly higher

a.v.c. voltage, the amount depending on the size of Ri, but the amount of i-f filtering

for the controlled stages is reduced. With the usual component values it is not very

important which arrangement is used.

Owing to the effeas of contaa potential in the diode, together with rectification

due to unavoidable noise voltages, there is a voltage developed across Rt even with

no carrier input. Even with a weak carrier input this voltage is inaeased. Conse-
quendy it will be seen that with the weakest carrier likely to be received there is an
appreciable negative voltage applied to the controlled grids. If no means were uken
to compensate for this, the overall sensitivity of the receiver would be deaeased.
CQnipeD|d|fe^or the iniual standing bias, before a carrier is received, can be carried

a lower minimum negative bias to the controlled stages. However,
a v^^^^^^Bvantage of simple a.v.c. is now apparent in that the sensitivity of the

receiver n^BRrease as soon as a carrier is received. To overcome the loss in sensi-

tivity on weak signals a delayed a.v.c. system is used and this gives very much improved
control.

A special case of the effects of contaa potential with zero bias valves is wonh noting

before leaving this seaion. Suppose a negative bias voltage exists between the grids

and cathodes of the controlled valvf^ due to positive grid current. This current can
be sufficienUy large to cause an appreciable negative bias Voltage to appear aaoss the

resistance common to the con^olled stages and the deteaor, and so give rise to a

negadve bias voltage between plate and cathode of the diode. Under this condition,

if simple a v.c. is being used, there will be ho output from the receiver until the signal

is suf^ently large to overcome this delay bias on the deteaor. If a separate diode is

used for a.v.c. the effea will be to inaease the delay bias. Typical examples of the

effea have occurred in practice with type 1P5-GT voluge amplifiers used in con-

junction with the diode seaion of a type 1H5-GT. An obvious remedy is to apply a

small positive bias voltage to the dio^ plate, but the grid current can often 1^ ap-

preciably reduced by increasing the saeen voltage.

(iii) Delayed a«v.c.

llie ^Vdelay ” in delayed a.v.c. refers to voltage delay, not time delay. A delayed
a.v.c. systeoris one which does not come into operation (i.e. it is delayed) until the
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carrier strength reaches a pre-determined level. The result is that no a.v.c. voltage

is applied to the grids of the controlled stages until a certain carrier strength is reached^

and the receiver will have its maximum sensitivity for signals with an amplitude below
this pre-determined level.

The circuit used for delayed a.v.c. also makes possible improved rectification

efficiency in the a.v.c. circuity thus producing slightly greater a.v.c. voltage for the

same peak diode voltage. This is due to the higher value of a.v.c. diode load resistance

{R, in Fig. 27.29) permissible in this circuit. With the a.v.c. arrangement shown the

a.c. loading on the detector circuit is reduced when compared with the arrangement of

Fig. 27.28 and this reduces the distortion of the audio output voltage. Some non-
linear distonion of the modulation envelope does occur at the primary of the trans-

former but this is considerably less than that introduced when the a.v.c. voltage is

obtained from the secondary circuit. In addition, the overall selectivity up to the

primary of the i-f transformer is less than that at the secondary, and the a.v.c. will

start to operate further from the carrier frequency than if fed from the secondary.

The advantage here is that the tendency to give shrill reproduaion is reduced as the

receiver is detuned from a carrier.

Differential distortion, caused by variable damping of the a.v.c. diod^M^di^t,
is frequently mentioned as an inherent disadvantage of delayed a v.c.^^^B||^he
distortion which is introduced when the diode bias line cuts the modu
Careful measurements have shown that the additional distortion just as

the a.v.c. diode starts to conduct is quite small provided that the delay voltage is

small and the average depth of modulation is not large (say 50% or so). With a delay

voltage (F^,, Fig. 27.29) of 3 volts the total harmonic distortion was found to increase

from an average level of about 2.5% to a peak of 4%. Not only is the amount of

distortion fairly small, with the usual depth of modulation, but it only occurs over a

limited range of input signals, which, with a smflll delay voltage such as 3 volts or

less, occurs at such weak signal strengths as to be rel^vely unimportant. However
with 100% modulation this type of distortion will always occur. Of course, when the

input voltage is too small for the a.v.c. diode to conduct there is no distortion. From
the evidence available, it appears that the effect of differential distortion is a com-
paratively minor one when the circuit is correctly designed, and a small delay voltage

is used. Detailed discussion of the distortion produced by delayed a.v.c. can be

found in Refs. 44 (p. 189) and 46.

If it is desired to apply full a.v.c. voltage to certain controlled stages and a fractional

part only to another stage, this may be done by tapping R, at a suiuble point and by
adding a filter circuit similar to that made up from R^ and C4 .

Staggering* of the a.v.c. is sometimes advantageous, as a considerable improvement

in signal-to-noise ratio is often possible by controlling mainly the i-f amplifier valves.

Hy ofthg>.v.c. ii meant the api^ication of different values of a.v.c. voltage to various staget.
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However, in some cases this leads to difficulties^with cross modulation. When cross

modulation is a serious problem it is preferable to control the r-f amplifier valves

fully. Often no great care is uken with broadcast receivers in the method of appl3dng
a.v.c. With high quality communications receivers precautions are necessary, and
it is helpful if the r-f and i-f valves to be controlled by a.v.c. can be selected by the

operator. In this way optimum performance can be obtained under all conditions.

The usual arrangement, however, is to design an a.v.c. system with compromise
characteristics and fit manual switching for the selection of suitable time constants.

The signal-to-noise ratio of the receiver should be measured when the a.v.c. charac-

teristic is being determined, to ensure that the performance of the receiver is not

seriously impaired when the signal input voltage is increased. Cross modulation
tests are also necessary when the receiver performance is being determined. Further

discussion of these problems can be found in Ref. 43 (pages 169 and 179). A dual

a.v.c. system which has interesting possibilities is described in Ref. 50. Further dis-

cussion on a.v.c. and noise is given in Chapter 35 Sect. 3(i).

When a duo-diode triode (or pentode) valve is used with cathode bias, the value of

the bias is usually between 2 and 3 volts. Such a voltage is suitable for use as a.v.c.

delay bias ; a very simple arrangement is possible by returning Rj to earth as shown
in Fig. 27.34. Alteration of the delay bias because of the presence of conuct potentials

must be considered, and this effect has already been discussed in (ii) above.

A circuit which eliminates difierentiaf distortion, even with large delay voltages

and high modulation levels, is shown in Fig. 27.38B. Signal detection and a.v.c.

detection are carried out as before, but a diode, D,, and the three resistors Rt,

and Rio are also used. R, and Rio form a voltage divider from B + to ground, the

junction of these resistors and Rg having a potential of, say, 4-50 volts. Typical

values for Rg and Rg could be 1 megohm and 5 megohms respectively, and it be
seen that Rg and Rg form a voltage divider between -f 50 volts and the source of
a.v.c. potential.

The operation of the circuit can be explained most simply if the diode Dg is ignored

initially. Under these conditions, with no signal input to the receiver, point X will

be praaicaliy at ground potential since there will be no i-f input to the diode Dg and
the voltage at Y will be approximately

+ 50 X p ^ - - + 8-1/3 volts.

Now ^iinymc^sing signal is applied to the input of the receiver, the available a.v.c.

voltage increase, and when this voltage reaches — 10 volts, the potential across

the volta^ didder RgRg will be 50 — (— 10) volts, and the potential at Y will be

-10 + (50 + 10) b- = 0 voltt.
*r Rg

A still larger voltage of —40 volts at X will give at Y

-40 + (50 + 40) o = - 25 voltt
/vg -f- /Cg

Thus in the absence of the diode Dg, point Y would have a potential with respect

to ground which was positive in the absence of a signal and became less positive, zero

and then more negative progressively as the signal input increased.

However the diode Dg modifies this voluge variation by conducting whenever
point Y tends to become positive. The result is that under no signal and small signal

conditions point Y, from which a.v.c. is applied, is substantially at grotmd potential

but as the signal input increases above some critical value, Y Incomes progressively

more negative. Thus the requirements of delayed a.v.c. have been met, although
the loading of the diode Dg on the primary tuned circuit is near enough to being con-

stant whether a.v.c. is being applied or not.

After the delay has been overcome, the increase in negative potential at Y is not so
rapid as the increase at X, the ratio being the same as that of tlie voltage divider formed



27J (iii) DELAYED A.V.C. 1109

by and R%. However by using a large value of resistance for Rg and a high positive

voltage the ratio can be made as close to unity as required by any praaical considera-

tions.

The cost of the resistors Rg and Rio can often be avoided by using a source such
as the screen of a valve which has no a.v.c. applied, or a voltage divider'used for some
other purpose, for the positive potential. To save the cost of a valve having an ad-

ditional diode for Dg it is quite possible to use the signal diode Di as the source of

a.v c. voltages, and Dg as the ** sinking *’ diode. Alternatively Di and Dg can be used
as in Fig. 27.38B and the suppressor grid of say the i-f amplifier can be used as Dg,
although in this case with no signal applied the a.v.c. line will take up the potential

of the cathode of the i-f valve.

This method of providing delay either to the first suges or to all controlled stages

of a receiver is of course equally applicable whether manual or automatic volume
control is used

(iv) Methods of feed
TTie a.v.c. voltage may beM through the secondary of the r.f. transformer to the

grid of the valve (sometimes called “ Series Feed **) or directly to the grid (some-
times called ** Shunt or Parallel Feed ”)• the latter case it is necessary to use a

blocking capacitor between the top of the timed circuit and the grid to avoid short-

circuiting the a.v.c. voltage to ground through the comparatively low resistance of
the tuned-drcult inductor. Actually the second term is a misnomer, since either

circuit arrangement leads to the r-f and d.c. bias voltages being applied, effectively,

in series with one another between grid and cathode of the controlled valve. This
may not be immediately obvious in the case of so called ** parallel feed,” but can be
readily seen by drawing an equivalent circuit consisting of a r-f voltage generator in

series with a capacitor and in parallel with these a resistor in series with a battery.

The capacitor charges to some value q because of the battery, and the r-f voltage due
to the generator then acts in series with the resultant voltage across the capacitor,

varying the total charge and consequently the voltage across the output terminals

of the circuit

It should be noted that the terms Series Feed ” and ” Parallel Feed ” have no
bearing on the type of a.v.c. filter circuit, which may be series, parallel or a com-
bination of both. The two types of a.v.c. feed circuits will now be considered in

greater detail.

One arrangement of series feed is shown in Fig. 27.30. It will be seen that in

each r-f tuned circuit a blocking capacitor (C», C«) is used so that the rotor of the

ganged tuning capacitors may be earthed and the a.v.c. voltage fed to the lower ends
of the ooib. In the r^f stages the use of this blocking capacitor will reduce the

quency vjverage, and may also affect the tracking of the tuned circuits. To reduce

those effects the same capacitance value should be used in each of the i-f stages, and the

value selected should be fWhiy large consistent with other considerations. Ato, if the

capacitors are not to affea the Q of the tuned circuits adversely, they must be of a

low loss type. A disadvantage of a high capacitance is that it increases the time con-

stant of t^ a.v.c. circuit.

For typiod cases Cg and C« would be about 0.05 fiF if the maximum capacitance

of die naiing capacitor is about 400 mmF* The effect on the tuning range is easily
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determined by considering the reduction in total ca];»citance due to the capadtoirs

being connected in series. Resistors and are used in conjunction with the

capacitors to provide decoupling between the various stages ; typical resistaxKe values

are 100 000 ohms.
Since the tuning capacitors in i-f transformers need not be connected directly to

earth, blocking capacitors are not necessary. In these circuits the capacitor C4
(Fig. 27 >29) serves to by-pass all high-fi^uency components of current from the

earthy sides of the secondaries of the tuned circuits of the i.f stages to earth, as well as

being part of the a.v.c. filter.

With the r.f. suges an alternative arrangement is to insulate the rotor of the ganged
capacitors, and to by-pass it to earth by a single capacitor (Ce, Fig. 27.31). This
enables the a.v.c. voltage to be applied without using any blocking capacitors in the

r-f tuned circuits, and has the fiirther advantage that the time constant of the a.v.c.

circuit may be made small. The arrangement also has obvious disadvantages and is

little used.

(b) Parallel feed

The “ parallel (or shunt) fted circuit is shown in Fig. 27.32. In this arrangement

a blocking capacitor is necessary to prevent a low resistance d c. path being formed
from grid to earth by the tuning inductor. The resistors and provide part

of the d.c. path from the valve grids back to the cathodes. Since the individual resis-

tors are shunted across their corresponding tuned circuits, the values selected must not

be too low as otherwise appreciable damping occurs. A 0.5 megohm resistance in

parallel with a typical r-f timed circuit generally is not serious, but could appreciably

reduce the dynamic resistance of an i-f circuit. For these reasons “ parallel feed
**

is sometimes used with r-f stages, but it is seldom applied to i-f stages, and receivers

are often designed to use both systems of a.v.c. feed.

“ Parallel feed ” for the r-f stages is sometimes more convenient than “ series feed,”

and appears to be satisfactory in most respects, although it has been found that grid

blocking is more likely to occur with ** parallel feed ’* than with ** series feed.”

With any method of feed it is important that the total resistance in the grid circuit

should not exceed the maximum for which the valves are rated. Depending on the

characteristics of the particular valve type and the effects on electrode dissipations

and total cathode current, as determined by equation (6) on page 82, the

following maximum values of grid resistor may be used as a general guide.

For one controlled stage 3 megohms
For two controlled stages 2.5 megohms
For three controlled stages 2 megohms
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These resittances are to be measured between the grid of any valve and its cathode.

The values above assume that the receiver is normally tuned tb a station and that

the controlled valve or valves are operating at reduced cathode currents and trans-

conductance, as determined by the a.v.c. bias.

(v) Typical circuits
A typical circuit of a simple a.v.c. system, with three controlled stages, is shown in

.

Fig. 27.33. In order to provide the simplest arrangement the cathode of the duo-
diode valve is earthed and grid bias is obtained for the triode section by the grid leak

method using a resistor of 10 megohms. This method of biasing reduces the a.c.

shunting across the diode load resistor. The cathodes of the controlled stages are

normally returned to a point of positive voltage to ensure that the recommended nega-

tive grid bias is obtained for conditions where the input signal is very small ; cathode

bias is the usual arrangement.

ff.r. CONV lf duo-oooc high-mu TfflOOC

The circuit values shown arc typical for an intermediate frequency of 455 Kc/s.

An a.v.c. resistor of 1.25 megohms is used so that the total resistance to earth from
any grid does not exceed 2 megohms. If there were only two controlled stages this

could be increased to about 1.75 megohms with a consequent decrease in the a.c.

shunting.

A typical delayed a.v.c. circuit is shown in Figs. 27 34. Cathode biasing is used

for the pentode scaion of the duo-diode pentode valve, and since the bias will usually

be about two or three volts this also provides a suitable a.v.c. delay voluge without

any further complication. With circuits using delay voltages on the a.v.c. diode the

bias due to automatic volume control on the controlled valves is zero until the peak
voltage on the diode exceeds the delay voluge. The controlled suges are arranged

to have a self-bias voltage equal to the recommended minimum grid-bias voluge.

(vi) A.V.C. application

Automatic volume control is normally
applied to the converter on the A-M broad-

cast band, irrespective of valve type. On
the short-wave band some types of con-

verters give very satisfactory operation with
an a.v.c. bias voltage applied to the signal

grid, while others introduce difficulties be-

cause of the appreciable shift in oscillator

frequency caused by the changing signal

grid bias. When no r-f stage is used it is

often necessary to apply a.v.c. to the con-

verter, but when a r-f stage is incorporated



1112 (Vi) A.V.C APPLICATION 27^

it is frequently advantageous to operate vi|lve types 1A7-QT, 1C7-G> 6A8i 6DS-G
on fixed bias. Valve types 6J8-G, 6K8» 6BE6» 6SA7 and all triode hexodes may
be used with a.v.c. on A-M broadcast and short wave bands*. For receivers operating

in the 86-108 Mc/s F-M broadcast band> a.v.c. bias is not applied to the signal grid of

the converter valve ; very often on this band fixed bias is used for the r-f stage> and
a.v.c. is applied to the i-f stages only. Whether a.v.c. is used at all with these receivers

often depends largely on the type of detector, but it is advisable to avoid overloading

of the early stages so as to reduce die possibility of the generadon ofundesired spurious

responses ; this often calls for a.v.c. bias to be applied to the r-f stage.

Some oscillator frequency shift occurs with all types of omverters when the signal

grid bias is altered. With valve types such as the 6A8 operating on the short wave
band the recepdon of a fading signal is difficult since the variadons caused by a.v.c.

bias may cause the signal to swing in and out of the pass band of the receiver. An
even greater difficulty occurs when the receiver is being tuned to a strong signal,

since the magnitude of the output will be difEerent when tuning in from either the

high frequency or the low frequency side of the signal. Very careful adjustment is

required to obtain the best tuning posidon. A rather similar effect has been nodeed
on both the broadcast and short-wave bands, but in this case the effect is generally

due to faulty gang wipers. When this is the cause it can occur with any type of

receiver (tjrJ. or superheterodyne), but with superheterodynes the oscillator secdon
of the ganged capacitor should be checked first, as this is generally the one causing

most of the difficulty.

With ordinary broiulcast receivers having a r-f stage, converter, and a single i-f

stage, autbmadc volume control is normally applied to all three stages. If decreased

modulation rise is required it is preferable to operate the i-f stage with about one-half

of the full a.v.c. bias or, altemadvely, to supply the screen voltage by means of a series

resistor ; the latter arrangement is the more usual one in praedee. Negligible modu-
ladon rise is possible, with effective a.v.c. acdon, if aU control is omitted firom the

i-f stage, but difficuldes such as those due to decreased signal-to-noise rado must
not to be overlooked when this system of a.v.c. is used on a number of tuning ranges

(see (iii) above).

In a receiver without a r-f stage it is difficult to avoid overloading with large iiqnit

signals, and a.v.c. is applied to both stages even thou^ moduladon rise may be
objectionable with very hi^ inputs. In order to obtain maximum control the screen

voltBge for the i-f val^ should be obtained from a voltage divider. The degree of

control must, however, be weighed against the possibility of non-linear distordon

;

diis fKtor hM already been discussed in Chapter 26 in connecdon vrith distordon in

i-f amplifiers.

For a receiver having two i-f stages the second stage should preferably be operated

at fixed bias in order to prevent moduladon rise. It is possible that better overall

performanoe at hi^ input signal levels will be obtained wbm the second i-f stage is

operated at a negative bias somewhat greater than the minimum bias. Removal
of control firom the last i-f valve will often reduce the possibility of overloading this

stage, although this is not always a good sohidon as will be discussed in (xv) below.

(vrli) Amidified a.v,c.

Tliere are a number of methods available whereby the a.v.c. voltage to be applied

to the controlled stages can be amplified, either befm or after reedtodon.

(a) One or more stages of amplificadon may be used to form an a.v.c. amplifier

ch«^ operating in parallel with the signal channel, and having a separate diode

reedfier. If the total gain of die a.v.c. amplifier cfaiuinel is greater than the total

gain of the equivalent section of the signal channel, there is effeedvely a system of

aowlified a«v.c. This is mote effective thm the usual arrangement with a single

dumnel, sinoe it retains die ftiU amplificadon of the a.v.c* channel under all condidons.

It also has advantages in flexibility due to the isoladon of the two dianneb, and the

a.v.c. channel may be designed to have any desired selectivity characterisdos.

sho ihapm ivet. 2 pasw VSO-ld6i. •
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(b) Ifa common i-fchannel is used, it

is possible to add a further i-f stage with
fixed bias for a.v.c. only, followed by a
separate a.v.c. rectifier. By thu
it is possible to avoid the distortion due
to shunting of the diode load resistor, or
to ** differential loading** at a point
where the a.v.c. delay is just being over-
come.

(c) A d.c. amplifier may be used to

amplify the voltages developed at. the
reedfitt. A typical circuit arrangement
giving d.c. amplified a.v.c. is shown in
Fig. 27.35. Design methods are given
in Refs. 44 and 45.

See also Fig. 27.43 and the description given in Sect. 4(ii) later in this chapter.

(viii) Audio a.v.c.

Audio a.v.c. is sometimes used in radio xeceivers in conjunction with a.v.c. applied

to the r-f and i-f stages to flatten out the overall a.v.c. charaelenstic. Whole or part

of the a.v.c. bias voltage is ‘applied to an audio frequency voltage amplifier valve

having a grid with a variable-mu characteristic.

It should be clear that oonvendonal a.v.c. systems cannot give a perfectly constant

a-foutput with a varying input votcage, because conventional a.v.c. is a ** back-acting
**

device in which the effect on the concreted stages must follow the change occurring

at a later stage in the receiver. Audio a.v.c. is ** forward-acting ** and so a constant

or even a drooping characteristic is possible for increasing signal input voltages.

Simple audio a.v.c. systems tend to introduce a considerable amount of non-linear

distortion into the audio ouq;>ut voltsge when the signal input voltage is large This
is due to the curvature of the diaracteristic of the controlled valve;

The amount distortion can be reduced to ne^gible proportions by the use of

elaborate circuits, but as these systems generally require an additional a-f amplifier

valve they are not used to any extent in commercial radio receivers.

If it is decided that audio a.v.c. is desirable, the usual procedure is to obtain the

best possible a.v.c. characteristic, apart from the a-f amplifier, and then to^add just
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coougb a.v.c. bias voltage to the a-f amplifier to give the required overall results.

The improfement in the overall a.v.c. chiuactcrittics, when audio a.v.c. is used, can
be seen £rom Figs. 2736 and 27.37.

An example of combined a.v.c. occurs in receivers using a leflexed voltage amplifier

stage (sec Chapter 28). In this case the a.v.c. bias voltage applied to the valve control

grid is eflecttve in controlling both the i-fand a-f gain, and if properly used the system
can be made to assist very materially in obtaining good a v.c. characteristics from a

receiver having only one ocher controlled stage, namely the converter stage in the usual

receiver. Another, example of a circuit using audio a.v.c. is shown in Fig. 27.45.

(fat) Modalnrimi rise
When a modulated carrier voltage is applied to a voltage amplifier stage in which

the valve has a curved characteristic, die modulation percentage will increase.

Tlus modularion rise is noted in the ouq;mt as audio frequency harmonic distortion

(non-linear distortion), mainly second harmonic. Practically all of the modulation
rise occurs in die final i-f stage. 20% modulation rise is equivalent approximatidy
to 5% second harmonic. Modulation rise with fixed bias is extremely small even
with remote cut-off valves, but there is a sli^ advantage in using a valve having a
sharp cut-off diaracteristic. Modulation rte may be decreased by operating the
i-f stage on a fraction of the a,v.c. voltage, but this adds to the expense of the receiver.

Alternatively, a noticeable improvement may be made by supplying the screen from
a series dropping resistor connected to B-f • This is recommmded fbr circuits

having one r-f and one i-f stage. Modulation rise can sometimes be reduced by
increasing the gain firom the grid of the final i-f valve to the a.v.c. diode. Improving
die amount of control on the earlier stages by reducing the screen voltage (this pro-
vides cut-off with lower grid voltages) will help in reducing modulation rise, but is

likely to lead to difficulties with crora modulatioo whm the receiver is used in dole
'proximity to a powerfril transmitter.

(x) AXXi, wMi battery xahret
Wha btttcfjr vdm operwfaig « seraUm kc uMd* it is ponible to obtain defaqrad

a.TX. bf incoqwmtog a dno-dfode-criodc or dno-dioda-pentode rahra having a dioda
plateaitiiacadataacbandofthalUanent. Adteqraf batman 1 and 2 vote (dapaad*
ing on tbe maaamt vottage) ia obtainaHa bf tfaia vattm, and mafcea a v«ry ainvia and
aathftcioqr anaitePinltK. Tbe diode at tba poaithra and of die flbanant is niad iw
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a.v.c« and its return is taken to filament negative. The diode at the negative end of
the filament is used for detection and its return is taken to filament positive.

It sometimes happens that the filaments of battery valves are operated in series or
series-^Mrallel arrangemenu. Under these conditions it becomes more difl&cult to

design an efficient a.v.c. system than when parallel filament operation is used. In
the usual type of a.v.c. circuit the grid returns from the several oontiolled stages are

brought to a common pointy and the 2sero signal grid voltage on these stages is the same.
With series or series-paraUel cq^eration, however^ the filament voltages differ with

.

the result that the zero signal bias on one or more stages may differ from zero by a

multiple of the filament voltage. Circuit arrangements which allow the bias on the

grids to be zero for no signal input generally allow only a reduced proportion of the

a.v.c voltage developed by the diode to be applied to some of the ccuitrolled stages ;

full a v.c. bias can only be applied to one or two stages in most cases. Fig. 2738A
shows a typical circuit arrangement for the case where the filaments are connected
in series and operated from the H.T. stqpply. The a.v.c. voltage divider is made up
from the resistors R#, Ri% and R^. A value of about 2 megohms is usual for

while Rii is made about 2 megohms per 1.3 volt drop> in the case of 1.4 v<^ valves

(which are operated with 13 volts as a recommended value for the series filament

connection). In the circuit shown a higher proportion of the a.v.c. control voltage is

applied to valve than to valve The purpose of the resistors R,, Rg, Rg, Rg
and Rg is to allow the correct filament voltage to be applied to each of the valves, since

it shouTd be obvious that the valve Vg, at the negative end of the chain, carries the

total cathode current for all the valves, and each of the other valves carries the cathode
currents for all the other valves which are nearer to the positive end of the chain than
the valve being considered. This statement is modified when Rg is used, because
this provides an alternative path for the cathode currents. From this it follows that

no shunting resistor is required for Vg

(los-cr) dAW) (l^S^) (IM^)

— Fliomcnt

• wrcuf* tlMiiflfif rctlfttn

c«rrt«f ikiiillAf r«|fgm

a, Sitt

Si

A.UC

FIG. 27.3SA AYC. §ri4

(zl) Special case whli simple a.yx.
IF > limpte a.T.c. dicuit. such at that thowa io Fig. 27.28, is used in coniuncdon

with a diode-pentode (or triode) operating with cath^ bias, the diode load return
will be two or three volts above earth. It it necessary, in this case, to provide addi-
tional negative bias voltage on the controlled stages if die correct minimum bias

vohage it to appear between grid and cathode in each case.

(aS) TSt a.v.c. Sltcr' and hs time cmistaats
There ate aevetal reasons why filler dicoits, such as those shown in Fig. ZT33, arc

reqifiied. One important reason is to prevent t-f and a-f votnves wldcli
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across the a.v.c. diode load ficom being applied back to the grids ofthe controlled stages.

If r-f or i-f voltages are applied back to the grids then instability troubles are oerttdn

to arise. A-F applied to the grids can lead to a reduction in the peroentiige ofmodu-
lation present on the carrier. Inter-stage filtering is also necessary because undesiied
coiq;>ling can lead to instability and spurious whistle reqxxises. From this it can be
seen that the prime function of the filter circuits is to allow only the d.c. voltage de-

veloped across the diode load to be applied as additional bias on the controlled valvet.

The components making up the filter also serve the necessary function oi completing
the r-f and i-f circuits through low impedance paths and» furthermore* the tesistDrs

servQ to complete the d.c. return path between grid and cathode of each controlled

valve so that the correct negative bias vdtsge can be applied.

It is not permissible to dbooae values of resistance and capacitance at random if

sadsfiKtory circuit operation is to be obtained. Several conflicting factors must be
considered when the component values are being selected. The time constant (de-

fined below) of the filter network* must be low enough so that the a.v.c. bias voltage

can follow the dianges in signal input voltage with sufficient rapidity to offiet tie

effects of fiuiing. limiting values for the total circuit resistance have been stated in

(iv) above* and the dx>ioe of suitable values for R and C will be discussed as we pio-

cet^* but first the expression ** time constant will be defined.

The ** time constant '* of a resistance-capacitance network is the time in seconds

requited for the capacitor to acquire sufficient charge for the voltage between its plates

to be equal to 63J2% of the total voltage applied to the circuit. Alternatively* it is

the time taken for a charged capacitor to sufficient charge for the voltage across

its plates to £ril to 36.8% of the initial vdtage existing between the pistes in the folly

diarged condition. It is a simple maner to show that* for the conditions stated* the

time constant (T) is given by
T ~ RC seconds

where R ^ circuit resistance in ohms
and C ^ circoit capacitance in fiuads.

(It is usually more convenient to write

T = resistance in megohms x capacitance in microforads » seconds).

If the total resistiaioe in the dreuit is altered in any way from its value during the

charging operation to a different value during the discharge of the capacitor* then it is

helpful to use the terms ** charge time constant '* and ** discharge time constant.’*

In a.v.c. circuits there is always a difference between the charge and discharge time
constants* because during chaige the diode is conducting audits conduction resistance

effectively short-circuits the d.c. diode load resistor. This also means that the dbarge

time constant ” is always more rapid than the discharge time constant ” in these

circuits.

Suitable values for charge time constanu ” are

Broadcast good fidelity receivers 0.25 to 0.5 second

Broadcast receivers 0.1 to 0.3 second

Dual wave or muld-band receivers 0.1 to 0.2 second

For the reception of telegraphy longer time constanu ara often required to ensure

silenoe between signals* and a value of about 1 second is often used. In any good
quality communications receiver it is usual to provide fikdlides for selecting any one
of a number of a.vx. time constanu. This enables the operator to select the most
suitable condition to offiwt the particular type of fading being encountered. Too
nqdd a time constant is not selected for h^ quality broadcast reception as rapid

hiding would cause bass-fkequency anti-^nodulation and so reduce the audio frequency

bass reqxnse. See also CbMpta 35 Sect. 3(i)B2* page 1233.

In broadcast receivers the charge and disdiarge time constanu are often very nearly

equal. However* for some types ofreceptiooit may be preforable for^ efaa^ time

constant to be to prevent the beginning of a si|^ from being unduly loud,

but die disdiarge dmt constant is made comparatively slow to prevent a rise

in noise output during intervals between algaals (see also Ref. 18l)<
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The procedure for calculating charge and discharge time constants is as follows.

Consider Fig. 27.30 in conjunction with Fig. 27.28, then

For 2 stages
Charge time constant =

+ C4 + Cj) 4- RiiC^ 4 Ci) +
Discharge time constant =

C§(/?i 4" Ri 4 Rt) 4“ ^4(^4 4“ Rf) 4* Cj(/?i 4" R^ 4" C*/?*.

These follow readily when it is considered that the diode is conducting during

charge, and Ri ^ Rt; the diode is non-conducting during discharge.

For 3 stages

Charge time constant =
4" C4 4" Cj 4" C4) 4" RtiCj4 4~ Ct 4 C*) 4 R^Ct 4“ RtCt.

Disdiarge time constant —
^•(^•4* Rt 4 Ri) 4- Ct{Rt 4- Rt *r /^t) 4- Ct(Rt 4- jR*) 4- Ci{Ri 4" Rt) 4- C*R*.

If the circuit of Fig. 27.28 were considered alone the charge time constant would be

Ri(Ct 4 C4) 4 R4C4 (assuming Rt >> /^i), and the discharge time constant

Ct(R^ 4 Rt) 4 CfRt 4 CtiRt 4- Rt)- The way in which the total time constant

is built up for the more complicated cases will be readily seen, and the addition of
extra controlled stages should offer little difficulty when the new time constants are

to be determined.

For a more detailed discussion of time constants in a.v.c. circuits the reader is

referred particularly to Ref. 47.

Fig. 27.38B. Circuit for “ sinking

diode ** arrangement which reduces

differential distortion.

(xiii) A.V.C characteristics
A.V.C. Characteristic Curves may be plotted on 6 cycle log-linear graph paper as

shown in Fig. 27.36. The input is usually taken from 1 to 1 volt. The output

is usually shown in decibels, with an arbitrary zero reference level. The complete

curves arc useful not only for demonstrating the effectiveness of the a.v.c., but also

to indicate modulation rise.

To fiKilitate the developmental work on the complete receiver it is helpful to draw
on the same graph •

(a) A curve of distortion against input voltage for 30% modulation at 400 c/s.

(b) A curve of the developed a.v.c. 'voltage against input voltage.

(c) Curves of the total bias voltages on the controlled stages against input voltage.

(d) A curve of noise output against signal input voltage*. This allows the signal-

to-noise ratio, for any input voltage to be determined.

If fixed minimum bias is us^, curv^ (b) and (c) will differ only by the bias voltage.

If self-bias is used they will differ by the minimum bias voltage present with no input

voltage^ and will tend to run together at high input voltages. For methods of con-

ducting the experimental meuurements see Qupter 37.

alM OunKer 35 Sect. 30) ptaet 1239*1234.
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Fig. 2736 shows sevond a.v.c. curves^ each corresponding to a particular condition.

Ih taking these curves two separate diodes were used to maintain constant transformer

loadmg and other conditions. Contact potential in the diode restilts in a slight in-

crease in the standing bias voltage on the controlled stages ; this effect has been dis-

cussed in (ii) above.

Curve A is the ** no control *’ characteristic and is the curve which would be fol-

lowed, vrith the a.v.c. removed firom the receiver, up to the point at which overloading

commences. This characteristic is a straight line and the slope is such that an increase

of ten times in the input voltage gives a 20 db increase in output.

Curve B is the a.v.c. characteristic for a delay of —9 volts. For inputs of 3 to

18 /iV the experimental curve follows the no control line exactly, and then deviates

shaiply for inputs above 18 ftV. From 18 to 500 000 /iV the slope of the owe is

fiurly constant, the output increasing by about 3.25 db for each 10 times increase in

the input voltage. Above 500 000 (i.e. 0.5 V) input the curve tends sharply up-
ward, indicating severe modulation rise.

Curve C is the a.v.c. charaaeristic for a delay of —3 volts. The a.v.c. comes into

operation at a lower input voltage, as would be expected, and the average slope is

steeper than for the higher delay voltage. In both cases, however, the ** knee *’ of

the curve as it leaves the no control line is very clearly defined.

Curve D is the a.v.c. characteristic for a delay of zero voltage, with due compensa-
tion for the effect of contact potential on the standing bias of the controlled valves.

Curve E is typical of the characteristics obtained when audio a.v.c. is added to a

receiver. Over the range of inputs from 100 to 500 000 /xV the total rise in output

is only 3 db.

Curve B has been drawn according to the conventional method whereby the output

is adjusted to half the maximum undistorted output of the receiver for an input signal

of 1 volt. Curves C and D were then uken dir^y, without any further adjustment
to the volume control. Owing to a slight effect on the gain of the receiver when the

delay voltage is varied. Curves C and D fall slightly below the datum line at an input

of 1 volt. Curve* E has been drawn to correspond to Curve C, since both have the

same delay voltage. The volume control, however, was advanced oousiderably for

Curve E. It should be noted that no conclusions slx>uld be drawn from the rehnive

vertical positions of a.v.c. characteristics drawn according to the conventional method
since the volume control settings are imknown.

(xiv) An improved form of a«v.c« clianicteiigdc
Tite conventional method of obtaining a.v.c. characteristics does not give all the

information which is available, and an improved method yielding additional data has

been suggested by M. G. Serose (see Ref. 51). This method will now be described.

Instead of commencing at an input of 1 volt and adjusting the volume control to

give one-quaner or one-halfof the maximum undistoned power output at 30% modu-
lation, Scroggie’s method is to commence at a low input voltage with the volume
control set at maximum. The input is increased until the output is approximately

one-quarter of maximum, and the volume control is then set back to reduce the power
output to one-tenth of the reading. This process is repeated until an input of 1 vt^c

(or vdiitever is the maximum available from the signal generator if this is less than

1 volt) is reached.

. This method is illustrated by the curves shown in Fig. 2737. The scale

of power output represents the output (at 400 c/s) which would be obtained with the

vohime oont^ at maximum and 30% modulation, provided that no overloading

occurred in the audio amplifier. A number of Interesting fiicts may be obtained firom

an examination of these curves.

1. The residual noise level of the receiver may be shown.

2. The sensitivity of the receiver in microvolts input for any selected output level

(e4t. 50 mW or 0.5 W) may be read directly firom the curves. It should be noied
that tlw output indudm noise
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3. The power output corresponding to any selected input voltage and any position

of the volume control may be obtained. For example, with a delay of —3 volts

(curve Bl) the delay voltage is overcome at an output level of slightly less than 2 watts

with the volume control set at maximum. As a further example (again assuming
400 c/s and 30% modulation) take the same curve at an input of 1000 /iV, where the

output is shown as approximately 10 watts with the volume control at maximum.
The setting of the volume control to give 4 watts output and using 100% modulation
instead of 30% is

\/(30/100)* X (4/10) = 0.11

of the maximum resistance of the control. The actual amount of rotation will depend
on whether the volume control resistance is related to rotation by a linear or a logarith-

mic law.

4. The voltage at the detector may be calculated from a knowledge of the a-f gain

and the detection efficiency. The a.v.c. bias voltage can also be determined in-

directly by calculation from the data obtained.

5. The slope of the initial part of the curve can show up an under-biased valve in

the receiver. Cheap receivers frequently use a common source of bias for two or

more valves, and under these conditions it can happen that one of the valves has too

little bias and gives less than its maximum gain when there is no signal input to the

receiver. As the input is increased, a.v.c. is applied to each controlled valve and this

gives a comparatively rapid increase in gain from the under-biased valve. Such an
increase shows up as an early section of the a.v.c. curve with a slope more vertical

than it would otherwise be—usually with a slope in excess of 6 db per octave—and
with a noticeable bend towards the horizontal at the point at which the valve receives

the bias required for maximum sensitivity.

To operate a valve under these conditions is of coiuse undesirable, and in use the

receiver will emphasize the fading of any signals which fade throu^ the range of
signal inputs over which the effect operates.

6. The signal-to-noise ratio for any input can be read directly from the graph, as

mentioned previously. In addition, the increments of signal-to-noise ratio with
increasing input can be checked An ideal receiver would give a 20 db improvement
of signal-to-noise ratio for each 20 db increase in input, and it is possible for a normal
receiver to approach this value, at least over the first decades of the a.v.e. graph.

Any significant departure from the ideal can usually be traced to the applicadon of
a.v.c. to the first vidve in the receiver [see Chapter 35 Sect. 3(i)] and care should be
taken to keep the signal-to-noise ratio improving as rapidly as possible until it has

reached a value of at least 45 db.

Scroggie's method makes possible the measurement of ratios as great as this, or

much greater, because although one reading, the power output, may be beyond the

range of the output meter used, the volume control of the receiver is in effect used as

a multiplier.

7. The noise curve of the receiver might be expeaed to decrease indefinitely with
increasing a.v.c. voltage, but there are two reasons why it may not do so. The first is

that although the obiect of the test is to measure the signal-to-noise ratio of the re-

ceiver, in practice the signal-to-noise ratio of both the signal generator and the re-

ceiver are being measured. A 50 db ratio between 30% modulation and residual

noise with no modulation is a representative figure for a sigiud generator of reasonable

quality, and it is generator noise which causes the noise curve in Fig. 27.37 to become
approximately horizontal shortly after 1000 mV input.

The second reason for the noise curve not decreasing indefinitely is that in moat
receivers in which power supply filtering has been kept to a minimum, for reasons

of economy, there is some modulation hum with high inputs. This hum shows up
as an increase in the level of the noise curve, and by plotting the curve over the full

range of inputs expected to be applied to the receiver the designer can assure himself

that the level of modulation hum does not become objectionable. An increaae in

modulation hum can be seen in Fig. 2737 as the input approaches 1 volt.
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The a.v.c. characteristics in Fig. 27.37 can be uken as typical of curves taken by
this method. Bi and Bi show the signal and noise curves respectively for a 5 valve

receiver without audio a.v.c. and Ci and Ct show the results for the same receiver

with audio a.v.c. It will be seen that the delay is overcome at about 15 mV input

and that at say 0.1 volt input there is 8^^ db of audio control by the a.v.c. The noise

ratio (Bi — BO should be identical with the ratio (C| — CO since the only difiference

between the B curve and the C curves is that due to m^ified audio gain. Thus
the curve Ct would become approximately horizontal at 2000 mV input and at —25 db.

This method enables greater accuracy to be obtained for very small input signals

since the power output reading will be well up on the scale of a typical output meter.

With the conventional method the output is too small to measure accurately with a

standard type of output meter.

At extremely low input voltage levels the noise fluctuations make accurate output
measurements very difficult to carry out.

(xv) Design methods
Ont of the difficulties faced by a receiver designer in making a preliminary calcu-

lation of the a.v.c. performance of a receiver is often the lack of complete dau on some
of the valve types he is expected to use. If a completely satisfaaory preliminary

design is to be made it is necessary to have available, firstly, dau on the manner in

which mutual or conversion conductance varies with grid bias voltage ; this dau
must be for conditions of fixed screen voluge, and also for the case where the screen

voltage is applied by means of a series dropping resistor. The second requirement

is to know for a given percentage of non-linear distortion the signal handling capa-

bilities (input and output) for various grid bias voltages, of the valves to be used in the

controlled stages ; this knowledge is required particularly in the case of the last (and
sometimes an earlier stage, as will be discussed below) i-f voltage amplifier valve when
a large delay bias is used on the a.v.c. diode. Diode charaaeristics are also required,

but these are usually available. The requirements of valve dau are partly fiilfiUed

in some cases, and for later valve types some additional information is available.

Because of the tUne required to carry out measuremenu to obtain the additional

dau, receiver designers, in the majority of cases, make only a few preliminary calcu-

lations to determine the desired time constants etc^ and then proceed to achieve

suiuble a.v.c. characteristics by experimental procedures. As an example, with
broadcast receivers it is usual to uke the cathode bias voltage used for control grid

bias on the multi-element valve containing the a.v.c. diode as providing sufficient

a.v.c. delay bias (this bias is generally about —3 volts) and with the usual series of
valves (e.g. 6SK7, 6J8-G etc.) and trai^ormers a reasonably satisfactory a.v.c. charac-

teristic is obtained ; this auumes that component values are used which are of the

uxler of those discussed in previous sections in connection with Figs. 27.33, 27.34 etc.

For the type of receiver where improved a.v.c. charaaeristics are called for, a Burly

large delay bias may be used on the diode. In general, the higher the delay voluge
the flatter will be the a.v.c characteristic (over the range of a.v.c. operation) and this

is illustrated by Fig. 27.36. The limitation on the allowable amount of delay bias

is set, however, by the magnitude of the signal voltage appearing at the grid and
plate of the last i-f amplifier valve, and it is for this reason that, when large delay

bias voltage is used, the i-f valve is sometimes operated with reduced or zero a.v.c.

bias. However, as this reduces the number of controlled stages it is not necesr

sarily a satisffictory solution, and a better arrangement is to use an additional stage to

obtain the necessary control.

Dcaiga cnniplet
Attention will be confined mainly to simple delayed a.v.c. systems of the more

common types. For additional design Information and discussion the reader is

referred to Refi. 45, 44, 43 and 53. A good praaical approach t6 the problem is

given in Ref. 43.

(1) A receiver is to have one r-f and two i-f stages contf(rfled by a.v.c. ; the con-
verter operates with fixed bias. It is required to estimau, roughly, the diode delay
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bias required if the detector output voltage is not to change by more than 6 db for a
change in signal input to the aerial stage of 50 db.

Assume first that the a.v.c. and signal detectors are linear> that equal signal voltages

are applied to the deteaor and a.v.c. diodes> and that the detection efficiency (17) is

unity. Since stage gain varies with^change in mutual conductance (g«») it can be taken,

with typical voltage amplifier valves, that the gain alters by about 1.5 db for each ad-

ditional volt of negative grid bias (this can be determined with greater accuracy from
similar methods to those given later). Since there are three controlled stages using

similar valves, the total gain decrease is 4.5 db per volt of bias. (Siq>pose similar

valves are not used, one valve giving* a gain change of 2 db per volt of bias and two
others giving 1.5 db per volt, then obviously 1 volt of a.v.c. bias change alters the re-

ceiver gain by 5 db).

The total decrease in receiver gain which is required equals 50-6 — 44 db. To
achieve this the additional a.v.c. bias needed is 44/4.5 =<= 9.8 volts. That this is also

equal to the delay bias required for the suted conditions, can be. appreciated because,

at the threshold of a.v.c. operation, the voltage on the deteaor diode will be 9.8 volts

peak, and for a further 9.8 volts (p<»k) increase in signal input the total voltage applied

to the daeaor is 19.6 volts giving an increase in a-f output voltage of 6 db. The
effea of 19.6 volts (peak) signal applied to the a.v.c. diode is to produce the required

9.8 volts d.c. bias since half the peak input voluge is required to overcome the delay

voltage.

To illustrate a further point, suppose it had been taken that an 80 db input change
should only give 6 db output voltage change. Then the delay bias required would be
(80-6)/4.5 == 16.4 volts. This also means that the stage preceding the deteaor
must deliver 32.8 volts peak when the carrier is constant. During modulation of the

carrier the peak voltage delivered by the last i-f stage can reach 65.6 volts, and if

distortion is to be avoided the valve preceding the deteaor must be capable of de-

livering this amount of output voltage when the total bias is 16.4 volts plus the stand-

ing bias. Whether this is possible can be determined from curves of the signal

handling capability of the valve in question, or by direa measurements using a mod-
ulated carrier. It will be found, usuidly, that the maximum output voltage which can
be handled without severe distortion is very much reduced when the grid bias voltage

is large. This then suggests that reducing the a.v.c. bias on the last i-f amplifier

valve will allow the permissible plate voltage swixig to be increased. Reducihg the

bias voltage also resiilts in the stage gain being increased, and so the same a.v.c. bias

voltage is produced with a smaller signal input voltage. However, the amount of
total control is reduced, and so partial or zero a.v.c. bias on the last i-f valve is not
necessarily a satisfaaory solution in every case.

It should be observed that the last i-f stage is not necessarily the one in which over-

loading will occur first. In Chapter 26, when discussing the crystal filter stage,

it was pointed out that the grid to plate gain of the valve preceding the filter was very

high with the arrangement shown. Suppose the grid to plate gain of the first valve

is 400 times, but the gain from the grid of the first to the grid of the second valve

(into which the filter feeds) is 5 times, that if the grid to plate gain of the second valve

is less than 80 times it beromes immediately apparent that the first i-f valve will be
overloaded before the second one. Extreme cases of this type are not likely to occur,

but they present possibilities which should not be overlooked.

(2) A detailed design for a single controlled stage is to be carried out from valve

data. Simple a.v.c. is to be used.

The valve type seleaed for this example is the 6SK7 remote cut-off pentode.

The average characteristics are shown in Fig. 27.39. The standing bias is —3 v(4ts

and the mutual oondtictance for this condition is 2000 micromhos. For a
total grid bias of —35 volts the gm is 10 micromhos. If cathode bias were used some
additional error would be introduced, although this is usually negleaed.

The first step is to convert theg., — B, curve of F^. 2739 to a curve showing die

change in gain of the controlled stage with variation in grid bias. The actual value

of stage gain is not required since it is assumed to be directly propoctiooal to g
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The change in is expressed in decibels> taking as the reference level (0 db) the

value ofgw for maximum gain^ i.e. the gm with only the standing bias (—3 V) applied

to the grid. In this case the g., used for zero reference level is 2000 micrcno^os.

Then using

gmiEci = -3 V) 2000
Change in gain (db) = —20 ^ = —20 logio

gm
the following values are obtained (the values for g^ are uken from Fig. 27.39).

flQ, 27. 2f SSK7 ChorocMrtotlcs

d.c. voltages are tabulated in column (2)

to the diode.

Total Grid
Bias* g fN

Change in

Gain (db)

-3 2000 0
-4 1750 - 1.15

-5 1438 - 2.86
-6 1200 - 4.44
-7 925 - 6.69
-8 700 - 9.13
-9 520 -11.7
-10 383 -14.4
-12.5 225 -19
-15 138 -23.2
-17.5 90 -26.9
-20 70 -29.1
-22.5 50 -32
-25 40 -34
-27.5 30 -36.5
-30 25 -38
-32.5 18 -41
-35 10 -46

•== — (3 -h a.v.c. bias).

These results are plotted in Fig. 27.40 as

curve 1. It might be noted that the aver-

age slope is 1.4 to 1.5 db per volt.

It is next required to determine the
amount of a.v.c. bias voltage developed by
the diode circuit, for various input voltages

applied to the diode. In a typical case the
d.c. diode load resistance would be 1 meg-
ohm, and the d.c. voltage developed for
various signal input voluges can be taken
directly from Fig. 27.6. The developed
below against r.m.s. signal (Erm«) applied
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Tatol <irM Bio*

Cunrti of^ VorloHoo in Srofc Coin on4

Q) Olo4« oitfi Chonflof

It is now necessary to relate the total bias (a.v.c. + standing bias) to the change
in diode input voltage ; the change is conveniently expressed in decibels. Any signal

voltage applied to the diode may be taken as zero reference level (0 db)> and in our
case Erm$ = 2 volts will be convenient. Then the change in diode input voltage is

given by,

£
db change in diode input = 20 log,,

= 20 log,.

The results are tabulated in column (4) of the table given above, and the total bias

versus diode signal input change is plotted as curve (2) in Fig. 27.40.

Finally, it is required to find the way in which the output changes with changes in
signal input to the amplifier. If we assume various values for the change in signal

voltage applied to the diode, it is a simple matter to determine the total grid bias, and
from this the change in stage gain, by using curves (2) and (1) Fig. 27.40. Also from
the curves, it is seen that, with zero change in diode input (0 db), the amplifier stage

gain is 3 db down on the maximum possible gain. (This is because we selected

^rm$ = 2 volts as being the zero referace level). Ifnow we assume, say, 2 db change
in diode input, the actual change in stage gain is —4.3 — ( —3) == — 1.3 db. Because
voltage input applied to the diode has increased 2 db, and the amplifier stage gain has
decreased 1 .3 db, it follows that the signal voltage applied to the amplifier grid must
have increased 2 + 1.3 = 3.3 db.

The direct output voltage change across the deteaor load, for 3.3 db change in sig-

nal input, is from —2.2 volts to —2.9 (i.e. from curve (1), Fig. 27.40, the total bias vol-

tage change is from —5.2 to —5.9 volts, which correspond respectively to —2.2 volts

and —2.9 volts across the diode load, when the standing bias is —3 volts). Ex-
pressing the direct output voltage change in decibels, we have

^ bias
Output change (db) = 20 logj* -r:—

j

5
a.v.c. bias for Brm» = 2 V

»201ogf
a.v.c. bias

-2.2
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From this we have for 3.3 db change in signal input voltage (2 db change in diode

Ii4)ut) a corresponding output change of 2.4 db. The complete a.v.c. charaaeristic

is tabulated below and plotted in Fig. 27.41.

1

Change in diode

input (db)

A.V.C.
Bias Voltage

Change in Signal

Input (db)

Change in diode

output (db)

0 - 2.2 0 0
2 - 2.9 3.3 2.4

4 - 3.5 6.5 4.0

6 - 4.5 10.6 6.2

8 - 6 16.8 8.7

10 - 7.5 22 10.6

12 - 9.1 27.2 12.3

14 -11.8 33.9 14.6

16 -15 40 16.7

18 -18.5 46 18.5

20 -23.9 52.8 20.7

22 -29.5 60 22.5

22.8 -32 65.8

j

23.2

It is seen that a change of 60 db in signal input gives an increase of 22.5 db in output.

I^ should also be observed that in most cases it can be taken that the diode input is

directly proponional to diode output, and the additional set of calculations need not

be made—e.g. 60 db change in signal input gives 22 db change in diode input or 22.5

db change in diode output. For three similar controlled stages the output change
would be reduced to 7.5 db. If the valves to be controlled arc not of the same type,

then individual input-output curves must be drawn and the results combined to give

the complete a.v.c. characteristic.

Pig, 27.41. Calculated a,v,c. characteristicfor a single controlled stage using type 6SK7.

The a.v.c. characteristic for diode input voluges smaUer than Erm» » 2 volts can
be readily plotted, but as the useful range of signal input voltages, where control is

mainly required, is usually greater than this value in a reasonably sensitive receiver

(and because of the limitations of the diode curves) this value hu been uken as afford*

ing a satisfiuxory example.
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The variation in gain given by simple a.v c. is limited> and for very strong signals

a local*distance switch or some other method to prevent overloading of the receiver

is required.

(3) The voltage amplifier and diode detector used for the previous example are to

be used in a delayed a.v.c. circuit, in which the delay bias applied to the diode is

— 10 volts.

If they are not available, the diode characteristics relating rjn.8. input voltage to

d.c. output voluge, for various delay bias voltages, can be measured directly. The
rectified voltage, used for a.v.c. bias, is not completely independent of modulation
when a delay bias is used, and there is an increase in the available d.c. when the per-

centage modulation is increased. Usually the a.v.c. comes into operation for lower
carrier input voltages than would normally be expected, particularly when the per-
centage of modulation approaches 100%.

The complete design procedure now follows that given previously for simple a.v.c.

using the data derived by the method given in the last paragraph. It should be clear

that curve (1) in Fig. 27.40 remains unchanged, but curve (2) must be replotted. The
resultant data are then available for plotting the a.v.c. characteristic. For signal

input voltages of which the peak value does not exceed the diode delay bias, the re-

ceiver operation is the same as for one which does not incorporate a.v.c. (this is dearly
shown in Fig. 27.36).

The slope of the no control line is readily determined since it is taken that the output
is directly proportional to the input.

SECTION 4 : MUTING (Q^V.C.)

(0 General operation (ii) Typical circuits (Hi) Circuits used with F-M receivers

(i) General operation

When a sensitive receiver which incorporates automatic volume control is being
timed from one signal to another there is an objectionable increase in noise output.

This effect can be overcome by using a drcuit arrangement which will make the re-

ceiver silent in the absence of a signal. Arrangements of this nature are known by
various names such as muting, intersration-noise suppression, quiet automatic volume
control (Q.A,V.C.), or squdch systems.

It is desirable, with these circuits, for the receiver to come into operation with the

weakest possible useful signal voltage. Since the useful signal voltage may be variable

for different conditions of reception, communications receivers are usually fitted with

a variable threshold control which can be adjusted to give the best results. For
broadcast receivers variable external controls are not used, the muting range being

pre-set by the manufacturer.

Most systems of muting depend ^r their operation on the application of a large

bias voltage to an i-f amplifier valve, the detector or an a-f amplifier valve. A wide
variety of drcuits has been used by receiver designers, but attention will be confined

here to a few typical arrangements, since the general prindples are much the same in

all cases.

(il) Typical circuits

(a) Blaaed diode detector

A simple type of biased detector muting S3rstem is shown in Fig. 27.42. It is seen

that the drcuit arrangement for the detector is quite conventional except that the diode

load is returned to a tap on the cathode resistor. This makes the dio^ plate negative

with respect to cathode, by the voltage developed between the cathode and the tapping

point on the bias resistor R » and so detection cannot occur until the peak signal input

Vintage exceeds this negative bias voltage. The components are marked to corres-

pond to those in Sect* 1 of this Chapter.
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It should be apparent duit there will be a range of signal input voltages around the

threshold point over which the audio distortion wiU be severe.

A more elaborate muting system, giving improved results over the simple system
of Fig. 27.42 has been described by K. R. Sturley (Ref. 44). This uses a negatively

biased diode and at the same time the circuit is arranged to provide d.c. amplified

delayed a.v.c. The operation of this circuit can be readily understood from Fig. 27.43.

The diode marked D, acts as the automatic volume control detector, and the d.c.

voltage developed across the load resistor Rt is applied to the grid of the triode section

ci Ft and amplified. The diode will only come into operation when the cathode

of Ft becomes negative with rtspM to the diode plate, and the a.v.c. bias is delayed

until this condition occurs. Considering now the double diode Ft, it is seen that Di
acts as the detection diode, but it can only detect when the signal input voltage exceeds
the negative bias voltage developed across the cathode circuit R Cf This negative

FIG.'27.43 Bimui Otcictvr Mwttaf ifmm
OC AnifllfM • 09Wft4 AXC

bias voltage only exists when the diode Dt is conducting, which occurs when the

cathode of F, is positive. As soon as the cathode of Ft becomes negative, the a.v.c.

comes into operation, the diode Dt no longer conducts, and the negative bias is re-

moved from the plate of the detection diode Di which then begins to function in the

usual manner. Part of the deteaed voltage output will appear across Rt, C* but
this is not serious if the value of R* is very much less than the resistance of Ri (say

about one tenth or less). It is recommended that CJiu be made equal to C|Ri.

(b) Inoperndv audio ampUfler
A typical arrangement of this type (Ref. 57) is shown in Fig. 27.44. Fi is any double

diode, such as type 6H6, and F| is a pentagrid mixer, such u the type 6L7, kt which
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grid 1 has a remote cut-off and grid 3 a sharp cut-<^ charaaerisdc. Some systems
use two valves in place of to effect muting and audio frequency amplificadon.
Improved systems are also available (Ref. 54) which use a duo-diode pentode to elimin-

ate the separate double diode valve> the pentode secticm being used as the intermediate

frequency voltage amplifier. Audio a.v.c. is readily applied in this latter case.

FIG. 27.44 Inoperative Audio Amplifier Muting System

From Fig. 27.44 it is readily seen that the diode detector and simple a.v.c. arrange-
ments are quite conventional. The audio output from the detector is iq>plied to grid 1

of the valve Kf Only part of the cathode bias is applied to grid 1 by noing a tap on
the cathode resistor. In the absence of conduction through the diode Dg there is a

large negative bias applied to grid 3 due to the total cathode bias voltage developed
across Rf and R$ in series. The d.c. path to grid 3 is via Rg and R,. R« has a
high value of resistance to prevent the plate of Dt from bei^ connected to ground
through the ccnnparatively low impedance of the cathode circuit of Vt (which includes

the muting control as shown), llie circuit made up from Cg and Cy is merely
a filter to allow the application of direct bias voltage only to the muting grid (3) of
Vt

;

however, R« also performs the useful function of stabilizing the voltage applied

to grid 3 in the event of the anti-mudng bias being sufficiently large to cause grid

current. R» is the diode load resistor for Dt> and C» allows the applicatioii of i-f

voltage to the plate of the diode D,. When a signal is received the voltage developed
across Rg is sufficiently large, and of the correct polarity, to reduce the total negative

bias on grid 3 and so allow^ valve to perform the function of voltage amplifier

for a-f voltages applied to grid 1.

An interesting arrangement (Ref. 54) is shown in Fig. 27.45, in which a duplex-
diode pentode and its associated circuit combine the functions of muting, detection,

conventional and audio a.v.c., and audio frequency amplification. The valve Vi is

a duo-diode pentode in which grid 1 has a remote cut-off characteristic (the circuit

was develops around the Australian-made type 6G8-G). The operation of this

circuit is somewhat different from those previously discussed. The maximum gain

obtainable from a resistance-capacitance coupled audio frequency amplifier occurs
when the negative grid bias has a particular vdue. For a negative bias less than the

optimum value (and for a particular screen voltage, iiriiich is generally made frurly

low), gm will drop and the stage will effectively be muted. When the negative bias

is made larger than the optimum value the gain of the stage will decrease at a com-
paratively slow rate. This principle is used in the circuit of Fig. 27.45 and the signal,

muting, and audio a.v.c. voltages are all applied simultaneously to the control grid.

The caffiode resistors R|« and Rn are used to set the bias voltage to give the optimum
value for maximum gain. Ru is tl^ adjusted to a lower value to reduce the total

bias voltage, and to cause the gain to drop to such a low value that muting has effec-

tively occurred. It is necessary to select the values of bias and screen voltuge so that

the maximum screen dissipation is not exceeded. When a signal voltage is applied

to the a.v.c. diode, the rectified voltage developed across Ry increases die grid bias
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in a negative direction which increases (and so the stage gain) and the valve un-
mutes. For further increases in signal voltage the a.v.c. comes into operation^ and
the gam of the audio stage (and also the other controlled stages) begins to fidl off
in the usual manner. It is seen that only part of the total a.v.c. bias is applied to the
grid of Fi.

FIG. 27.4S MAfU moim to Ptoittt

AyjC,0««tiOM ontf A/.An^ifioormi

(Hi) Circuits used with F-M receivers
The general principles for muting circuits used in F-M receivers are much the same

as for the circuits previously discussed. However, many of the circuits are novel

and a few typical arrangements will be discussed.

One tirpical arrangement (Ref. 59) is shown in Fig. 27.4^A). Valve typcn F|, Fg
tiH aix» those normally employed for limiting and detection. Valve Fc is a double

triode widr separate cathodes such as the type 6SN7-GT. Section (1) is used as a

d.c. amfdifier for the muting control bias voltage which is applied to the grid of Section

(2). The triode of Section (2) is used as an audio frequency voltage amplifier in the

usual manner.
The operation of the circuit is as follows. In the absence of a signal the limiter

vahre Ft draws full plate current, and the positive voltage applied to the cathode of

triode (1) of Ft (from the voltage divider Ru Ru » • minimum. At the same time
diere is a positive voltage on the grid of (1) which is sufficiently large to ensure that

there is a resultant positive voltage on the grid with respea to cathode. This allows

the plate of (1) to draw full current and makes point A negative with respect to point

B across the resistor and to a negative bias is applied between grid and cathode

of triode (2). This bias it made sufficiently la^ to cut off the plate current of (2)

and so prevents any a-f output from being obtained.

UMlttr UwiiMr OiKr twiwotor
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When a signal voltage is impressed on the limiter F, the plate current is reduced,
and so the positive voltage applied to the cathode of triode (1) (F4) is increased. When
the signal input is sufficiently large the positive cathode voluge will exceed the positive

voltage on grid (1) by an amount which is sufficient to cut off the plate current. This
puts the points A and B at the same potential and so removes the negative bias from
the grid (2). Triode (2) of Vi then acts as an ordinary a-f voltage amplifier, and its

normal bias is obtained from the voltage drop across the cathode resistor

Fig. 27.46(B) shows a simple but effective arrangement for muting. Noise voltages,

in the absence of a signal, which appear in the screen circuit of the second limiter

valve, are applied to the control grid of the triode seaion of the muting valve (e.g.

type 6AV6) and the amplified noise voltage is applied to the diode detector circuit,

lie d.c. voltage across the diode load is applied as additional negative bias to the grid

of the a-f voltage amplifier valve and cuts off this stage. When a signal is received

the n^ise voltages are reduced and so the additional bias on the a-f valve falls and the

stage begins to function in the normal manner.
Another useful arrangement is shown in Fig. 27.46(C). In this circuit noise

voltages from the screen circuit of the second limiter are applied to the grid of the

muting valve (which could be a type 12AT7) via the high pass filter Ci Ct Ri. Triode
section (1) operates as an anode bend detector and the direct voltage developed across

Rf cuts off triode section (2) ; the relay is then in the unoperated condition. When
a signal is received the noise voltages are reduced due to the receiver quieting, and
at the same time additional bias is applied to triode (1) by the rectified voltage appearing

at the first limiter grid. The voltage across Rt is now insufficient to cut off triode (2)

and the relay is operated by the plate current. The relay can operate a contact to

short the grid of the output valve to earth : additional contacts can also be utilized

should the receiver be used for special purposes. The circuit can readily be re-

arranged so that the relay is not required, and an additional control bias is made
available to cut off the a-f voltage amplifier by increasing the voltage in the cathode

circuit in the absence of a signal. The coupling network R, R 4 C, has a suitably

seleaed time constant, and the circuit arrangement is such as to prevent amplitude

modulation or over deviation of the frequency modulated signal from muting the

receiver.

Both of the circuits of Fig. 27.46(B) and (C), or variations of them, have been widely

used in f-m mobile and V.H.F. link receivers. In some cases additional negative

bias is applied to both the a-f voltage amplifier valve and the a-f output valve ; this

has the advantage in the case of mobile receivers that the battery drain is reduced very

appreciably during stand-by periods since a large proportion of the battery drain is/

due to the H.T. current drawn by the output valve.
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If muting ON-OFF is required it is usual to switch an additional resistor into the

cathode circuit of the muting valve. This resistor is made sufficiently large to cut

off the valve and so render the muting inoperative.

A number of other useful circuit arrangements can be obtained from Refs. 58 and
59. Many circuits have appeared in the patent literature, but have not been generally

published. One of particular interest uses the two limiters (which are resistance-

capacitance coupled) as a multivibrator unit, the output of the second valve being

coupled back to the input of the first by means of resistance and capacitance con-
nected in series. In the presence of si^ial input voluges the relatively low ampli-
fication between the valves prevents the feedback network from being efifective.

In the absence of a signal the grid biases are such that noise voluges will be amplified

sufficiently until the circuit operates as a mvdtivibrator. One of the two valves is

then always in a non-conducting condition and there is no audio output. This system
is described by J. A. Worcester in G.E. Patent Docket 68743. Another useful circuit

is given by R. A. Peterson in R.CA. Patent Docket 21,998. This incorporates d.c.

amplification and also requires the use of an additional double diode with separate

cathodes. The diodes rectify noise output (which contains A-M) from the limiter.

The d.c. voluge developed across the diode load is amplified and applied as a muting
bias on the a-f amplifier valve. Unmuting occurs in the presence of a signal by using

a negative voltage from the limiter grid to oppose the rectified voluge appearing
across the diode load.

Muting circuits are generally applied only to F-M receivers using the limiter and
discriminator combination. The noise level between sutions with receivers using

ratio detectors or locked oscillator arrangements is generally fairly low, and muting
is not usually considered to be so necessary in these cases. However, it is a relatively

simple matter to utilize the rectified d.c. voluge available at the output of a ratio de-

tector (or also in a conventional discriminator, see Ref. 62 p. 120) to operate a muting
system, since the rectified d.c. voluge is proportional to the strength of the incoming
signal.

SECTION 5 : NOISE LIMITING

(i) General («) Typical circuit arrangements,

(i) General
The purpose ofa noise (or crash) limiter in a radio receiver is to assist in the reduction

of noise pulses, such as those due to ignition interference and crashes of sutic, so that

their efifecu may be minimized at the receiver output. The difference between muting
systems and noise limiters should be carefully distinguished, as they perform quite

different fimetions in connection with the type of noise "which they are meant to

eliminate.

Noise limiters in general follow two trends. One group ** punches a hole ” in the

signal so that the receiver output is momentarily cut off. The other main group
functions by limiting the maximum output to a value which is not appreciably greater

than some pre-determined level.

It can be shown fairly readily (Ref. 63) that the best results for noise reduction can
be obtained by placing the limiter in the receiver at a point of low selectivity. The
Lamb silencer (Ref. 65) for example, is usually placed after the first i-f suge and its

operation is su^ as to cut off the plate current in the second i-f amplifier valve,

momentarily.

For many purposes elaborate noise limiting circuits* (Refs. 65, 71) are not essential,

and the tendency in the usual communications receiver is to use simple diode limiting

to remove noise peaks. For amateur work sufficiently good results are often possible

using audio output limiters (see Refs. 66, 67, 68). With the A-M receivers used in

mobile communications systems a very elaborate noise limiter may be incorporated.
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See also Chapter 16 Sea. 6 for speech clippers and Sea. 7 for noise peak and output
limiters.

The threshold of operation for noise limiters can be arranged for either automatic
or manual setting for different signal input voltages. Good results are possible using

automatic setting, but the more elaborate circuits praaically always make some pro-

vision for manual control.

(ii) T3rpical circuit arrangements
The Lamb silencer can be made* to give excellent results, but because it is rather

elaborate it is not extensively used in commercial communications receivers. For
a description of its operation, together with complae circuit data, the reader should

consult Ref. 65.

Fig. 27.47 shows a typical example of the “ shunt ” type

of diode limiter. It is seen that the circuit to the left of
the dotted line AB is the usual diode daeaor circuit and
the component values are identical with those normally
seleaed. The negative direa bias voltage is set to prevent

the diode Dt from conduaing until the peak input voltage

exceeds the bias. When this occurs the diode D* acts as

a virtual shon circuit, and there is practically no output

from the dcteaor circuit.

A “ series ** type of diode limiter is shown in Fig. 27.48.

The diode D, is used for deteaion in the usual manner.
Diode Dt is biased to be conduaing with normal

signal voltages applied to the deteaor circuit. For bursts of noise there is an in-

stantaneous negative voltage applied to the plate of and when this negative voltage

exceeds the positive bias the diode stops conducting and so opens the audio output
circuit. A large amount of audio gain is required when this type of circuit is used,

because of the low audio voltage available.

These simple circuits have several disadvantages. Firstly they are both susceptible

to hum because of heater-cathode leakage when the cathode of D, is above earth.

For example this limits the size of the resistor R which can be used in the circuit

of Fig. 27.48, and so results in a loss in audio output. (An increase on the value shown
would be permissible however). A further disadvantage is that stray capacitances will

allow some of the high frequency noise components to appear in the receiver output,

even though the diodes are operating in the prescribed ntanner ; this can be largely

overcome with care in layout and wiring to minimize stray capacitances.

Automatic threshold control may be arranged with simple series ” and ** shunt
”

limiters. Suitable methods are given in the references (particularly Refs. 62A, 64 and
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70). However, a much more satisfactory circuit (Ref. 44) is shown in Fig. 27.49. The
diode Di is incorporated in the usual detector arrangement and this circuit provides a

variable bias voltage for the noise limiting diodes D, and Dj. A short burst of noise

voltage having a positive polarity will cause the diode D, to conduct and so flatten

out the audio waveform. A noise voltage having negative polarity causes Dt tb con-
dua which then flanens out the negative peak of the audio output. In the absence
of noise the positive and negative half cycles are equally damped and so distonioo
is reduced.

Additional methods used for noise limiting in radio receivers are given in Chapter 16

Sect. 7 ; methods of noise reduction for use with reproduction from records are

described in Chapter 17 Sect. 7.

SECTION 6 : TUNING INDICATORS

(i) Miscellaneous (ii) Electron ray tuning indicators (Hi) Null point indicator

using Electron Ray tube (iv) Indicators for F~M receivers.

(i) Miscellaneous
A tuning indicator is a device which indicates, usually by means of a maximum

or minimum deflection, when a receiver is correctly tuned. These indicators have
taken a number of forms, panicularly before the advent of the Electron Ray tuning

indicator, originally called the “ Magic Eye,** and a few of these will be briefly dis-

cussed before considering the Electron Ray Tube in detail.

One arrangement is to use a milliammeter conneaed in the plate circuit of a voltage

amplifier valve which is controlled by a.v.c. Circuits of this type can also be arranged

to indicate relative signal strength, and the meter scale may be calibrated in arbitrary
** S ** units. Another form is the saturated reactor or dimming lamp indicator.

This uses a pilot lamp, in series with a special form of iron-cored inductance, which
is excited from a suitable winding on the power transformer. A second wining on
the inductance (or transformer) carries the plate current of one or more valves which
are controlled by a.v.c. In this simple form the maximum plate current is sufficient

to saturate the core and so reduce the impedance in series with the pilot lamp, which
is then at full brilliance. When a signal is being tuned the plate current is reduced and
the lamp dims. In order to make the pilot lamp reach full brilliance when the re-

ceiver is tuned to a station instead of dimming, a ** bucking ** current can be passed
through another winding so that saturation occurs when the plate current is very
small, instead of it occurring when the plate current is large. Both arrangements
can be understood by studying Fig. 27.90.
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A further arrangement is to use a neon tube in which the length of the illuminated

column is proportional to the d.c. voltage obuined from a resistance conneaed in

series with the plate of an amplifier valve controlled by a.v.c.

(ii) Electron Ray tuning indicators
Electron Ray tuning indicators are the most popular of all the arrangements being

considered. These indicators operate from either the signal diode or the a.v.c. diode
circuit. The Electron Ray tube is not limited to use in receivers with a.v.c., since

it operates to indicate a change of voltage across any part of the circuit. For example
it may be connected to the signal diode circuit irrespective of the presence of a.v.c.,

or it may be conneaed across the cathode bias resistor of an anode bend deteaor.

The correa type of Electron Ray tube to be selected for any position depends on the

controlling voltage available.

The most popular types of Electron Ray tube (c.g. 6U5/6G5) have a triode am-
plifier incorporated in the same envelope, so that the voltage necessary to obtain full

control is deaeased. In most types this amplifier has a remote cut-off charaaeristic

so that the sensitivity may be high for weak signals and yet not cause “ overlapping
”

on strong signals. Type 6E5 has a linear charaaeristic and is occasionally used for

special applications. Type 6AF6-G has two independent Ray-Control Electrodes,

one of which may be used for strong signals and the other for weak signals, but has

no amplifier, incorporated in the same envelope.

In a typical receiver with delayed a.v.c. the Electron Ray tube may be conneaed to

either the signal or the a.v.c. circuit, but since it will give no indication until the diode
Stans to conduct, it will not operate on weak signals when conneaed to a delayed

a.v.c. circuit. Consequently most receivers using delayed a.v.c. employ the signal

diode circuit for operating the tuning indicator. The disadvantage of this latter

arrangement is that it introduces additional a.c. shunting effects on the deteaor diode

load resistance and so leads to increased distortion at high modulation levels (sec

Sea. l(i) above). The a.c. shunting effects are minimized by using a high resistance

in the grid circuit of the tuning indicator, a value of about four times the diode load

resistance being typical. In order to prevent flicker due to modulation, adequate

decoupling between the diode load and the indicator grid is necessary. A capacitance

of about 0.05 /xF is usually connected from grid to ground, and this, in conjunaion
with the grid resistor previously mentioned, should lead to satisfactory operation (sec

Fig. 27.51). If simple a.v.c. is used (i c. no delay voltage) it is preferable to operate

the tuning indicator from the a.v.c. line to reduce a.c. shunting (see again Fig. 27.51).

From the diagram it can be seen that with the switch in the “ Det.” position the grid

of the tuning indicator is conneaed through a 2 megohm resistor to the deteaor diode

circuit. With the switch in the “ a.v.c. position the indicator is conneaed dircaly

to the a.v.c. line. This shows the two alternative conneaions just discussed. The
cathode of the tuning indicator is returned to a suitable tapping point on the cathode

bias resistor of the power valve as discussed below.

Fio. rf.%\
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The cathode of the Electron Ray tube should be, as closely as possible, at the same
potential as the cathode of the diode. If its cathode is more negative than that of

the diode, grid current may ocair thereby increasing the initial bias on the controlled

stages and reducing the sensitivity of the receiver. Consequently if the diode cathode

is earthed, the indicator tube cathode should also be earthed, but if the diode cathode

is positive then the indicator tube cathode should also be positive by an approxi-

mately equal amount. One satisfactory method of obtaining this positive voltage,

which however may only be used with a Class A power valve, is to connect the cathode

of the Magic Eye to a tapping on the cathode bias resistor of the power valve. With
this arrangement it is advisable for the tapping to be adjusted to make the cathode

of the Electron Ray tube about 0.5 volt less positive than that of the diode in order to

allow for contaa potential in the indicator tube, the delay ’* due to this small voltage

being negligible.

Alternatively, the cathode return of the Magic Eye may be uken to a suitable tap-

ping point on a voltage divider across the ** B ” supply. Due to the fairly heavy and
variable cathode currents drawn by the older types of indicator valves it is essential

that the voltage obtained from any voltage divider, or other source of voltage, should

not be affected appreciably by a current drain of from 0 to 8 mA. It is for this reason

that it is not satisfactory to tie the cathode of the indicator tube to that of the diode.

With the newer ** space charge grid *' construction the cathode currents remain more
nearly constant throughout life, and this allowance for change of current need not be
made. However, it is not advisable to base calculations for cathode bias resistors

on the published values of cathode currents since in some cases with valves of the newer
construction, these are higher than the average currents.

Overlapping of the two images is possible on very strong signals, whatever type
of indicator tube is seleaed, but it is generally found with a remote cut-off type (such

as the 6U5/6G5) that this is not often experienced under field conditions. Certain

arrangements have been devised to reduce the tendency to overlapping, but none is

free from criticism. Desensitization of the tuning indicator is readily applied, but
affects indications on weak signals. The use of two separate tuning indicators, or

a single type 6AF6-G with two separate amplifiers, one for 'weak and one for strong

signals, is excellent but expensive. If the grid of the indicator tube is excited from
the moving contact of the volume control the deflection will depend upon the setting

of the control, and ** silent tuning will not be possible.

^P^de Angle Tuning with a maximum angle of ISO*" is practicable if an external

triode amplifier is added (see Ref. 73). With this circuit (Fig. 27.52) the edges of
the pattern are sharp from 0** to about 150*" to 190"*.

(iii) Null point indicator using Electron Ray tube
A Magic Eye tuning indicator may be used in many applications as an indicating

device, one of these being as a null point indicator for use with a.c. bridge circuits.

Such an arrangement is preferable to the use of head phones or sensitive instruments,

since it may be used without disturbance from external noises and is capable of with-

standing considerable overload without damage. The sensitivity of the type 6B5
is 0.1 volt (rjn.s.) for a very clearly marked indication. When used as a null point

incUcator tl^ 6E5 grid is biased approximately 4 volu negative, and the a.c. voltage is
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applied between grid and a cathode. Any suitable pre-amplifying stage may be used
to increase the sensitivity of the device if desired. When an a.c. voltage is applied
the sharp image will cha^e to a blurred half-tone and as the null point is reached the
image will again become sharp. A heavy overload may cause overlapping of the
pattern, but this is not detrimental to the tube.

(iv) Indicators for F-M receivers
The usual types of electron ray tuning indicator such as the 6U5/6G5 and 6E5,

have been adapted for use as tuning aids in F-M receivers, and several systems using
these tubes will be described A special electron ray indicator designed for use in

F-M receivers has been described by F. M. Bailey (Ref. 76), and has been commercially
released as type 6AL7-GT. Data on the application of the type 6AL7-GT can be
found in Ref. 77 and in the R.C.A. HB-3 Tube Handbook.
A method that immediately suggests itself for connecting a tuning indicator to a

F-M receiver using a limiter is shown in Fig. 27.53. This method of obtaining a

control voltage, from the limiter grid circuit, for operating the indicator tube is by
no means the best arrangement available. The disadvantage of the circuit is that,

when a strong signal is being nmed-in, the maximum voltage at the limiter grid is

not sharply defined, and exact tuning is almost impossible under this condition.

The resistor R and capacitor C arc used to provide decoupling, as the presence of
a.c. components of voltage at the indicator grid will prevent the fluorescent pattern

from being sharply defined.

A much more satisfactory timing arrangement is shown in Fig. 27.54. This is

similar to the Philco Circuit shown in Ref. 75 but the two components R and C have

been added. The additional resistor appears to be necessary if the d.c. voltages

applied to the diode plates of the balanced rectifier are to be equal when the receiver

is detuned by an equal amount above and below the centre frequency. Actual ad-

justment of R could be nuide to achieve more exact symmetry, but it is probable that

in most cases the tuning operation would not be seriously impaired by leaving R
and C out altogether. The operation of the circuit is straight forward. Assume
firstly that the receiver is tuned to the centre frequency. The balanced rectifier has

no voltage output, and the negative voltage developed across the resistor in the limiter

grid is applied to the control grid of the tuning indicator, this voltage causii^ the

pattern to close. When the receiver is detuned there is a voltage developed across

of the polarity shown, due to the operation of the balanced rectifier. This voltage

plus that developed in the limiter grid are added algebraically and the resultant voltage

is applied between grid and cathode of the tuning indicator. Since the net bias

voltage will always be less than that obtained when the limiter voltage alone is applied

(the correct tuning position) the pattern on the tuning indicator opens. The indica-

tions given by this circuit are sha^ly defined, and in addition the indicator opens and
closes in the same manner as for indicator circuits used in conventional A-M receivers.
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This latter feature is not available with similar arrangements operating from the dis-

criminator output alone.

Tuning aids are sometimes used in receivers with ratio detectors. The simplest

arrangement in this case is to take the control bias voltage from the a.v.c. take-off

point> or to use whatever fraction of this total voltage that is thought to be necessary

for operating the tuning indicator.

SECTION 7 : CRYSTAL DETECTORS
(i) Old type crystal detectors (ii) Fixed germanium crystal detectors (Hi) Fixed

silicon crystal detectors (iv) Theory of crystal rectification (v) Transistors.

(i) Old type crystal detectors
Crystal deteaors of the “ catswhisker ” type have been used for many years, but

are very touchy, require frequent adjustment, and are affected by even slight vibration.

However, when correctly adjusted, they make quite efficient detectors. Crystal sets

are briefly mentioned in Chapter 34 Sect. l(ii).

(ii) Fixed germanium crystal detectors
These have the advanuges of small size and of needing no heater supply, thereby

avoiding the possibility of introducing hum into high impedance circuits. Their
main disadvantages are that the impedance presented to negative voltages is com-
paratively low and dependent upon the applied voluge, ai^d that the charaaeristics

from unit to unit show comparatively large variations.

Reverse resistance in a typical case varies from 2 megohms with 20 volts applied

to 0.2 megohm at about 100 volts. In some circuits, e.g. a F-M ratio detector, this

reverse conductance affects the operation and modifications are required to obtain

sadsfaaory performance. The forward resistance is very low e.g. 200 ohms with one
volt appli^, falling below 100 ohms at somewhat higher voltages for a typical unit

—

and this feature can be valuable in some applications.

In this type of rectifier (see Ref. 79 from which this description is uken) as distinct

from silicon rectifiers, the outstanding advantage lies in an ability to handle large

voltages in the reverse direction, while in the forward direction, the slope (measured
at + 1 volt) may )>€ of the order of 100 ohms (10 mA at 1 volt).

The slope in the reverse direction reaches a maximum resistance value at the order
of —2 volts, beyond which the resistance falls slowly untih at a particular voltage

known as the ** turnover voltage,*’ slope resistance falls to zero and then becomes
negative.
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Measurements of rectification efficiency at various frequencies up to 100 Mc/s
indicate that the efficiency falls with frequency by an amount which depends upon
the “ turnover voltage,” the higher the “ nimover voltage ” the lower the reaification

efficiency. In view of this, crystals intended for use at very high frequencies have a

maximum as well as a mimimum “ turnover voltage ” rating.

A typical current/voltage characteristic is shown in Fig. 27.55.

Rectification occurs at the junction between a metallic point and the surface of

crystalline germanium. During manufacture this junction is treated to obtain opti-

mum impedance characteristic and time stability. After assembly, the meul point

is cemented to the germanium to prevent dislodgment by vibration, and the complete

assembly is sealed to prevent ingress of moisture.

A characteristic of fixed germanium crystal detectors is their remarkable property

of withstanding severe mechanical shock or vibration. The estimated life of the

rectifier is indefinite—in excess of 10 000 hours.

There is little change in rectifier charaaeristics from 15^C to 50 ^C, but above this

temperature up to lOO^C, both forward and back slope resistances decrease slowly.

The characteristics of germanium crystal diodes vary considerably, depending on
the application and the manufacturer, but the following data are representative of
the majority of types.

Allowable direct current

Allowable surge current

Allowable reverse voltage

Turnover voltage (reverse voltage for zero dynamic resistance)

Minimum current with -f 1 volt

20 to 60 mA.
1(X) to 600 mA.
25 to 250 volts

40 to 275 volts

2.5 to 15 mA
(some are less

2.5 mA).
than

Reverse current with —50 volts applied

(this only applies to types having an allowable reverse

voltage of 50 volts)

Capacitance

Maximum ambient temperature

Minimum ambient temperauu^
Maximum frequency

References to germanium detectors : 78, 79, 80, 81, 83,

40 to 1660 fiA

0.8 to 3.0 ftfxF.

+ 70° to +85°C.
-40° to -55°C.
up to several hundred
Mc/s.

84, 85, 85A, 85B.

(iii) Fixed silicon crystal detectors
The fixed silicon crystal detector is principally used as a frequency converter at

frequencies above 100 Mc/s. Some designs go up to 1000 Mc/s, while others go
as high as 5000 or 10 000 Mc/s. The silicon detector is liable to damage by transient

voltage overloads in the reverse direction. The conversion loss is about 6 to 8 db.

References to silicon detectors : 82, 83.
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(iv) Theory of crystal rectification
The modern theory of crystal rectification is given in Ref. 83 : See also Ref. 79.

(v) Transistors
Transistors arc crystal devices with three or more electrodes, which are capable

of amplifying A g<xxi introductory article is Ref. 86. Sec also Refs. 87, 88, 89, 90,

91, 92, 93, 94, 95, 96, 97.
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REFLEX AMPLIFIERS
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SECTION 1 . GENERAL DESCRIPTION

(0 Description (ii) Advantages and disadvantages of reflex receivers.

(i) Description
A reflex amplifier is one which is used to amplify at two frequencies—usually

intermediate and audio frequencies.

Reflex radio and audio frequency stages have also been used in very small T.R.F.
receivers (see Sect. 5).

Reflex receivers were fairly common in U,S.A. and Australia in the period 1934

to 1937, but suffered from serious distortion and high play-through. These re-

ceivers usually had high a-f plate load resistors giving comparatively high a-f gain,

low i-f gain and low operating plate voltages and currents. A.V.C. was not applied

to the reflex suge which was frequently a sharp-cut-off valve such as the 6B7or
6B8. A considerable advance was made in Australia by the use of the remote cut-off

type 6G8-G with a.v.c., and a further advance was made in the adoption of a com-
paratively low a-f plate load resistor. The latter enabled nearly full i-f gain to be
obtained with non^ voluges on the electrodes, thus increasing the maximum plate

voltage swing for a limited distortion. The most common application of a reflex

amplifier in Australia* at the present time is in a 3/4 valve receiver comprising con-

verter, reflex stage, power amplifier and rectifier. The reflex stage in such a re-

ceiver amplifies at intermediate frequency, provides detection and a.v.c. from its

diode or diodes, and then amplifies at au^o frequency. It may be compared with

a straight receiver in which the second valve is used as i-f amplifier and detector,

the output from the deteaor being used to excite the power stage. Using the t^ne
valves and components in both cases, the reflex receiver may have a sensitivity up
to 10 times that of the straight set.

(ii) Advantages and disadvantages of reflex receivers

Advsntngea of the reflex receiver

1. Higher sensitivity.

2. Greater flexibility in design, permitting use of negative feedback either with or
without tone compensation (bass boosting) for small cabinets.

*Reflex reedren do noc appear to be in commercial use in either U.S.A. or Great Britain at the time of
writing.

1140
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DItadvaiitagM of the roflez receiver

1. Increased cost due to additional components.

2. Increased tendency to overload on strong signals.

3. More complicated design, although once a satis£ictory design has been evolved

there are no outstanding production difficulties.

4. Somewhat increased distortion at high modulation percentages at medium and
high input levels than for a well-designed straight receiver, althou^ both are sdll

in the same class.

5. Play-through—that is the occurrence of a-f output with the volume control at

its zero setting. This leads to a further defect known as the ** minimiifw volume
effect whereby minimum volume from the receiver is obtained with the volume
control at some setting slightly above zero setting. At the point of tninimum volume
the signal is very badly distorted since there is a balancing-out of the fundamentals
between the normal signal and the out-of-phase play-through signal. Both play-

through and the minimum volume effect may be reduced by good design so as not to

be objectionable. See Sects. 2, 3 and 4. Perhaps a fsirer comparison is between a
3/4* valve reflex receiver and a 4/5 valve strai^t set. In this case the reflex re-

ceiver will be more economical to produce, through the saving of one valve, while
there will be a slight saving in space, heat dissipation and current oemsumption. The
4/5 receive is capable of being designed to have negligible play-through and may
have slightly greater sensitivity.

The design of reflex receivers must necessarily be a compromise, with juggling of
inter-acting charaaeristics. However, by reflexing it is possible to achieve an ac-

ceptable performance which would not otherwise be obtainable with the same number
of valves. The faa that reflex receivers form a substantial percentage of the Aus-
tralian market for 3/4 valve sets indicates that their performance is acceptable.

On account of the complicated inter-action which occurs in a reflex receiver, it is

impossible to design the reflex stage alone ; the whole receiver must be treated as a
sin^e design unit. If any change is subsequently made in any other stage, it is

usually necessary to make consequential modifications to the reflex stage for the best

results.

So fu: as sensitivity' is concerned, a straight 3/4 receiver using modem valves can
give 15 fiV broadcast sensitivityf, and 30 short-wave sensitivity which for most
applications is adequate. Nevertheless the higher a-f gain of the reflex receiver

removes the problem, which is experienced with straight 3/4 sets, of preventing the

a.v.c. from limiting the a-f output before the output valve is fully loaded.

The advantages to be obtained at audio frequencies frmn reflexing a 3/4 valve

receiver are considerable. A straight 3/4 valve set without an a-f stage almost in-

variably suffers from ** bubbling ” at high a-f outputs on strong signals, and to pre-

vent this the low frequencies are reduced as much as possible without making the

reproduction too thin. With the additional stage of a-f amplification provided by
reflexing, the regenerative effect' which causes bubbling beeves degenerative, and
the bass can be boosted to any desired extent without bubbling being experienced.

In addition it is not possible in straight 3/4 valve sets to use negative feedback

for any purpose other than mild frequency correefion because any reduction in the

mid-frequency gain of the output stage makes i-f overloading probable before the

output valve is driven to full output. With reflexing an appreciable amount of the

added a-f gain can be used for any desired form of negative feedback.

Reflex superhet. receivers may be divided into two principal groups, those employ-
ing plate reflexing (see Sect. 3), and those employing screen reflexing (see Sect. 4).

3/4 vilvs Mcsivtr it oot having thrae ampUfriag valves and a ractifler.

tFor 50 mllllwatii output.



1142 (i) PLAY-THROUGH 28JI

SECTION 2 : SOME CHARACTERISTICS OF REFLEX
SUPERHET. RECEIVERS

(t) Play through {residual volume effect) (tt) Over^loading {Hi) Aiuomatic volume
control (tv) Reduction in perceiuage modulation (v) Negative feedback (tit) Operor
ting conditions of reflex stage.

(i) Play-through (residual volume effect)

This cfTca has been briefly described in Sect. 1. Play>through in a reflex receiver

is due to the rectification caused by the curvature of the valve dynamic characteristics.

Play-through increases as the input signal is increased, and may be measured with a

lar^ signal input—preferably with a high modulation percentage and with the volume
control at zero. During design it may be found that play-through increases rapidly

when the signal input to the reflex stage passes some critical level. In such a case

the a.v.c. syste*n must be designed to prevent signals of this magnitude from appear-

ing at the grid of the reflex stage. Since play-through is a function of rectification

and therefore of the curvature of the characteristic, it is a variable depending on the

bias. By plotting play-through for varying bias voltage on the reflex stage with a

constant input signal to the reflex stage, it is possible to determine the range of a.v.c.

voltages which may be applied to the stage without resulting in serious play-through.

This may entail using only a small fraction of the developed a.v.c. voltage on the

reflex stage.

(ii) Overloading
It is practicable to design a reflex receiver to handle input voltages up to 1 volt

without serious distortion (of the order of 10% at 100% modulation).

(iii) Automatic volume control
The a.v.c. system should be designed so that high peak i-f plus a-f voltages are not

built-up in the plate circuit of the reflex stage. There are three principal a.v.c.

systems in use :

1. Full a.v.c. applied to both converter and reflex stages.

2. Fractional a.v.c. applied to both suges, although the two fractions may be
different.

3. Full a.v.c. is applied to the converter and fraaional a.v.c. to the reflex suge.

The choice of converter valve has considerable bearing on the a.v.c. design. The
use of a converter with a not-too-remote cut-off (e.g. 6BE6) assists in the reduction

of play-through by limiting the maximum signal voluge applied to the grid of the

re^x stage.

Ifthe fraction of the a.v.c. applied to the reflex stage is reduced too much, or omitted
entirely, the reflex stage may run into grid current and cause ** bubbling ** with the

volume control at maximum because the rectified a-f signal returned to the grid from
the plate of the reflex stage may exceed the bias on the valve. If the fraction of a.v.c.

applied to the reflex stage is increased too much, the a.v.c. characteristic will tend
to reach a maximum output and then to fall with increasing input voltages. The
worst effect vi excessive control is the inability of a receiver to give full a-f output
on strong sutions even with the volume control at maximum. Also, in such a case

the effect of tuning to a powerful signal is to produce less output when the receiver

is tuned directly to the carrier than when it is tuned to one side, so that there are

two adjacent tuning positions of maximum volume. A further effect of too large a
fraction of a.v.c. voltage is the increase in play-through referred to above.

As a criterion of good a.v.c. design, the volume control should be iq>proaching its

maximum position for maximum un^storted a-f output at any signal level. The
minimum volume effect may be reduced by using a tone control wliidi gives severe

treble attenuation.
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(iv) Reduction in percentage modulation
With a large signal input and with the volume control at maximum, a reduction

in the percentage of modulation occurs due to the curvamre of the characteristics.

Under laboratory conditions this can be quite considerable, for example 30% modu-
lation may be r^uced to 10%, but it is usually unimportant with ordinary listening

because it only occurs under conditions which would also cause overloading of the

power stage. However, where a Scroggie-type of a.v.c. characteristic indicates

serious a-f overloading with the volume control at maximum, the actual overloading

with a strong input signal may be appreciably less than that indicated, owing to the

reduction in percentage modulation.

(v) Negative feedback
If full a.v.c. is applied to the reflex valve, a strong signal will then reduce the a-f

gain, which in turn will reduce the a-f feedback, if any. Under these conditions

feedback is available on weak signals where it is not needed, but it is very much re-

duced on strong signals where it is most needed. As a consequence, negative feedr

back is only practicable with a small fraction of the a.v.c. voltage on the reflex stage.

Negative feedback, in addition to its use for ^e reduction of distortiem and for tone

compensation, also assists very considerably in the reduction of play-through (e.g.

Fig. 28.3).

(vi) Operating conditions of reflex stage
llie reflex stage should be biased, with a very small signal, to give maximum gain

unless this bias is insufficient to prevent the valve from drawing grid current due to

a-f signals in excess of the bias voltage being applied to the control grid at input

signals such that the a.v.c. has not yet become fiilly efitective.

Adequate r-f filtering of the demodulated signal is necessary before retumixig it

to the grid of the same valve again, to avoid regeneration or actual i-f oscillation.

SECTION 3 : DESIGN OF PLATE REFLEX SUPERHET.
RECEIVERS

(i) General considerations (if) Full a,vx. applied to both stages (m) Fractional

a.v,c. applied to both stages {iv) Full a v,c. on converter, fractional a.vx. on r'rflex

stage,

(i) General considerations
The majority of reflex receivers are in this class. Plate reflexing is less critical in

relation to valve operating point and less critical so far as design is concerned. How-
ever, under some conditions, screen reflexing will give less play-through. With
high i-f gain in any receiver it is difficult to eliminate regeneration entirely without

some filtering, but in a plate reflex receiver i-f decoupling is an inherent, feature due
to the plate circuit components, and no other i-f filtering is necessary.

(ii) Full a.v.c. applied to both stages
With suitable valve types, this very simple system is capable of handling an input

of 1 volt (30% modulated) with distortion as low as can be obtained from kny other

a.v.c. arrangement. Current designs of reflex receivers employing this a.v.c. arrange-

ment have frdrly hi^ play-through but this may be due to factors other than the a.v.c.

system.

(Ui) Fraclioiial a.v.c. applied to both stages

A typical example is Fig. 28.1 in which a large fraction of the a.v.c. voltage is

applied to the converter stage and a small fraction to the reflex stage. As a result

of reduced a.v.c. voltage on the reflex stage, the play-through is considerably reduced.
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(iv) Full a.v.c. on converter, fractional a.v.c. on reflex stage

An tJMmpie of s receiver in this class is Fig. 28.2 in which one ninth of the a.v.c.

vQhage is applied to the reflex stage. The receiver has a sensitivity of 40 fxV (for

50 mW output)) the comparatively low sensitivity being due principally to the use of

low Q i-f transfotiners. It is capable of handling an input up to 1 volt with complete

stability under all conditions) and has several interesting features. The plate load

|H|

11
To H«ottrt A Oiol

Pig. 28.1. Reflex superhet. receiver with plate reflexing and fractional a.v.c. on both

controtled stages {A.W.A. Radiola Model ill-M).

Pig. 28.2. R^x tuperhet. receiver with plate reflexing, fUU a.vx. on converter and
fraction^ a.f

" “
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resistor was selected to provide optimum operation together with minimum hum ;

a certain amount of hum neutralization is possible between the reflex (a-f) and power

amplifier stages. Feedback in the reflex stage is neutralized by the very small fixed

capacitances Cjvi and Ca’ 2, while a small degree of negative feedback is provided on

the output stage.

Considerably improved performance is obtainable by the use of type 6AR7-GT
in the reflex suge, together with high Q i-f transformers. This avoids the necessity

for neutralization and gives higher gain. Still higher gain is obtainable with a high-

slope output valve, although the play-through is increased thereby. This circuit

arrangement has considerable merits and there are prospects that, by suitable choice

of valve types and a.v.c. design, the play-through may be reduced to a low level.

A possible alternative form of the circuit would be to use type 6BE6 converter,

6BA6 reflex, amplifier and a duo-diode-output pentode.

SECTION 4 : DESIGN OF SCREEN REFLEX SUPERHET.
RECEIVERS

(i) Screen reflex receivers {it) Comparison between plate and screen reflexing,

(i) Screen reflex receivers
In a screen reflex receiver the screen of the reflex stage is by-passed to earth for

intermediate frequencies only, and the screen is coupled to the grid of the power

stage for audio frequencies. For the same number of components and the same

economy, screen reflexing permits the use of separate screen dropping resistors for

the converter and reflex stages, thus giving greater flexibility in design and less inter-

action. The play-through is less than with plate reflexing and may be made quite

small with the application of negative feedback. It is necessary for the diode-screen

capacitance to be low, and in this respect the Australian type 6AR7-GT is satisfactory.

The screen dropping resistor and grid bias must be designed for optimum i-f gain ;

in the 6AR7-GT this also provides satisfactory a-f gain. Screen reflexing requires

good hum filtering.

With screen reflexing, careful design is necessary for optimum results to be ob-

tained. An example of a well designed screen reflex receiver is Fig. 28.3. This

has been designed for high sensitivity with reasonably low distortion and low play-

Fig, 28.3. Reflex superhet, receiver with screen reflexing {Ref, 4).

H.D.H 97
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through. The aerial sensitivity is approximately 5 #iV for 50 mW output, and the

signal to noise ratio is 10 to 13.5 db at 5 /iV input. The distortion is 6.9% with an

input of 1 volt, 30% modulated, but 12% with an input of 0.5 volt, 100% modulated.

An output of 0.5 watt is obtained with 20 fiW input, 30% modulated. With an input

of 1 millivolt to the aerial terminal, 30% modulated at 400 c/s, an output of 2 watts

is obtained with 10% overall distortion.

Feedback is applied by returning the lower end of the volume control to the voice

coil. Maximum bass boosting is provided when the volume control is at the tap,

which is adjusted for the lowest listening level. The high frequency peak and bass

boosting are reduced as the volume control setting is increased towards maximum.
The response above 5000 c/s is cut sharply by a combination of shunt capacitances

together with negative feedback. The overall result is an automatic high frequency

tone control which gives a “ mellow ** tone with weak signals and a normal radio

tone on strong stations. The gain reduction due to feedback is 14 db with 1 mV
signal input and with the volume control at its minimum position. The gain re-

duction decreases as the volume control is advanced.

The conventional i-f filter in a reflex circuit is a series resistor from the volume con-

trol slider, connected to a by-pass capacitor at the cold end of the first i-f transformer

secondary. These two components give phase shift at some high frequency with

the volume control at its minimum setting, additional to the phase shifts already in

the circuit and may thus cause oscillation when heavy feedback is applied with the

volume control at zero. However if the resistor is wired in series with the hot end
of the volume control, as in Fig. 28.3, with the volume control at its zero setting there

is no series resistor in the feedback path, phase shift is reduced and high frequency

peaks (or oscillation) are avoided.

Resistance-capacitance filtering is used here for economy. The plate supply

voltage is 185 volts. One ninth of the a.v.c. voltage is applied to the reflex suge.
The play-through is as low as in some commercial receivers that do not use reflexing.

(ii) Comparison between plate and screen reflexing
Plate reflexing is capable of higher a-f gain than screen reflexing, since the latter

is limited by the “ triode mu ** of the reflex valve. For this reason, types 6AR7-GT
and 6BA6 with grid-to-screen mu factors of 18 and 20 respectively are quite suitable

for use in screen reflex receivers. However, plate reflexing gives more play-through
than screen reflexing for similar conditions in both cases.

T3rpe 6AR7-GT as a screen reflex amplifier allows a higher gain in the output
stage than a lower gain valve (e.g. 6G8-G) with plate reflexing, for the same play-

through performance in both cases, and similar converter conditions.

SECTION 5 : DESIGN OF T.ILF. REFLEX RECEIVERS

In such a receiver the r-f amplifier is reflexed and used also as an a-f amplifier.

The only application at the time of writing is to 2/3 valve receivers having a diode-

pentode as a reflexed r-f, a-f amplifier and diode detector, followed by a power pentode
.(e.g. 6AR7, KT61). A sensitivity of the order of 1000 fiW (for 50 mW output) is

practicable. A limited degree of regeneration assists gain and seleaivity.

SECTION 6 : REFERENCES TO REFLEX AMPLIFIERS AND
REFLEX RECEIVERS

1. ** Radiotron Receiver RD31 : Four valve a.c. reflex circuit " Radiotronict No. 120 (July/Aug. 1946)
71.

2. A.R.T.S. and P. Bulletin* No*. 56, 57, 60, 63, 65, 66, 78, 84, 89.
3. Beard, E. G. ** Some dangers in the use of negative feedback in radio receivers ** Philips Tec. Coen.

2/3 (1949) 3.

4. Design by Amalgamated Wireless Valve Co. Pty. Ltd. Applications L.aboratory.
5. Watson, 5. J.

“ R^exed ampUfters *’ A.W.A. Tec. Rev. 4.1 (Jan. 1939) 35.
6. R.C.A. ** Application Note on the operation of the 2B7 or 6B7 as a reflex amplifier ** No. 16 Guly 7,

1933).
7. Holim, R. G. D. ** Desig^g a modem superheterodyne—three valve reflex circuit with forward

and backward a.v.c.»» W.W. 47.9 (Sept. 1941) 224 ; 47.10 (Oct. 1941) 261.
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SECTION 1 : LI2VUTERS

(f) General (iV) Typical circuits for F-M receivers (a) Single stage limiter (b) Cas-

caded limiters,

(i) General
In this seaion it is proposed to discuss only the conventional type of amplitude

limiter using a pentode valve operating as a saturated amplifier. Other circuits,

which combine the dual ftmetions of detection and the removal of amplitude variations,

such as the ratio detector and locked oscillator, will not be treated here. The ratio

detector has been discussed in detail in Chapter 27 Sea. 2. Details of several other

alternative systems can be found in Refs 2, 5, 6, 7 and those at the end of Chapter 27.

The need for some form of amplitude limiting was stressed in Chapter 27 Sea. 2,

when the phase discriminator was being discussed. It was pointed out that the diodes

in a phase disaiminator are amplitude modulation daeaors, and if undesired ampli>

tude variations are not to appear in the receiver output the amplitude of the voltage ap-

plied to the discriminator should be constant. This was emphasised by reference to

cqns. (20) and (21), where it was seen that the product should be held constant

if the discriminator sensitivity is to remain fixed for a given frequency deviation.

Circuit arrangements for limiters in F-M broadcast receivers have become quite

stereotyped. Sharp cut-off pentodes having fairly high values of are the usual

choice, and typical of these are types 6SJ7, 6SH7 and 6AU6. The limiting action

is brought about by a combination of grid-leak bias and low values of plate and saeen
voltage. Grid-bias limiting is obtained by adding a resistor and capacitor, of suit-

able value, to the grid circuit and using zero or very small values of cathode bias.

The grid circuit arrangement is the same as for a grid-leak deteaor, and the operation

is almost identical since the average negative bias on the grid is deternuned by the

e^ — ig characteristics of the valve in conjunction with the associated circuit. The
value of the average grid bias, together with the low screen voltage, determine the

condition for which plate current cut-off occurs. Any signal input voltage whose
amplitude is sufficiently large will cause the average negative bias to increase and so

tend to hold the output voltage constant. Because of the low values of plate and
screen voltage the plate voltage swing is limited to a comparatively small value and,

for an input signal of sufficient magnitude, there will be praaically no corresponding
increase in output voltage when the signal input voltage is inaeased.

The added damping on the i-f transformer secondary, which conneas to the limiter

grid, is given approximately by Rg/2 or R,/3, depending on the circuit arrangement,

in exactly the same way as discussed previously for a diode deteaor ; R

,

being the

value of resistance selected for the grid leak. This should be uken into account (as

1147
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well as drcuit detuning caused by changes in the valve input capacitance) when the

i-f transformer is being designed.

The necessity for high gain in the receiver stages preceding the limiter stage will

be appreciated when it is realized that a minimum of about 2 volts peak is required

at the limiter grid to obtain satisfactory operation with a typical circuit arrangement

;

it is preferable to have voltages of the order of 10 to 20 volts peak for best results

under adverse condition of reception. Smee this limiter input voltage must be
obtained with the smallest signal input voltage likely to be met in the field, the gain

of the preceding stages in the receiver should be sufficient to give satisfactory limiter

operation with signal voltages as low as 2 or 3 /xV ; in F-M mobile communications

applications the limiter should saturate with signals of less than 1 /xV. Also, because

the conversion firom F-M to A-M in the discriminator usually results in a low equival-

ent value of percentage amplitude modulation, it is necessary for the limiter output

voltage to be large if the detected audio voltage is to be sufficient to drive the audio

amplifier to full output ; this means that something in excess of 10 volts peak is

desirable at the plate circuit of the limiter.

For completely satisfactory amplitude limitation two limiter stages are necessary.

However, because of the cost factor, commercial domestic type receivers seldom use

more than one limiter stage. When two stages of limiting are used, it is essential

that the coupling circuit between them should not introduce any appreciable ampli-

tude modulation due to its selectivity characteristic. The selectivity should be suffici-

ent to attenuate harmonics of the intermediate frequency generated by the limiter,

although this is also accomplished by the primary of the discriminator transformer ;

with single stage limiters the discriminator transformer is relied upon to give the

necessary attenuation of the i-f harmonics. Transformer coupling between the two
limiter valves is the most satisfactory arrangement, but single tuned circuits are often

used.

The choice of the time constant for the grid resistance-capacitance combination
is important. It must be sufficiently short for the grid bias to be proportional to

changes in amplitude, but not so short as to prevent the bias change from l^ing suffici-

ently large to control the amplification of the limiter stage, so as to offset any change
in signal input voltage. For a single stage, limiter time constants of 2.5 microseconds
are usual, although 10 to 20 microseconds and even higher have been used in some
receivers. For two stages the first limiter grid circuit uses a time constant of 1.25

to 5 microseconds and 2.5 to 10 microseconds or longer in the second stage, in typical

cases. The longer time constants of 10 to 20 microseconds are suitable for most
types of noise impulses, but some forms of motor car ignition noise are more com-
pletely suppressed when the shorter time constants are used. A careful choice of
the time constants is necessary if the noise is not to be heard in the receiver output
because the bias on the limiter valve must be able to follow the changes in the ampli-
tude of the input voltage.

No matter how effective the amplitude limiters may be and how carefully their

time constants are chosen it will often be foimd that the F-M receiver will not effec-

tively suppress bursts of noise such as those emitted by car ignition systems. To
obtain the best results it is most important that the pass band of the receiver be vym~
metrical and that the centre frequency of the i-f amplifier coincides exactly with the

centre frequency of the discriminator. A useful test is to align the receiver on an
unmodulated carrier at the signal frequency and then to switch off the carrier ; if

the alignment is correct, and the circuits symmetrical, a d.c. vacuum tube voltmeter
connected across the discriminator output will give a reading of approximately zero

(of course the usual noise will be heard from the receiver output). Small inaccuracies

often arise when the receiver is aligned so as to give maximum grid current at the

limiter stage, or suges, even though the signal (unmodulated carrier) frequency is

such that zero d.c. output voltage is obtained from the discriminator. The grid

current reading is usually rather broad, and it will be found that the i-f and limiter

circuits, in particular, can often be reiffigned to give zero d.c. output voluge at the
discriminator on noise without reducing the limiter grid current on signals. As a
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ftirther check on alignment and symmetry the receiver is tuned very carefully to an
unmodulated carrier so that the a.c. voltage at the output transformer is a minimum
(i.e. for maximum quieting) and for this condition the reading of the d.c. voltmeter

at the discriminator is noted ; then it will usually be found that this latter reading is

the same as that obtained fctm noise alone. (A casual reading of the text may not
bring out the full significance of this test) but a practical trial will lead to a letter

iq>preciation of its possibilities). If minimum noise output, zero d.c. discriminator

output voltage, and maximum limiter grid current do not all occur at the same carrier

frequency, then in general the optimum conditions for impulse noise rejection have
not been obtained.

For applications other than domestic receivers the above factors require very care-

ful attention.

(ii) Tjrpical circuits for F-M receivers

(a) Single stage limiter
A typical single stage limiter is shown in Fig. 29.1, and an alternative arrangement

is shoi;m for the input circuit in Fig. 29.2. The time constant for is 2.5 micro-
seconds in each case.

The operation of both circuits is identical, but the damping of the i-f transformer

due to grid current is less with the arrangement of Fig. 29.1, being approximately
50 000/2 = 25 000 ohms. The damping in the alternative arrangement is 50 000/3
= 16 600 ohms. Whichever circuit is used will depend, largely, on the additional

damping required on the transformer to achieve the required bandwidth or, perhaps,

upon considerations of practical convenience. The general method of operation

has been discussed in (i) above.

If complete valve characteristics are available then a preliminary design can be
made, but the work involved is hardly worth the effort because of the ease with which
the practical circuit can be made to give satisfactory results using experimental pro-

cedures. For a calculation of gain, or overall discriminator sensitivity, it is

necessary to determine the mutual conductance under the actual operating amotions.
This can usually be determined, with sufficient accuracy for a preliminary design,

from the valve data sheets by ignoring the change in plate voltage (provided the

change in plate current with plate voltage does not fall too far down on the knee of
the plate charaaeristics). For example, a t]^ 6AU6 is to be operated with 50 volts

on the plate and screen, and zero grid bias. From the average characteristics relating

grid No. 1 volts to transconductance, the^^ is 4000 micromhos for zero bias, 50 volts

on the screen and 250 volts on the plate. For typical cases of the type being con-
sidered, the gm so found is usually about 10% high, and so 3600 micromhos would be
a closer approximation. Alternatively, the valve can be set up as a straight amplifier

with the appropriate d.c. voltages applied, and a 1000 ohm resistor connected as the
plate load. Then with 1 volt of a-f input (from a source of low d.c. resistance) the

output voltage will equal the in mA/volt ; the actual input voltage is select^ so

that the stage just starts to saturate. However, overall measurements of actual dr^
cuit performance are preferable.
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(b) Cascaded limiters

A typical circuit for a two stage (cascaded) limiter is shown in Fig. 29.3. In this

case the time constant of the grid resistance-capacitance combination is 1.25 micro-

seconds for the first stage, and 20 microseconds for the second stage.

It should be noted that the limiters not only have to remove peaks of noise, but

they must also remove the amplitude modulation introduced onto the frequency

modulated signal by the receiver circuits which precede the limiters. Methc^s for

estimating the percentage amplitude modulation introduced by timed circuits are

given in Chapter 26 Sect. 4. It will be realized that A-M introduced by the receiver

itself makes it more difficult to effectively remove A-M introduced by external noise

voltage sources.

For the transformer T, shown in Fig. 29.3, coupling the two limiter stages, it is

essential that the amplitude modulation introduced by its selectivity charaaeristic

should be as small as possible. However, its selectivity characteristic is helpful in

removing harmonics of the i-f generated by the limiter, and so a practical compromise
between the two confiiaing factors is necessary. A critically-coupled transformer

is recommended, and the primary and secondary Q*s (uncoupled) can be about 30

for an i-f of 10.7 Mc/s. The stage gain will be roughly 6 times depending on the

circuits constants selected, and the magnitude of the input voltage.

From the circuit arrangements of Figs. 29.1 and 29.3 it will be noticed that the

screen voltage is supplied from a voltage divider in each case. This arrangement

is reconunended in all cases, but in mobile communications receivers it will be found
that many circuits use only a series screen resistor ; the main advantage of this latter

arrangement is economy in the total H.T. current drawn by the receiver.

SECTION 2 : AUTOMATIC FREQUENCY CONTROL
(f) General priitciples (ii) Discriminators for a.f.c, (iVi) Electronic reactances.

(i) General principles
Although the description given below of automatic frequency control (a.f.c.) systems

is confined to simple applications in broadcast receivers, it should not be overlooked

that the same general principles are applied in many other types of equipment and
are used, for example, to obtain frequency stabilization in F-M transmitters, micro-
wave radar receivers and transmitters etc.

Automatic frequency control in a superheterodyne radio receiver is an arrangement
for controlling the local oscillator frequency in such a way that, when a signal is being
received the correct intermediate frequency will be produced. For example, if a

receiver is manually timed so that it is, say, 3 Kc/s away from a desired signal the

otdUator frequency will be varied by the a.f.c. system so as to produce the correct

imennediate frequency (or at least within 100 c^ or so of the correct value, since

exaa compensation is not possible). Alternatively, the oscillator frequency may drift

because of temperature or humidity variations affecting the values of the circuit com-
ponents, and a.f.c. will tend to compensate for this frequency variation. However,
the frequency stability of the receiver should be made as good as possible without

relying on the a.f.c. system.
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The most useful application of the system in broadcast receivers is with those re-

ceivers having automatic tuning e.g. push-button station selection, and cam or motor
driven variable capacitors. In cases of this type the tuning may not be accurate

over extended periods of time, and a.f c. may be used effectively to carry out the final

adjustment when the respective capacitances and/or inductances have been selected

by the automatic tuning system.

There are two devices necessary for any a.f.c. system. These are :

—

(1) A frequency discriminator, which must be capable of changing a frequency
variation into a suitable direa voltage change which can be used for control purposes.

(2) A variable reactance, whose value can be controlled by the direct voltage changes
due to the frequency discriminator. The variable reactance is connected to the

oscillator circuit in such a way as to control its frequency.
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The complete arrangement can be visualized with the aid of the block schematic

of Fig. 29.4. It is seen that the additional elements to those normally found in a

superheterodyne receiver are the frequency discriminator and the variable reactance.

The variable reactance in the discussion to follow will be of the electronic type con-

sisting of a valve (which can be a pentode, a hexode or a heptode) and its associated

circuits. It will also be inferred from Fig. 29.4 that the frequency discriminator

can be used for normal detection, since there are suitable audio voltages developed
in this circuit by the applied modulated i.f. voltage.

Suitable voltages for a.v.c. are also available from the discriminator output, but

in this regard it is necessary to point out that a very efficient a.v.c. system is helpful

in obtaining satisfactory operation from the a.f.c. system. If reasonably constant

input voltage to the discriminator is not maintained, there will be a variation in the
“ pull-in ** and “ throw-out ” frequencies. Because of the stringent a.v.c. require-

ments it is fairly common practice to employ a separate diode coupled to the trans-

former primary, in the usual manner, to provide the a.v.c. bias voltage. There is

also a disadvantage in taking the a-f voltage from the discriminator output as the

distortion tends to be fairly high. However, in most commercial receivers the cost

factor leads to some arrangement such as that of Fig. 29.8.

FIG. 29.S

A much more satisfactory method (although considerably more expensive) of

obtaining a.f.c. is illustrated by the block schematic of Fig. 29.5. In this case the

valve used as an a.f.c. converter and limiter is loosely coupled to the primary of the

last i-f transformer. The 455 Kc/s signal is convened to 50 Kc/s to operate the

a.f.c. discriminator, and the d.c. output voltage then controls the variable reactance

in the usual manner. The use of limiting is helpful in maintaining a constant am-
plitude for the voltage to be applied to the discriminator. It will also be noticed

that the functions of detection and a.v.c. have been separated from the a.f.c. system.

A complete circuit using this arrangement can be found in Ref. 15 (page 103), to-

gether with a number of other conunercial a.f.c. circuits of various types.
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(ii) Discriminators for a«f.c.

The function of the frequency discriminator in an automatic frequency control

system is to provide a suitable direct controlling voltage for application to the elec-

tronic reactance. When the receiver is tuned exactly to the signal frequency, the volt-

age output from the discriminator should be zero, or else have the same value as that

provided in the absence of a signal, so that the controlled reactance will have its normal
value. At frequencies above and below the correct frequency the controlling voltage

should be appropriately above and below the mean voltage. The operation in con-

nection with a phase discriminator has been discussed in Chapter 27 Sect. 2. The
manner in which the output voltage will vary with the frequency change for either the

amplitude or the phase discriminator can be seen from Fig. 29.6.

The polarity of the output voltage with frequency change is all important, and, as

the electronic reactance is practically always inductive in a.f.c. systems used in tunable

broadcast radio receivers, the polarities of the direa output voltage with frequency

change as indicated on Fig. 29.6 will be correct. One purpose in making ^e re-

actance inductive is so as not to limit the frequency coverage of the receiver. This
follows because it is often difficult to keep the minimum capacitance of the tuning

unit to a sufficiently low value, and it is hardly wise to deliberately increase this capacit-

ance unnecessarily. However, if carefully designed, the undesired added capacitance

due to the capacitive reactance unit can be made very small.

The effect of the added parallel inductance can usually be offset fairly readily by
increasing the inductance of the oscillator coil. With receivers using push-button

tuning where the circuits are of the preset type either the inductive or capacitive form
of electronic reactance is satisfaaory. For receivers with inductance tuning a capaci-

tive electronic reactance is usually preferable. The degree of frequency correction

is not constant over a band of frequencies, and this again suggests an inductive elec-

tronic reactance when the circuits are tuned by a variable capacitor, since the least

error is obtained at the low frequency end of the tuning range where the receiver is

most selective.

It may be helpful to follow through the steps leading to the polarities shown for

the direct voltage with frequency change. Suppose the receiver is tuned to a signal

of 1500 Kc/s. Then the oscillator will be set at 1955 Kc/s to give an i-f of 455 Kc/s,
and there will be no direct voltage output from the discriminator. Ifnow the oscillator

drifts to 1957 Kc/s the i-f produced will be 457 Kc/s, and a direct voluge of negative

polarity will be produced by the discriminator and applied to the reactance valve.

The equivalent inductance of the electronic reactance is inversely proportional to

mutual conductance (g«) and so, as a more negative bias voltage reduces the
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shunt inductance across the oscillator coil is increased} the total inductance in the

oscillator circuit is now increased} thus lowering the oscillator frequency as required.

The two most commonly used types of discriminator circuits are shown in Figs.

29.7 and 29.8. The first is generally known as the Round-Travis circuit (see Ref.

10)} and is a typical example of an amplitude discriminator. The secondary circuits

A and B are so tuned that A has its resonant frequency slightly above the intermediate

frequency and B is set slightly below the i-f (say +5 Kc/s in one case and —5 Kc/s
in the other). Each secondaiy circuit has its own diode detector and the diode loads

are conneaed in d.c. opposition} so that when the i-f is greater than the required value

of 455 Kc/s (and since the voltages developed across jRi and have the polarities

shown) the voltage across Ri is greater than that across R^ and the a.f.c. bias voltage

is negative as is required for correction of the oscillator frequency. For example,
the voltage across R^ may be 4 volts when that across Rt is 3 volts, then the available

a.f.c. bias is —1 volt.

The design procedure for an amplitude discriminator for a.f.c. is set out in detail

in Ref. 8. Since this type of circuit is seldom used in modem a.f.c. systems the details

of its operation will not be discussed further. There are a number of alternative

arrangements for the amplitude discriminator, and some of these are discussed in

Refs. 8} 9, 11} 15 and 13. It will be appreciated that a circuit of this type could be
used for F-M detection as an alternative to the phase discriminator, and several manu-
facturers have produced F-M receivers using modified amplitude discriminators

(see Ref. 39 given at end of Chapter 27, for typical examples).

Fig. 29.8 shows the most commonly used drcuit, the phase (or Foster-Seeley)

discriminator. In this circuit both primary and secondary circuits are tuned to the

intermediate frequency. It will be seen that the circuit arrangement is identical

with that of the F-M phase discriminator shown in Fig. 27.19, and the general dis-

cussion of its operation and the loading effects on the transformer apply equally well

here. The de-emphasis circuit is not required here, of course, but the same general

arrangements can be retained to provide r-fand a-f filtering, since only a direct control

voltage is required. Suitable values for the filter circuit are Rg equal to 0.5 — 2 MI^,
and Cf is, say, 0.05 — 0.1 fiF, The considerations governing the choice of the com-
ponent values can be compared with those for selecting filter components for auto-



1154 (ii) DISCRIMINATORS FOR A.F.C. 29.2

made volume control circuits^ and a time constant for of about 0.1 second is

usual. The circuit arrangement of Fig. 27.17 could also be used here, and, if the

primary circuit is too heavily damped, an addidonal series resistor can be inserted

between the transformer centre-tap and the junction of the diode load resistors

and Rt

;

however, this will lead to some loss in available output voltage, depending

on the value of scries resistance selcacd. The difference in the by-pass capacitor

arrangements (i.c. C5 and C7) for Figs. 27.17 and 27.19 (or Fig. 29.8) should be ob-

served, and the discussion in Chapter 27 Sect. 2, in connection with Fig. 27.19 will

be helpful, if the reasons for the arrangements arc not immediately obvious. The
considerations leading to the choice of actual circuit values will differ because the

a.f.c. discriminator is usually designed for high sensitivity rather than for a very high

degree of linearity.

The theory of the circuit for a.f.c. use has been discussed by Roder (Ref. 14) and

design procedures have been treated in detail in Ref. 8. A brief discussion, which is

quite helpful, is given in Ref. 13.

The method of obtaining a-f output and a.v.c. bias from the a.f.c. discriminator

circuit is also shown in Fig. 29.8. To retain the same degree of selectivity as that

obtained with a similar receiver not incorporating a.f.c. one extra tuned circuit is

required. This is necessary because the discriminator provides very little selectivity

as a result of the heavy loading effects produced by the diodes. There is some in-

crease in gain over the usual arrangement where the a-f detector is connected across

the i-f transformer secondary only.

The frequency at which the a.f.c. will come into operation when tuning a signal is

called the “ pull-in frequency.** When tuning away from a carrier the frequency

at which the a.f.c. loses control is called the “ throw-out frequency,** and it is always

greater than the ** pull-in frequency.** It is desirable to make these two frequencies

as close as possible, because stations which are received when tuning-in may be passed

over when tuning-out. Many receivers incorporate arrangements for disconnecting

the a.f.c. until a carrier has been approximately tuned-in (see Refs. 8, 15).

Some of the general details of the discriminator design will be set out here, and the

reader is referred to Refs. 8, 9 and 14, in particular, for further information. Con-
sider Fig. 29.8. Typical values for R^ and R^ are 0.5 M^2. Capacitors C5 and C7
must give adequate by-passing at the intermediate frequency of 455 Kc/s, and suit-

able values would be 100 to 200 mmF* i* usually 100 ^a^iF. Values for R^ and Ce
have been discussed previously. The valve Vi is any of the usual voltage amplifier

pentodes such as type 6SK7 etc., and is a double diode such as the types 6H6 or

6AL5. The next step is to selea a suitable value for the inductance of the r-f choke

.

FIG. 29.9

As the inductance and capacitance of the choke will affect the resonant frequency
of the transformer primary (LjC,) and its Q, care is necessary. The choke, in associa-

tion with the transformer primary circuit, can be represented by the equivalent circuit

of Fig, 29.9 in which g^eg represents the equivalent constant current generator for

the pentode voluge amplifier ; r, is the plate resistance ; Ci is the total primary
capacitance including strays ; Li is the primary inductance and Ri its r-f resistance ;

C, is the capacitor connecting the plate circuit to the choke L© (whose r-f resistance is

Rp) ; Cq represents any distributed or stray capacitances across L© ; R^c ^ Rn ^ R^
the diode load resistance. It should be apparent that three cases can arise with the

choke (Ref. 14)

(1) The capacitance C© negligibly small.

(2) The capacitance C© small enoi^ to still allow the choke to be self resonant

well above the intermediate frequency, but the value of C© to be such as to

apprraably affect the resonant frequency of the complete primary circuit.
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(3) The choke resonant at the intermediate frequency.

It follows from (1) and (2) that Lx and Ci should have a resultant capacitive reactance

at the intermediate frequency^ and in case (3) Lx and C| should be resonant at the

intermediate frequency.

Considering the above three cases in conjunction with Figs. 29.9 and 29.8> it can
be seen that the derivation of the conditions for discriminator transformer primary
resonance, voltage step down between the transformer primary and the choke, and
the resultant Q*s for the complete discriminator transformer, will follow fairly readily.

The derivations are available in Ref. 14, and the results, which iure good approxima-
tions, are summarized below (with some modifications, as well as changes in notation).

Cate (1) (Choke capacitance Co negligibly small).

Condition for primary circuit resonance.

Voltage step down.

( 1 )

1 -
AT,

(2)

Reciprocal of equivalent primary circuit Q (this leads to simpler numerical evaluation).

1 1

+ + a*A: + r,)

Secondary circuit Q (since the diode loading is Rac) is

n = Qt^dc

QA ^ R,.
and this equation applies for the three cases

—

where = cooLo = inductive reactance of choke L©

— l/tooCs == capacitive reactance of C3

Xi^ = (joqLx = inductive reactance of Li

(3)

(4)

Xq = l/a>oCi = capacitive reactance of Cj

<oo = 27r X intermediate frequency

Qo = magnification factor of choke Lq

Qx
~ magnification factor of Li

Rdc " Rz ~ Ra = diode load resistance value

r, = plate resistance of voltage amplifier valve

(2s = magnification faaor of Ls
and Xf — co^Ls — inductive reactance of Lg.

Cate (2) (Choke capacitance small but not negligible).

The angular resonant frequency of the choke is

= l/Vila (5)

where Co ~ distributed capacitance of the choke, and all the other symbols are

exactly as before.

Equations (6) and (7) are used directly with eqns. (1)> (2) and (3) substituting X'

,

for and Q', for Q,.
*

Cate (3) (Choke resonant at intermediate frequency).

The inductances Lx and Lt are conneaed in parallel, and a can be uken as unity
(since X^^ will be small, compared with the dynamic resistance of LqCo), so that the

equivalent primary circuit reactance required to give parallel resonance is
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x, Xi

Xr +
The reciprocal of the equivalent loaded primary circuit Q^is

(8)

1 ^ r 1

Q,
~ + r,

+

All notation exactly as for case (1).

It should be noted in all cases that the loaded Q’s refer to the case where the primary

and secondary are uncoupled from one another. This is the usual definition.

We are in a position to proceed with the determination of suitable values for the

primary and secondary circuits of the discriminator transformer, since all the external

effects can now be taken into account. What is required next are methods for de-

termining optimum values for Qpy Q,, Lp and L,{= Lt) where these factors have

the meanings given by eqns. (1), (3), (4) etc. and L,(= L^) is the secondary inductance

(since its value is not changed by the presence of the choke). If the choke is not

used = Xp and so Li = L,; the procedure is then as for any other phase

discriminator. The design faaors, as well as the bandwidth and sensitivity calcu-

lations given below, apply equally well for all phase discriminators provided the values

of Q, L and k (co^dent of coupling) so determined are those actually obtained in

the receiver.

Optimum values for ky/QpQ^ for various values of L,/Lp fsee Refs. (8) and (9)]

can be found from

+ 2Q,Q.‘L.IL,)i - Q,Q.-1 *

— L _1

several values are listed below,

.L./L, = 1 2 4 6

Qp/Q. = 1/2 0.786 0.707 0.625 0.5781

Q./Q. = 1 0.856 0.785 0.707 0.657 ^A(Q,Q.)i.

Qp/Q. = 2 0.909 0.855 0.786 0.740j

(10)

The sensitivity of the phase discriminator at the intermediate frequency (/.) has

been derived in Refs. (14) and (8). It is given by.

5 = 2g»Q.A-,i>Q.«(L./£.,)t

/.

*

(1 + Q.Q.*)‘(i +
4L, /

(11 )

and is expressed in direa volts output per Kc/s off nme, for each 1 volt (peak) input

to the i-f amplifier valve Vi (Fig. 29.8).

The symbols are the same as those used previously, with the addition of the

mutual conductance of Fi, and rj is the detection effidency of the diodes V^,

It is necessary to estimate the peak separation for the discriminator characteristic

of Fig. 29.6. This can be found (Ref. 8) from,

2J/=-^tan^ (12)

where 4 =
For many practical cases it will be found sufficiently accurate to take tan ^ = 1 in

eqn. (12).

(iii) Ekctronic reactances
There are a number of forms which electronic reactance dreuits may take and a

few of these are given below.

(1) Resistance In series with a capacitance. This arrangement is shown in Fig.

29.10, but since the dreuit imposes severe resistive loading on the osdllator dreuit

its use is not advised. (See Ref. 10).
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(2) Miller effect circuitt. These circuits (Fig. 29.11) rely on the change of

input capacitance which occurs when the gain is varied. If the plate load can be

tuned so that it behaves as a pure resistance^ then the valve input resistance can be
made very large. For the circuit shown there will be a resistive input component
due to Miller effect because of stray capacitance across the load resistor. The applica-

tion of the circuit is largely confined to use with fixed timed oscillator circuits.

(3) Quadrature circuits (Figs. 29.129 29.13). The grid is fed from a resistance

reactance network connected between plite and cathode. This provides a voltage

between the grid and cathode which is almost 90*^ out of phase with the plate to

cathode voltage. The source of the alternating plate to cathode voltage is the voltage

developed across the tank circuit of the oscillator (see Fig. 29.12). Since the plate

current is in phase with the grid voltage (for valves having high plate resistance) the

plate voltage and plate current will be approximately 90° out of phase. To the

external circuit (oscillator tank circuit in this case) connected between plate and cathode
of the reactance valve the behaviour is as though an additional reactance and re-

sistance had been connected in parallel. Whether the valve circuit behaves like

an inductive, or a capacitive reactance depends on the resistance-reactance network ar-

rangement, as can be seen from Fig. 29.13.

The value of the apparent reactance and resistance, due to the electronic reactance

(more correctly electronic impedance) depends on the mutual conductance
of the valve, and as the gn% can be controlled by alteration of the grid voltage the

equivalent reactance and resistance can also be varied (the resistance variation is

usually undesirable). The required grid voltage variation is obtained by utilizing

the direct voltage changes at the discriminator output, when the reactance valve is

used in a.f.c. circuits. Frequency modulation, using this method, is obtained by
applying the audio frequency modulating voltage to the grid of the reactance valve,

in the same way as the direa voltage changes are applied for obtaining a.f.c. The
magnitude of the a-f voltage determines the change in the equivalent reactance shunted
across the oscillator tank circuit, and so determines the fr^uency deviation from the

nominal oscillator centre frequency. The number of times the frequency deviates

around the central reference frequency will be determined by the frequency of the a-f

modulating voltage. Variation in the value of the shunt resistance, due to the elec-

tronic reactance, across the oscillator circuit causes undesired amplitude modulation.
The quadrature circuits are the most widely used for a.f.c. and other purposes,

and attention will be confined to discussing some of the possible arrangements.

Fig. 29.12 shows the general circuit arrangement using a pentode valve. A hexode
or heptode valve can also be used, with the phase shifting network connected to the

signal grid and the control voltage to the oscillator grid. The impedances Zi and Zt
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A

5>+3[;

Sm**-i
ForX^^R,

in Fig. 29.12 comprise the phase shifting network. Depending on th form these

impedances take it will be clear that an additional blocking capacitor may be required

between plate and grid of the reactance valve, and also, since there must be a d.c.

path between grid and cathode, an additional grid resistor may be necessary. The
values for these additional components should be such as to have negligible effect

on the performance of the circuit. Fig. 29.13 shows four possible arrangements for

quadrature circuits, together with the equations for the additional resistance (Rt)

and inductance (L<), or capacitance (C<), connected in parallel with the oscillator tuned

circuit. Exaa and approximate equations are given, but in most practical circuits

the approximate conditions will hold. The equations apply equally well to quad-
rature circuits using pentode, hexode or heptode valves. The angular frequency

oj is that at which the oscillator circuit is meant to operate e.g 2n x 1455 Kc/s etc.

(in the case of F-M this would be the nominal reference frequency). The circuit

of Fig. 29.13(c) is the one most commonly used in practical a.f.c. circuits in which
the oscillator is tuned by a variable capacitor. Care is necessary when using circuits

(b) and (d) as self resonance effects, due to stray capacitances across the inductances

Lt and Li, often lead to difficulties. Further, the r-f resistances of Lj and must
be low if the circuits are to behave as relatively pure reactances. Stray capacitances

across Ri and Rt can also affect performance, and should be kept small.

To carry out the design for an electronic reactance circuit it is necessary to know
the manner in which g^n varies with grid bias. This information is generally available

on valve data sheets, for a given set of operating conditions. If other operating

conditions are required, then direct measurement of the gm — ^0 characteristic is the

usual procedure.

It it helpful when designing reactance valve circuits to be able to determine, directly,

values for LJRi, RiCt and Li/Rj in terms of the operating frequency, the

frequency change required, and the oscillator tank circuit component values. The
necessary conditions have been determined (Ref. 18) for the circuits (b) and (c) of

Fig. 29.13, using the approximate relationships for C( and L< and assuming that the

frequency variation is linear (or very nearly so). For circuit (b) the approximate
expression is

( 13)
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For circuit (c) the approximate expression is

Lofi*

2ftS
(14)

where Cq = capacitance tuning the oscillator circuit in the absence of the reactance
valve

Lo = inductance of the oscillator tuned circuit in the absence of the reactance
valve

«S = sensitivity = (/j — /O/corresponding change in mutual conductance
m)

ft — high frequency limit of frequency

and /, — low frequency limit of frequency

The design procedure is as follows :

(1) Select ft and fi. Suppose the nominal oscillator centre frequency is 1455
Kc/s, and the oscillator frequency is to vary ± 5 Kc/s. Then /, = 1460
Kc/s andA = 1450 Kc/s.

(2) Select a suitable working range on the — eg characteristics, for the valve
type to be used, which is as nearly linear as is possible. With a valve type
6U7-G (250 volts on plate, 100 volts on screen) a suitable operating range is

from —3 to —10 volts, giving a change of 1600— 275 = 1325 ftmhos.

(3) Choose a suitable value for L© or Cq if these are not already fixed by other
circuit considerations. Suppose Lq = 110 is required in a typical case ;

this value would be modified slightly in the final circuit, to take care of the
additional parallel inductive reactance due to the normal value of the elec-

tronic reactance in the absence of additional bias from the discriminator.

It is not necessary, usually, to take this induaance change into account
during the preliminary design.

(4) Compute the sensitivity (S) in cycles per mho. For our example S = (10
Kc/s)/1325 /xmhos = 7.54 x 10* cycles/mho.

(5) Determine Lt/Ri from eqn. (13) or CfRi from eqn. (14). Using eqn. (14),
no X 10-® X 1450* X 10«

“ 2 X 1460 X 10’ X 7.54 x 10*
^

(6) Select particular values for L„ Ri or C* to conform to the circuit require-

ments ; remembering the previous restrictions of Ri and Ri.

This should lead to Ri being at least 5 times or AT^ , but larger ratios

are preferable (see below).
* *

The most convenient procedure is to tabulate various values of Riy Lt or C, and to

select the most suitable combination giving the product found in step (5) e.g. R^ —
50 000 = 0.05 MQy then C, = 10.5/0.05 = 210 ^^tF, and so = 520 Q.

This makes >> as required.
*

Of course, the actual values of Li and Ri can be determined directly from the ex-
pressions given in Fig. 29.13. Ri should always be so determined for the condition

of maximum after the circuit values have been found, to ensure that the loading

on the oscillator circuit is not excessive. The value of^^ to be used in these equations
corresponds to the actual bias voltage for a particular operating frequency ; e.g. in

the above example, with no additional external bias applied, the operating frequency
is 1455 Kc/s, and the standing bias voltage can be taken as —6.5 volts, corresponding

to a mutual conductance of 925 fxmhos. The total parallel inductance and resistance

changes can be found, using the values corresponding to —3 and —10 volts bias,

which are the values required when the operating frequencies are 1450 Kc/s and
1460 Kc/s respectively.

Before completing a design it is necessary to check the amplitude of the oscillator

voltage applied to the grid of the reactance valve by the phase shifting network.
This check is necessary as the possibility of grid current might be overlooked. In
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our example the minimum bias is —3 volts and so the peak r-f grid voltage should not

exceed about 2 volts if grid current is to be avoided. The proportion of the r-f voltage

developed across the oscillator tank circuit (and applied between plate and cathode

of the reactance valve) which appears between grid and cathode of the reactance

valve is for Fig. 29.13(c) example, the voltage step

down is 0.0104, and so no possibility of grid current exists, as 2 volts peak r-f at the

grid corresponds to 196 volts peak across the oscillator tank circuit. This is con-

siderably in excess of the voltage likely to be encountered in a receiver oscillator

circuit, where 60 volts peak is about the maximum to be expected with any of the

usual arrangements (it is usually considerably less than this value, depending on the

type of circuit used).

Further details of the design of reactance valve circuits for a.f.c. can be found

in Refs. 8, 9 and 10. A graphical method for determining the “ throw-out ** and
“ pull-in” frequencies of an a.f.c. system is given in Ref. 8 (p. 260). The difference

in these two frequencies is reduced by using an electronic reactance which gives

correction for a limited range of discriminator voltages only ; outside the correction

range the added reactance should remain practically constant.
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SECTION 1 : INTRODUCTION TO RECTIFICATION

(i) Principles of rectification (ii) Rectifier valves and types of service (iii) The use

of the published curves (iv) Selenium and copper-oxide rectifiers.

(i) Principles of rectification

Most electronic equipment requires some form of plate voltage supply which has

in the majority of cases to be derived from single-phase a.c. mains. It is the purpose

of this chapter to outline the principles and calculations involved, with particular

reference to those types of supply required for radio receivers and amplifiers.

The most general and accepted method of a.c. to d.c. conversion, where very large

amounts of power are not required, is by valve reaifiers of either the high vacuum
or mercury vapour type. Selenium and copper-oxide rectifiers are also used—see

(iv) below.

Diagram A in Fig. 30.1 shows a sine wave voltage of which the peak and r.m.s.

A

values are shown as and With ideal half-wave reaihcation and a re-

sistive load with no filter, the positive or upper peaks would also represent the load

current, while the negative or lower peaks would be suppressed ; the average voltage

would be shown by c in the half-wave case. With full-wave rectification the current

through the load resistance would be similar* each half cycle, the lower peak being
replaced by the dashed line in A. The direct voltage would be the average voltage,

i.e., 0.9 of the r.m.s. voltage for a sine wave. For half-wave rectification the average

direct voltage over a period would be one half that for full-wave rectification tmder
the same conditions.

Fig. 30. IB illustrates ideal full-wavef rectification with a condenser input
filter (circuit as Fig. 30. IF in which choke L is assumed to have very high inductance

and zero resistance). The voltage at the first filter condenser Ci follows the line

ABA'B', the condenser charging between A and B but discharging between Band A'.

•In practice there is always some lack of symmetry' caused bj; a combination of small factors such as
the use of one end of the filament as cathode return in place of a centre-tao, variations in characteristics
between the two units in the rectifier and variations in transformer secondary voltages and impedances
on both sides of the centre-tap. As a result there is usually a substantial amount of mains l^requency
ripple with full-wave rectification, although the twice-mains-frequency ripple voltage predominates.

+AIso known as biphase half-uavc.

1161
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Fig. 30.1. (A, B, C 6* D). Voltage
and current toaveforms of condenser
input and choke input rectifier systems,
Tne symbols on the left are those used in

Section 2.

The mean level of ABA'B' is the effective direct voltage. The shaded area above
the curve AQB represents the voltage by which the transformer voluge exceeds that

of Cf The current through the plate circuit of the rectifier only fiows for the interval

between A and B and between A' and B' because at other parts of the cycle the trans-

former voltage is below the voltage of Ci. The current through the rectifier9 shown
in Fig. 30. 1C, is similar in form to the difference in voluge between the curves APB
and AQB in Fig. 30.1B.

The ripple voluge may be determined from the ABA'B' curve, and the values of
the fimdamental and haimonics may be determined by a Fourier analysis.

As the load resistance in Fig. 30.1F) is increased, BA' becomes more nearly

horizontal and the area APB becomes smaller until in the extreme (theoretical) case

when the load resistance is infinite the direct voluge is equal to the peak voluge.
This graphical method may be applied to any rectifier with a condenser input filter

followed by a high inductance choke. The assumption is made that the current

through the inductance remains constant, that is to say that the lines BA', B'A" etc.

are straight.

With a (full wave) choke input filter* the conditions are as shown in Fig. 30. ID
assuming a very hi^ inductance choke (Li in Fig. 30.1G), although with practical

chokes there will necessarily be a certain amount of ripple in the load current.

* The tcfin **cbokc input" is us«d for coiwenknce in this Hjmdbook to indicste a series inductance
followed by a capacitance shunted across the load resisunce.
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Pig, 30. IE. Basic circuit diagram of
half-wave rectifier toith condenser input

filter.

FIG.30.IC

Pik% 30. IF. Basic circuit diagram of
Utoave rectifier with condenser input

filter.

Fia, 30. IG. Basic circuit diagram of
fwl-wave rectifier toith choke input

filter.

Maximum rmtinfs
Rectifier valves arc usually rated for maximum direct-current per plate, maximum

peak current per plate, maximum peak inverse plate voltage and maximum r.m.s.

supply voluge per plate. In some cases a maximum rated hot-switching transient

(or surge) plate current per plate (for a specified maximum time, e.g. 0.2 second) is

also given. It is important to ensure that no one of these ratings is exceeded under
the conditions of operation. If the ratings are design centre values—see pages 77
and 78—they apply to nominal mains voluges.

Maximum direct current per plate

This may be measured by a d.c. milliammeter in scries with (Figs. 30.1 E, F
or G).

Maximum peak current per plate

This may either be measured by means of a C.R.O. or calculated by the method
described in Section 2 or 3 for condenser or choke input respectively. It is largely

influenced by the total effective plate supply impedance per plate, and in any case

where the peak ciurent is too high, it may be reduced by adding a resistor in scries

with each plate or by increasing the effective impedance of the transformer to give

the same result. The method of calculating the plate supply impedance per plate

for a transformer is given on page 99. In cases where no transformer is used, as in

a.c./d.c. receivers, a resistor should be connected in the plate circuit to limit the peak
current to a safe value. It is good practice in all cases to limit the peak current to a

value below the maximum rated value, to give a margin for safety and longer life.

Maximum peak inverse plate voltage

This is 1.41 times the r.m.s. voltage of the whole secondary winding of the trans-

former in Fig. 30.1F or G, and twice this value in Fig. 30.1E.

Maximum r.m*t. supply voltage per plate

A higher rjn.s. supply voltage is usually permitted with a choke input to the filter

than with condenser input to the filter. In some cases, with a condenser input to

the filter, a high^ r.m.s. supply voltage per plate is permitted provided that the
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direct plate current is reduced below its maximum rating and that the total effective

plate supply impedance per plate is increased for the higher voltage conditions (e.g.

Fig. 30.2A). With a choke input to the filter, the maximum r.m.8. supply voltage

per plate is sometimes only permissible provided that the direct plate current is

reduced below its maximum rating (e.g. Fig. 30.2C). With a choke input to the filter,

it is essential to have a choke inductmnce not less than the critical value for the

particular operating condition in question. The critical inductance is a function of

the load resistance and the fluency of the supply, as given by eqns. (1), (2) and (3)

in Sect. 3.

For any value of inductance, with constant r.m.s. supply voltage, there is a value

of current below which operation is not permitted. This is shown in Fig. 30.2C
where boundary lines for choke sizes are included.

Equivalent circuit of high vacuum rectifier

The high vacuum rectifier can be considered as being an ideal switch in series

with a non-linear resistance and a source of potential which is connected by the switch

to the load when the polarity is that required by the load (Ref. 7). As the switching

gives rise to pulsating currents (and voltages) it is necessary to assume a linear resistance

which is equivalent to the non-linear effective resistance of the rectifier during this

pulsating or conduction period. The conduction period (^), and therefore also the

magnitude of the current pulse, will depend on the loading and the type of filter

connected to the rectified supply. Certain approximations which must be made for

the first calculation should readjusted wh^ the results are known, in order that

a second and more accurate calculation can be made.

Mercury vupour rectificra

In the case of mercury vapour rectifiers the voltage drop in the valve is a constant

value of the order of 10 to 15 volts over a wide range of currents. These rectifiers

are generally used with choke input filters to provide good regulation for class B
amplifiers.

The direct voltage output of such a system is equal to 0.9 times the r.m.s. value of

the input voltage minus the valve voltage drop—

e.g. Output voltage = (0.9 Erm* — 15) volts.

(ii) Rectifier valves and tyjptM of service

Rectifier valves may be subdivided into the following groups

(1) High vacuum (a) High impedance (e.g. 5Y3-GT)

(b) Medium impedance (e.g. 6X4, 5R4-GY)

(c) Low impedance (eg. 5V4-G, 35Z5-GT)

(2) Mercury vapour—(e.g. 82, 83).

The choice of a rectifier valve for a panicular service must uke into account the

maximum permissible ratings for peak current, average current, and peak inverse

voltage. The design of the following filter will influence these last two factors par-

ticularly ; the type of filter, either choke or condenser input, will be determined panly
by the demands of power supply tegulation. In supplies feeding Class A output
stages the dioke will probably be a condenser input filter, but where Class AB| and
AB« output stages are to be supplied, the r^ulation of the power supply becomes
a ttgniflcant feature and choke input fitters with low impedance rectifiers must be
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The following examples represent typical practice

—

A.C. radio receivers with Cless A power stege :

—

High vacuum full wave (c.g. 6X4, 5Y3-GT, 5U4-G).

A«C. radio receivers with Class AB, power stage :

—

With self bias—high vacuum full wave (c.g. 5Y3-GT, 5U4-G, 5R4-GY, 5V4-GJ

With fixed bias—low impedance high vacuum full wave (e.g. 5V4-G).

A.C./D.C. radio receivers :

—

Indirectly-heated low impedance high vacuum half-wave types with heaters opera-
ting at 0.3 A or 0.15 A (c.g. 25Z6-GT or 35Z5-GT).

In England, heaters operating at 100 mA are widely used.

Battery operated radio receivers with non-ssmchronous vibrators :

—

Indirectly-heated low or medium impedance high vacuum full-wave types (e.g. 6X4).

Amplifiers :

—

As for radio receivers except that mercury vapour types may also be used.

In general for radio receiver and small amplifier design high vacuum rectifiers are
to be preferred to mercury vapour types because of—

(1) long and trouble-free service ;

(2) the lower transformer voltage which can be used for the same d.c. output voltage
when a condenser input filter may be used ;

(3) self protection against accidental over-load due to the fairly high internal

impedance of the rectifier. Use can only be made of this last point when the
supply is for use with a Class A output stage, when good regulation is not a

major consideration and a high impedance reaifier may be used.

With directly-heated rectifiers it is generally found preferable to connect the positive

supply lead to one side of the filament rather than to add the further complication of
a centre-tap on the filament circuit.

Parallel operation of similar types of vacuum rectifiers is possible but it is preferable

to connea together the two sections of a single full wave reaifier and to use a second
similar valve as the other half-rcaificr if full-wave rectification is required. With
low impedance rectifiers as used in a.c./d.c. receivers (e.g. 25Z6-GT) it is desirable

to limit the peak current by some series resistance. When two units are conneaed
in parallel it is also desirable to obtain equal sharing, and in such cases a resistance of

50 or 100 ohms should be coimeaed in series with each plate, tlien the two units are

conneaed in parallel.

Mercury vapour rectifiers may only be connected in parallel if a resistance sufficient

to give a voltage drop of about 25 volts is conneaed in series with each plate, in order

to secure equal sharing of the load current.

(ill) The use of the published curves

From published curves on rectifier valves it is possible to predia the output voltage

of a rectifier system when provided with the knowledge of the transformer voltage.

For this purpose, use may be mad^ of either the constant voltage curves or the constant

current curves.

A family of curves is normally published both for cemdenser-input and for choke-

input filters. In the former case the source impedance must be known ; it is usually

published as the total effective plate supply impedance per plate.

An example of constant voltage curves, in this case applyi^ to a condenser^input

filter, is given in Fig. 30.2A. Each curve is for a specified constant supply voltage

per plate ; for intermediate voltages it is possible to interpolate with sufficient accuracy.

In this particular case there is the rather unusual feature ofone valtie of total eBeedve
plate supply impedance per plate for the lower voltage curves ( 1 to 5) and a higher value
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for the higher voltage curves (6 to 8). It is always permissible to adopt a higher value

of total effective plate supply voltage per plate than that shown on the curves* but the

diiea voltage output will thereby be decreased somewhat. Operadon is per-

missible on* and below, the line formed by the highest ctirve and the ** current and
voluge boundary line ** ADK. These curves only apply to one specified value of

capacitance input to the filter, in this case 10 /iF.

Pig. 30.2A. Opfration charactmistics far a typical full-wave rectifier (51^3-07) with
condemer input filter.
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The effect of change in the value of capacitance input to the filter is indicated

typically by Fig. 30.2B, where curves for 3 values of capacitance arc drawn. A
higher capacitance gives better regulation and a higher output voltage, but increase

in capacitance beyond a cenain value (here about 16 fiF) has only a very slight effect.

If curves arc only drawn for one specified value of input capacitance, operation with

a higher value is not permissible unless this has been demonstrated by measurement

or calculation to be within the peak current rating of the rectifier.

Ciurvcs for a typical full wave rectifier with choke input are given in Fig. 30.2C.

Operation is only permissible in the area to the right of the boundary line corres-

ponding to the proposed choke size, to the left of the current and voltage boundary

line CEK, and below the highest curve for a choke of infinite inductance. If the

direct current varies between two limits, it is important to select a value of inductance

at least equal to, or preferably higher than, the value required for the lower limit of

direct current ; the inductance should be measured at the lower limit of direct current.

The constant current curves (of which an example is given in Fig. 30.3) are very

helpful for deriving certain information. If it is requited to find the input voltage

Fig, 30.2B. Operation characteristics for a typical fuU-wave rectifier (57'4) with
condenser input filter^ shotving effect of input capacitance (C).
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to give 250 volts 100 mA direct current^ a vertical is drawn upwards from an output

voltage of 250 volts to point P on the 100 mA curve. From here a horizontal line is

drawn which intersects the vertical axis at 277 volts> which is the desired value.

The line OD is for equal input and output voltages. Above and to the left of this

line the output voltage is less than the input voltage ; below and to the right of this

line the output voltage is greater than the input voltage.

Each of the points B, C etc. at which the several current lines cut the vertical

axis indicates the combined effective voltage drop in the valve and the transformer ;

OkC. tOAO (MltUAMMati)

Pii. 30.2C. Opiratum charactmstia for a typical full wave rectifier (5F3*<?r) with
choke input filter.
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Fig. 30.3. Constant current curves for a 5Y3-GT rectifier ; condenser-input filter with
capitance SfiF and effective plate supply impedance 80 ohms per plate.

in other words it is the input voltage required to maintain the specified load current

with the load terminals short-circuited.

The line OE is the theoretical limit of output voltage with no load-current, and is

drawn to correspond to an output voltage of 1.414 times the r.m.s. input voltage.

The regulation of the output voltage with varying load currents is indicated by Fig.

30.3. If the input voltage is 250 volts, a horizontal line may be drawn as in XY and
vertical lines may be drawn at each intersection with the constant current curves.

Line FG is for no load-current, while LM is for 100 mA load current. For this

example the output voltage will be seen to drop from 354 volts at no load-current

to 213 volts at 100 mA load-current.

It should be noted that the results given by any form of valve curves arc only correct

for the set of conditions for which the curves were derived.

(iv) Selenium and copper oxide rectifiers

Selenium and copper oxide rectifiers have been used for miscellaneous applications

such as for grid bias supplies and instrument rectifiers. Recently, selenium rectifiers

have been widely used as plate supply rectifiers in radio receivers.

Both types differ from thermionic rectifiers in that they have appreciable reverse

current. When used within their ratings, selenium rectifiers normally have a long
life, although a small percentage of breakdowns occurs throughout life.

Copper oxide rectifiers are limited to a temperature rise ofabout 15 while selenium
rectifiers may be operated at higher temperatures. Selenium rectifiers are smaller

and lighter than 6opper oxide types, for the same operating conditions.

For further information see Refs. 14, 17, 21, 23, 24, 25, 26, 33.
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SECTION 2: RECTIFICATION WITH CONDENSER INPUT
FILTER

(0 Symbols (it) Rectification with condenser input filter (Hi) To determine
peak and average diode currents (iv) To determine ripple percentage (v) To determine
the transformer secondary r.m.s, current (vi) Procedure when complete published data
are not available (vii) Approximations when the capacitance is large (viii) Peak
hot-switching transient plate current (ix) The effect of ripple.

(i) Symbols and definitions

rd Effective peak resistance of diode, defined as the anode voltage at the con-

duction peak divided by the anode current at that time.

rd Effective average resistance of diode, defined as the average anode voltage

during the conduaion period divided by the average anode current during

that time.

Ir^l Effeaive r.m.s. resistance of diode, defined as the diode anode dissipation

divided by the square of the r.m.s. anode current.

R, Total resistance in series with diode including transformer winding resistance

and any series resistance added to limit the diode peak current.

A A

Rt Equal to -f R,

Equal to fa -f R,
A

id Peak diode current (one anode)

id Average diode current (one anode)

|ia| r.m.s. diode current (one anode)

ed Diode anode voltage at peak of conduction period

R^ Load resistance presented to rectified supply

7^ Load current from rectified supply

Ede Rectified direct output voluge across load resistance

A

\BJ
C
€a)

\B^\

1^1
Edc
\R.\

Peak value of alternating input voltage to reaifier

R.M.S. value of alternating input voltage to rectifier

Capacitance of first filter capacitor in farads

27r X supply frequency in c/s

R.M.S. ^ue of ripple voltage existing across condenser C
Peak-inverse voltage across diode

R.M.S. value of ripple current through condenser C
r.m.s. ripple voltage

. , ^
== — ;

—- = ripple factor.
direct voltage across load

== krfi -h R,.

(ii) Rectification with condenser input filter

It has been stated in Sect. l(i) that the nature of the rectified current is pulsating
and that it is necessary for the purpose of this simple equivalent circuit to convert
the non-linear resistance of the diode to an equivalent linear resistance. For con-
denser input filters it can be shown (Ref. 6) that the relationship :

—

rd = 0.88 id = 0.93|rtf|

is correct within 5% for all circuits of this type and from the following graphs it is

possible to assess the characteristics of a condenser input rectifier system.

Fig. 30.4 gives curves for a number of high vacuum rcaifiers from which values
A

.of their peak resistance can be found. Figs. 30.5—30.7 (based on Schade, Ref. 6)
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Fig, 30.4. Average anode characteristics of some rectifier valves {based on Ref. 6, with

additions). The value of r 4 for any rectifier at any diode current may be determined by
dividing the diode anode voltage by the diode current.

Valve Curve Valve Curve Valve Curve Valve Curve

M3 10 6.4Q6 19 6W74-G7 2 35Z5-G7 2
1B3-Gr/8016 21 6AR7-GT 18 6X4 8 45Z3 17

l-F 7 6AT6 19 6X5* 7 45Z5-GT 1

2X2-A 19 6AV6 18 6Zy5-G 9 50Y6-GT 4
5R4-Gy 11 6J36-G 18 7B6 18 80 14

574 6 6B8* 18 7C6 18 81 16

5U4-G 10 6G8-G 18 7E6 18 83F 4
5y4-G 4 6H6* 12 7E7 18 84/6Z4 7
5U74* 13 6Q1* 18 12Z3 4 117N7-G7 2
5A:4-G 10 6R1* 18 25y5 9 117Z3 3
5y3-Gr 14 6SF7* 18 25Z5 4 117Z6-G7 3
5y4-G 14 6SQ7* 18 25Z6* 4 217-C 16

5Z3 10 6SR7* 18
1

351^4 2 836 6
5Z4* 5 6577* 18

1

35Z3
1

15 878 20
6AL5 3 65Z7* 18 1 35Z4-G7 1

‘ 2

*Includes G or GT equivalents.
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are curves from which can be found the relationship between E^c and for half-

wave, full-wave and full-wave voltage doubler circuits in terms of other circuit para-
A

meters. Curves of the ratios of effective |f ^1 and peak i diode currents to the direct

current per anode i a are given in Fig. 30.8 ; Fig. 3p.9. gives details of the ripple factor

and Fig. 30.10, the peak inverse voltage (all based on Ref. 6).

The design considerations to be borne in mind when using these curves are :

—

(1) The value of the capacitance C is usually chosen with regard to the maximum
permissible ripple in the output (see below) but if \E^

\
is limited to a certain value

and the maximum E^^ is to be achieved, C may be increased above this value. In
doing this due regard must be given to the maximum permissible peak current of the

rectifier and, if necessary, limiting resistors placed in series with the anodes of the
rectifier.

(2) In order that the direct voltage should not be closely dependent upon the value
of C, the value of wCRj^ must be on or to the right of the knee of the appropriate
curve in Fig. 30.5, 30.6 or 30.7 as required by the type of rectification.

Fig, 30.6. Ratio of rectified {direct) output voltage to peak ax, rectifier input voltage^

expressed as a percentagey as a function of caCRtfor a full-wave rectifier with a condenser
input filter {Ref, 6).
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(iii) To determine peak and average diode currents
This method is for use when complete published data are available such as are usually

supplied by the operation characteristics or equivalent published data.

The procedure is illustrated by an example based on type 5Y3-GT as a full wave
rectifier under the following conditions :

r.m.s. voltage = \E^\ = 350 volts.

Ptg. 30.7. Ratio of rectified (direct) output voltage to peak a.c, rectifier input voltage^

expressed as a percentage, as a function of taCRj^for a condenser-input voltage doubler
(R^, 6).
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load current = = 125 mA
voltage across load = Ea„ = 350 volts (from Fig. 30.2A),
load resistance = Ri = 350/0.125 = 2800 ohms,
total efifeaive plate supply impedance per plate = R, = 50 ohms (from Fig. 30.2A),
C — \0 nF (from Fig. 30.2A),

/ = 60 c/s (from Fig. 30.2A), whence = 378.

wCRj^ = 378 X 10 X 10-* X 2800 = 10.6.

Ea, 350
Step 1. Detenmne —% = - 70.7%.

Step 2. From Fig. 30.6, knowing taCRj^ —
10.6, we obtain

RJR^ - 13 .
50/0,

whence R» ^ 13.5^ x 2800/100 = 378 ohms.

Step 3. — Rg — Rg = 378 — 50 == 328 ohms.
A —

Step 4. Vi — 0.88 — 0.88 X 328 = 288 ohms.

Step 5. R. = R. + = 50 + 288 = 338 ohms.

200 soo

FC.30.S

Fig, 30.8 (above). Ratio of r.m.s. diode current to average diode current for one anode^
expressed as a function of.wCRi ; (below) Ratio of peak diode current to average diode

current for one anodey ex^essed as a function of caCR^ (Ref, 6).
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R 338
Step 6. ~% = X 100 = 12.10/0.

Step 7. Knowing that « = 2 for full wave rectification.

A

Step 8. From Fig. 30.8 (lower) where nuiCRi = 21.2 we may obtain
A

Step 9. The average diode current t\f

:

ij = for half-wave circuits and full-wave voltage doubler circuits,

id — ill for full-wave circuits.

In this example id = 125/2 = 62 5 mA.

Step 10. The peak diode current, is obtained by substituting the value of id

given by Step 9 in the result of Step 8. In the example
A -

id = 6 irf = 6 X 62.5 = 375 mA.
(N.B. the maximum rating is 400, mA).
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(iv) To determine ripple percentage
Having determined the peak diode current, we may then proceed to calculate the

other unknowns. The same example as in (iii) above is also used here.

Step 1. |r J - rVO.93 - 288/0.93 -= 310 ohms.
Step 2. \R,\ - R, + \ra\ 50 310 - 360 ohms.

/?, ,
360

Step 3. ^ = 12.8 o/„.

Step 4. Applying this value to Fig. 30.9 (note the values shown in the inset,

applying to the various curves), and using the value of a>CR^ determined above,

the percentage of ripple voltage to direct voltage is given.
ID

I

In the example, - 12.8% (full wave) and cuCRj^ — 10.6 giving

ripple ^ohage
^

direct voltage
‘

The ripple voltage ripple percentage x direct voltage.

(v) To determine the transformer secondary r.m.s. current

Knowing the value of ia as determined in (iii) Step 9 above, also the values of n,

(uCR^^ and |/^,|//?;, Fig. 30.8 (upper curves) will give the value of |id|.

In the same example id - 62.5 mA ; n — 2 ;
= 10.6 and \R,\/R^ -= 12.8%,

so that |id|/id ^ 2.25 and |id| 62.5 x 2.25 ^ 140 mA.

(vi) Procedure when complete published data are not available

Step 1. To determine ia.

I

^

for half-wave circuits and full-wave voltage doubler circuits,

id L full-wave circuits.

A —
Step 2. The diode peak current is tentatively assumed to be 6 ia. Alterna-

tively, if the output voltage is known, the current ratio may be derived from Fig.

30.10A.

Step 3. From Fig. 30.4, and knowledge of the valve type, the diode peak plate

A A AAA
voltage corresponding to i

^

can be found. Therefore -- Ca/id can be evaluated

Fig. 30.10. Ratio of operating peak inverse voltage to peak applied ax. for rectifiers

used in condenser input filter circuits.

R.D.H. SS
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Step 4. Calculate R» ~ + R,,
A

Step 5. Using Fig. 30.8 (lower curves), and knowing nc^CRii R, and nRiy
A -

determine id/» d. If this differs appreciably from the assumed value, repeat steps

3, 4 and 5.

Step 6. Calculate = rd/0 93.

Step 7. Calculate \R,\ = R, -i- |rdl.

Step 8. Calculate the percentage |jR,|//?£ and apply to Fig. 30.9 to determine
the ripple percentage.

Step 9. Calculate and apply to Fig. 30.8 (upper curves) to determine

l*dl/*dj and thence |id| which is the transformer secondary r.m.s. cuirent.

Step 10. Calculate = rd/0.88.

Step 11. Calculate R, = R, + rd.

FIG. SO.IOA

Pig, 30.10A. This curve is far full-wavcy half-wave and voltage-doubler rectifiers with
condenser-intut filters. It applies for any size of condenser so long as the condenser is

large eru^h to give maximum output voltage for the given output current and r.m.s.

voltage input. For half-wave and voltage-doubler rectifiers the direct current per anode

ig =* /^ ; for full wave rectifiers t d = i/ r.

n = 1 for full-wave and naif-wave rectifiers,

n — 2 for voltage doubler rectifiers.
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Step 12. Calculate the percentage RJRj^,
Step 13. Using Fig. 30,5 for half wave reaification,

or Fig. 30.6 for full wave rectification,

or Fig. 30.7 for voltage doubler circuits,

A

determine the percentage

Step 14. The transformer secondary r.m.s. voltage per plate is given by

IBJ = -
percentage E^JE^

Step 15. The peak inverse voltage under operating conditions is given by Fig.
A

30.10, but the peak inverse voltage under no-load conditions is equal to 2E^ and
the latter must not exceed the valve rating.

Step 16. It is then necessary to confirm that none of the maximum valve ratings

has been exceeded.

Example of procedure when complete published data are not available.

Assume type 5Y3-GT as full wave rectifier with Fje — 350 volts, = 125 mA,
R, 50 ohms,/ 60 c/s, C = 10 /xF. We may derive directly = 2800 ohms.
— 2, oj = 378, a>CR| 10 .6 .

Step 1. id = i = 62.5 mA.
A -

Step 2. Assume id = 6 id 375 mA*
A

Step 3. From Fig. 30.4, curve 14, Ci = 123 volts.

Therefore Va — ^a/id — 123/0.375 = 328 ohms.

Step 4. R, = rd-}-R, = 328 -f 50 = 378 ohms.

Step 5. Fig. 30.8 (lower curves), where no)CRi^ = 21.2

and
R._

nR

,

378 X 100

2 X 2800
= 6.75%,

gives id/id — 5.8, which differs so slightly from the assumed value of 6 that the cal-

culated values of effective diode resistance may be taken as sufficiently accurate.

A -
If the value of id/idj as calculated above, differed appreciably from the assumed value,

it would be necessary to repeat steps 3, 4 and 5.

Peak current id - 5.8 X 62.5 - 362 mA.

Step 6. IrdI = rd/0.93 = 328/0.93 - 352 ohms.
Step 7. |R,| -- R, -f kdl - 50 -f 352 - 402 ohms.
Step 8. (|R,|//?^) X 100 - 402 x 100/2800 - 14.4%.
Applying to Fig. 30.9 with cuCR , ^ 10.6 gives ripple percentage == 5.5%.
Step 9. (|R,l/nR^) x 100 =7.2%. Applying this to Fig. 30.8 (upper curves)

gives |i<|/«a = 2.2.

Therefore transformer secondary r.m.s. current — 2.2 x 62.5 = 138 mA.

Step 10. fd — rd/0.88 = 328/0.88 = 373 ohms.

Step 11. R, «= R, -f rd = 50 -{- 373 = 423 ohms.

Step 12. (Rg/RJ X 100 = 423 x 100/2800 = 15.1%.

Step 13. Using Fig. 30.6, E^r/E^ — 68.8%.
Step 14. The transformer secondary r.m.s. voltage per plate is equal to

70.7 X 350

68.8
360 volts.

It will be noticed that these values agree within 3% with those determined by the

other procedure.
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(vii) Afiproziiiiations when the capacitance is large
Figs. 30.5, 6 and 7 indicate that, when a certain value of wCR^ has been reached,

all curves flatten out. In other words, if we increase the value of the input capacit-

ance C, the output voltage and hence the output current remain constant above a

certain value of C. Similarly with the peak current, as indicated by Fig. 30.8.

It is therefore possible to adopt a simpliflcation when the input capacitance is

sufficiently large so that any further increase in C does not have much effect on the

direct voltage output. Fig. 30.10A enables the ratio of peak to average (direct) cur-

rents to be calculated from a knowledge of the voltage ratio and the type of circuit.

It may be used as a fair approximation for most typical radio receivers in which

C ^ 16 #iF for full-wave or 32 /iF for half-wave operation. It should not be used

in cases where the circuit impedance is very low, such as a half-wave reaifler in trans-

formerless receivers with no added resistance.

A further approzimadon, which holds under the same conditions as outlined

above, may be used when it is desired to reach the maximum rated direct current

per plate and the maximum rated peak current per plate simultaneously, when the

latter is six* times the former. Under these conditions

R, 0.06 nRi
A A

where R, = fi* -h R«
A

= effective peak resistance of diode

R, = total effective plate supply impedance per plate

n = 1 for half-wave rectification

= 2 for full-wave rectification

,

and Ri = load resistance.

Also under the same conditions

E 4 c = 0.69 X peak supply voltage

= 0.975 X r.m.s. supply voltage.

N.B. These relationships are derived from Figs. 30.8 and 30.10A.

(viii) Peak hot-switching transient plate current
The peak hot-switching transient plate current is the current which the diode

must carry if the load resistance R^ is short-circuited. This occurs in a practical

case when a diode is hot-switched.” The peak hot-switching transient plate cur-

rent is given by (Ref. 15) :

^ dB
A

where Imax = hot-switching transient plate current in amperes
A

= peak alternating voltage per plate

R, = total effective plate supply resistance per plate

A
and — diode resistance when hot-switching current is at its maximum.

A
The value of may be derived from Fig. 30.4, by extending the curves upwards

if necessary. If t^ hot-switching current is greater than 1 ampere, but less than 10
amperes, t^ resistance may be read from the curves at one tenth of the current value,

and the resistance value so derived must then be multiplied by 0.47 (this has an
accuracy within about 2% for curves 1 to 17 inclusive). For example, type 5Y3-GT
has a rated maximum hot-switching transient plate current of 2.2 amperes per plate.

The diode resistance at a plate current of 220 mA is given by Fig. 30.4 curve 14 as
A

85/0.22 as 386 ohms. The diode resistance at a plate current of 2.2 amperes is

therefore 386 x 0.47 « 182 ohms. Continuing with the same example, if the peak
*Tliit nitio it very commonly used in diode radngt.
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alternating voltage per plate is 350V^> and the peak hot-switching transient current

is not to exceed 2.2 amperes, then

Rb + r 4 B = 350 X L41/2.2 = 225 ohms.
A

But == 182 ohms.

Therefore R, = 43 ohms miiiimum.

(ix) The effect of ripple
Tlie filter condenser C is required to carry a substantial ripple current, the value

of which is given approximately by

|/ul = for half-wave reaification

or |/^1 = \Ej,\2<oC for full-wave rectification

where w — Irrf

f = supply frequency

\Ejf\ = ripple voltage r.m.s.

(/;j|
= ripple current in amperes r.m.s.

and C is measured in farads.

For example, with a supply frequency of 60 c/s, fiill-wavc rectification and C =
10 /xF, a ripple voltage of 20 volts r.m.s. will cause a ripple current of 150 mA. This
is the maximum permissible for a dry electrolytic condenser with 450 V working
voluge, under JAN-C-62 specification [Chapter 38 Sect. 3(x)]. The maximum
permissible ripple currents vary witli the capacitance, the working voltage, manu-
facturer and type. Ripple current ratings of a typical English manufacturer are given

on page 194 ; they differ considerably from JAN-C-62.

For any predetermined choice of condenser, temperature voluge and value of

R there is a maximum load current which can be drawn lErom the rectifier without

exceeding the ripple current ratings. Based on JAN-C-62, with {R,/R^) = 10%
and 60 c/s full wave rectification we have :

Capacit-

ance

350 volt (d.c.) working 450 v<5lt (d.c.) working

max
ripple

current

max.
load

current

load curr.
max.
ripple

current

max.
load

current

load curr.

ripple curr. ripple curr.

10 fiF 140 mA 120 mA 86% 150 mA 130 mA 86%
20 tiF 180 mA 154 mA 85% 180 mA 150 mA 83%
30 mF 200 mA 168 mA 84% 200 mA 168 mA 84%

Based on English T.C.C. condensers, 450 volt (d.c.) working, ambient temperature
40 °C, (R,/R^) = 10% and 50 c/s full wave rectification we have :

Capacit-

ance

Plain foil Etched foil

max.
ripple

current

max.
load

current

load curr.
max.
ripple

current

max.
load

current

load curr.

ripple curr. ripple curr.

8 /iF — — 67 mA 57 mA 85%
16 ^F 220 mA

j
85% 122 mA 103 mA 85%

32 fiF 344 mA 85% —
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In the cases listed above, the load current is approximately 85% of the maximum
ripple current ; this only applies for (RJRj) — 10%. Values for three conditions

are given below :

(R./Ri) 1% 10% 30%

load current
73% 85%

1

1

102% approx.
ripple current

In praaice, in radio receivers and a-f amplifiers, (RJRj) is usually well within the

extreme limits 1% and 30%.
If the ripple current for any desired condition is greater than the permissible limit,

the capacitance of a single unit condenser may be increased and/or the value of R,
may be increased either by seleaing a different valve type or adding resistance in

series with each plate. Either method of increasing R, will require a higher trans-

former voltage. Alternatively two condensers may be connected in parallel, with the

total capacitance unchanged, each of which will carry part of the ripple current

;

however, equal sharing of current cannot be guaranteed and a large safety margin is

desirable. The parallel arrangement confers no appreciable benefits with the T.C.C.
ratings, as compared with an increase in capacitance of a single unit.

In general, load currents up to 120 mA may safely be employed with plain foil or

70 mA with etched foil without any investigation.

SECTION 3 : RECTIFICATION WITH CHOKE INPUT FILTER

(i) Rectification with choke input filter (ii) Initial transient current.

(i) Rectification with choke input filter

Where good voltage regulation is required, choke input filters are to be preferred.

In this type of circuit, providing the first choke Li (Fig. 30. IG) is above a certain

critical value Le, the reaifier valve works under conditions of continuous current

current flow and in the ideal case where Li is of infinite inductance there would be no
fluctuations in this ciurent.

It has been shown (Ref. 6) that Lc should be equal to or greater than

R. + R
- for full-wave operation

total resistance in series with diode

firr/

where R, =

Rj ^ load resistance presented to rectified supply

and / ^ supply frequency.

As an approximation, if R, is small compared with Rj^,

i-e S ^ for a 50 c/s supply

and Lc ^ rrA for a 60 c/s supply.
1 1 3U

( 1 )

(2)

(3)

The above formulae are only stated for full wave rectification as it is not normal
practice to use a choke input circuit with a half-wave reaifier owing to the low outpqt

voltage which would result.

In applications where the load resistance varies considerably, for example in Class B
amplifiers, it is usual to place a bleeder aaoss the supply, thereby reducing the initial

value required for Lj. As the required aitical value of Li decreases with inaeased
load current, the choke can be made with a smaller air gap than necessary for constant

inductance at all loads ; the drop in inductance due to d.c. polarization is permissible

providing the inductance does not drop below L « at any load.

This is known as a swinging choke ; its design is covered on pages 249 and 250.
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The peak diode current is given approximately by

A X 0.425

2wLi — 1/(2 ojCj)
(4)

or, if 1/(2 60 Cl) is very much less than 2ajLi, then

A

id ^ h +
X 0.212

6oLi
(5 )

If Li = Lc — RJtnfy then ^ 2/^. (6)

If Li - 2Le - E^/Stt/, then ^ 1.5 7^.. (7)

The approximation in equation (4) is due to the neglect of ripple frequencies higher

than twice the supply frequency.

If the rectifier valve has a peak current rating equal to or greater than twice the

maximum direa load current rating, and if the value of Li never falls below it

is not necessary to calculate peak diode currents. The same holds when the peak
current rating is equal to or greater than twice the maximum direct current to be
drawn from the rectifier. Owing to the desire to limit the rectifier peak current, it is

preferable to make the inductance at least 2L c at tlie highest load current. The drop
in inductance at maximum load current will result in a reduction of filtering, but this

is not likely to cause any trouble. As the choke will normally be followed by a filter

capacitance (Ci in Fig. 30. IG), any reduction in the inductance of Li below Le at

any value of load will cause the rectifier system to take on the characteristics of a con-

denser input filter and the output voltage will rise.

It is important to remember, when measurements are being made on a filter choke
to determine its suitability for use in choke input circuits, that due consideration

should be given to the large value of a.c. potential which will exist across it under
working conditions. This potential will increase the inductance at low values of

d.c. polarization provided that the sum of the a.c. and d.c. fluxes does not cause

saturation of the core.

For the accurate calculation of voltage output and regulation of a choke input type

filter, the voltage drop due to the resistance of the choke, rectifier and supply must
be taken into consideration. The choke resistance can be easily ascertained and the

rectifier resistance may be derived from the curves of Fig. 30.4 using the method
outlined below. The supply resistance in series with the anode, in a.c. operated

equipments, will be equal to the transformer winding resistance [for calculation see

pages 99 and 100] plus any added series resistance. In a.c. /d.c. equipment it will

be equal to the value of the limiting resistor in series with the anode. It is assumed
that the rectifier will be operating under conditions of continuous current flow i it

A _
can be shown (Ref. 6) that r d ^ also that the average anode current (one

anode) id = 7^/2. The procedure is best illustrated by an example.

Example :—It is desired to design a power supply with choke input filter to deliver

0 to 200 mA at 350 volts using a 5U4-G rectifier at 50 c/s. The choke is assumed
to have 100 ohms resistance and the effective supply resistance per anode is 75 ohms
In order to reduce the initial value of L„ a bleeder to take 20 rtiA is assumed.

At 20 mA: R; - 350/0.02 -- 17 500 ohms
L, - Lj - 17 500/940 - 18.6 H (minimum).

id =- 20/2 = 10 mA.

fa = 2 X 20 = 40 mA.
Average anode current during conduction — 20 mA.
Referring to Fig. 30.4 (curve 10) : anode voltage corresponding to 20 mA is 11.7

volts.

Td = 11.7/0.02 = 585 ohms.
At 220 : Rj - 350/0.22 - 1590 ohms.
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Li = 2Lc = 2 X 1590/940 - 3.4 H (minimum).

ii = 220/2 - 110 mA.

= 1.5 X 220 = 330 mA.
Average anode current during conduction = 220 mA.
Referring to Fig. 30.4 (curve 10) : anode voltage corresponding to 220 mA is 59

volts
._

Ti = 59/0.22 = 268 ohms.
Voltage drop due to resistance of supply, valve and choke
At 220 mA : = 0.22 (75 + 268 + 100) - 98 volts

Pig, 30.11. Curves for the determination of the ripple factor of choke input rectifier
circuits {based on Ref. 21) y applying to the circuit of Fig. 30.IG for full wave rectification
on a 50 c/s supply. The curves may be applied to any other supply frequency by multi-
plying values of inductance and capacitance by 2 for 25 c/5, 1.25 /(?r 40 c/5, or 0.83 /or
60 c/5. The ripple curves may be used independently of the K curves and load resistance
curves to derive the ripple factor {i.e. ripple voltage E expressed as a percentage of the
direct locd voltage). The operating point at arty value of load resistance which occurs
in practice should be above {preferably well above) the corresponding load resistance
curvey thus determining the inductance Li. In order to limit the initial {starting) transient
current to the maximum peak current rating of the rectifier valvcy the operating point
should be above and to the left of the corresponding K curvey where

r.m.s. voltage per anode \E^\
IC ^ — ————

1110 X peak plate current rating of diode
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At 20 mA : = 0.02 (75 -f 585 + 100) = 15 volts.

R.M.S. transformer voltage = (350 -f 98)/0.9 = 498 volts.

Voltage across load at 20 mA — (498 x 0.9) — 15 = 449 volts.

Value of Cl : Assume 10% ripple at maximum current, and referring to Fig. 30.11

for Li = 3.4 H, we obtain Ci = 5.7 fiF (8 fiF would probably be used).

These results, which show a change of output of 350 to 449 volts when the load is

changed from 220 to 20 mA, appear greater than the figures given by the valve curves ;

this is because the choke voltage drop has also been taken into consideration.

From the example above it can be seen that the rectifier voluge drop is neither

negligible nor constant ; in the case of a 5U4-G it varies from 11.7 volts at 20 mA
to 59 volts at 220 mA.

If a lower impedance rectifier such as a 5V4-G had been used, this would have been
reduced to 5.4 volts at 20 mA and 27 volts at 220 mA. For practical purposes of

calculating the voltage output, a constant value of 16 volts could then be assumed,

which would give an error of not more than 3.2%.

Also from the example it can be seen that the effect on output voltage produced by
the 75 ohms supply resistance is fairly small, reducing the output by 1 .5 volts at 20mA
and 16.5 volts at 220 mA.
When calculations have been completed, a check should be made to see that none

of the maximum ratings given in the published data has been exceeded. This will

include the value of peak inverse voltage Ep which in a choke input rectifier system
A

will not be greater than 1 .65 provided that L| does not drop below L e at any point.

If Li is lowered below its critical value for any reason, Ep will approach the v^ue for

a condenser input rectifier system (see Sect. 2).

(ii) Initial transient current
When initially switching the anode circuit, with the cathode hot, there is a transient

current in excess of the steady direct load current. It may be limited to a value equal

to the peak anode current rating of the rectifier if the value of the inductance in henrys

is equal to, or greater than

( i^J VcVino X
where /«,a« = peak anode current rating of .the valve, in amperes
and Cl — capacitance in microfarads.

This requirement may be met by ensuring that the Li and Ci values applied to

Fig. 30.11 meet at a point on or above the corresponding K curve.

SECTION 4 : TRANSFORMER HEATING

For purposes of calculating transformer heating it is necessary to know the equiva-

lent r.m s. current in the winding supplying the rectifier.

In the case of condenser input filters the r.m.s. value of the anode current can

be obtained from Fig. 30.8 (upper curves).

For choke input filters in which the inductance Li is constant, the rjn.8. value

of each anode current is given approximately by (Ref. 31)

li.l = 0.707(1 + ( 1 )

Rl L.

3cuL, Li
where a
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The following table has been calculated from eqn. (1) :

i-I a id

=
i

1 0.87 I

- 2L, 0.5 0.75 /

- 4Le 0.25 0.72 /

- infinity 0 0.707 7

For design purposes it seems reasonable to calculate on the basis of conditions at

maximum current. If Lj ^ 2L<. at maximum current, as recommended in Sect. 3,

the heating current in the transformer may be taken as 0.75 I j.

For further information on transformer heating, see Chapter 5 Sect. 5 pages

SECTION 5 : VOLTAGE MULTIPLYING RECTIFIERS

(i) General (iV) Voltage doublers (tit) Voltage tripler (iv) Voltage quadruplers.

(i) General
Where it is required to obtain a higher direct voltage from a given a.c. input than is

possible with normal rectifier circuits and where for reasons of weight, economy or

other factors it is not desired to use a transformer, voltage multiplying rectifier circuits

may be used.

These circuits involve the principle of charging condensers in parallel from the

input and adding them in series for the output, the switching being accomplished
by the reaifier valves.

(ii) Voltage doublers
The voltage doubler can take one of two forms, half- or full-wave.

Half-Wave. In the half-wave circuit (Fig. 30.12) on one half of the cycle the

condenser Ci is charged through V^ ; this voltage is then added in series on the next
half cycle to the voltage of the condenser Ci charged through V2 . A voltage of

A

approximately 2E

^

will appear across depending upon the rectifier type, load

resistance and values of Ci and Cj. The ripple frequency, as in all half-wave circuits,

A

will be the same as the supply frequency. Ci must be rated at the value oi and

C2 3t 2E'^

.

FuU-Wavc. In this circuit (Fig. 30.13) C^' and C2

"
are charged on alternate

A
half cycles, approximately 2E^ appearing across the two in series. The ripple fre-

quency will be equal to twice the supply frequency and the condenser ratings should
A

be each equal to E^.

Comparing the two circuits

The voltage regulation is better for the full wave circuit at low values of
A

and the rating of both condensers need only be but the circuit suffers the dis-

advantage of not having a common input and output terminal. The filtering is easier

with the full wave circuit as the ripple frequency is twice the supply frequency, the

ripple percentages being approximately equal.
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Fig. 30.12. Half wave
voltage doubler rectifier

circuit.

Fig. 30.13. Full wave
voltage doubler rectifier

circuit.

In both circuits, the larger the capacitance of the condensers the nearer the output
A

voltage will be to 2E^ and the better the voltage regulation, but care must be taken

that the peak current ratings of the rectifiers are not exceeded.

It can be shown (Ref. 10) that at values of ojCR^ greater than 10, the values of
A A

ijidy ripple etc. for a half-wave voltage doubler are for all practical pur-

poses the same as the values for the full-wave voltage doubler and calculations of both

types can therefore be made by means of the graphs in Sect. 2.

From these graphs it can be seen that if a voltage multiplication of 1.6 or greater

is required, the value of ojCRi should not be less than 100, also that Rs/Rj, should not

be greater than 1.5%. This means that if a voltage doubler is to give a high output

and to be of good regulation, the maximum output current is strictly limited.

(iii) Voltage tripler

This circuit (Fig. 30.14) combines in series the outputs of a half-wave doubler
A

and an ordinary half-wave rectifiei, giving an output approximately three times E^.
The ripple frequency will be equal to the supply frequency and the condenser ratings

will be as for the individual circuits,

A A A

i.e. Cl" rating = ; Cf rating = E^ ; Cf' rating = 2E^.

Fig. 30.14. Voltage trip-

ler rectifier circuit.

(iv) Voltage quadruplets
There are two suitable circuits as given in Figs. 30.15A and B. (B; is essentially the

same* as (A) except for the connection of one of the input leads. This alteration

results in a supply which has a common input and output lead, the only other altera-

A

tion being that C/' must now withstand 3F^, while Cf and Cf' are (as in Fig. 30.12)
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Figs. 30.15(A) and (B). Voltage quadrupler rectifier circuits.

A A
rated at 2E^ and Ci at E^. Another advantage of (B) is that it lends itself to

increasing further the number of times the voltage can be multiplied.

For further details on voltage multiplying rectifiers, see References in Sect. 7.

In all the cases polarity of the output can be reversed by reversing the polarity
of the rectifiers and condensers.

SECTION 6 : SHUNT DIODE BIAS SUPPLIES

Where a supply of negative bias is required in an amplifier or receiver, as for ex-

ample the fixed bias operation of an output stage, this can be obtained by the use of

a shunt diode without the addition of many components.

If it is desired to make use of a high voltage winding on the power transformer

for negative bias, the voltage so obtained is generally much greater than is required

Fig. 30.16.

Fig. 30.17.

Shunt diode bias supply suitable for the bias of r^-f ; i-/ and a-f amplifier
valves.

Voltage doubler bias supply suitable for the bias of output stages.

Fig. 30.18. Shunt diode

bias supply fed from the

transformer winding supply-

ing the main rectifiers.
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Fig, 30.19. Output voltage of the circuit of Fig. 30.18 for various values of Ci and Ri.



1190 SHUNT DIODE BIAS SUPPLIES 30.6

Fig, 30.21. R.M.S. transformer secondary current in the winding supplying the shunt
diode circuit of Fig. 30.18 for various values of Ci and Ri.

for bias. In such a case power would be wasted in voltage dividers. The shunt
diode system allows the use of a 6H6 type rectifier since the cathode is at earth potential.

It is often possible to use a spare diode in one of the valves already in the equipment,
thus doing away with the need for an extra valve.

Two versions of the circuit are shown in Figs. 30.16 and 30.17, Fig. 30.16 being
suitable for the bias on r-f, i-f and a-f voltage amplifier valves. Fig. 30.17 is a voltage
doubling circuit useful for the bias voltage of output stages. It has a maximum out-
put voltage of 18 volts when supplied from a 6.3 volt heater line.

FOR Ri-O'IMA ;(^^I01R,
FOR R^iqpOOA;t^^ 5 IR,

FIG. 30.23

Fig. 30.22. Shunt diode bias supply with r.c. filtering.

When more than 18 volts are required the condenser C, may be fed from the trans-
former winding supplying the main rectifier in the equipment. This is shown in
Fig. 30.18 and typical values are given together with the measured performance
(Figs. 30.19-21) in order that the magnitude of the various quantities may be assessed.
The irregularities in the curves of output voltage for various values of Cj are due to the
resonance of Ci and L, but apart from modifying the shape of rectifier current pulses
no other undesirable effects are evident. Care must be taken that the filter condenser
Cj is isolated from Ci by a high value of impedance or large currents will be drawn
from the transformer windings. In cases where only low output currents are required,
L may be replaced by a resistor of not less than 100 000 ohms. This circuit arrange-
ment is shown in Fig. 30.22, the output voltage for various values of capacitance
being given in Fig. 30.23.
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Fig. 30.23. Output voltage of the circuit of Fig. 30.22 for various values of Ci and Ri.
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SECTION 1 : INDUCTANCE-CAPACITANCE FILTERS

Consideration has already been given in Chapter 30 to the value of ripple voltage

Ej^ in the output of condenser- and choke-input reaifier systems. This chapter
takes into consideration the filter components required to reduce the value of ripple

given by the graphs in Chapter 30, to the value that is allowable for the equipment
imder consideration. The latter value will be designated as for one additional

filter section, as in Fig. 3 1.1 A, or additional filter sections.

Fig. 3 1.1A. Circuit diagram of
full-wave choke-input rectifier

systemy followed by single section

filter to give reduced ripple

voltage Ejii,

It can easily be shown that for a given total value of LC, maximum filtering is ob-

tained when all the filter sections are similar. Increasing the number of sections for

a given total value ofLC also increases the filtering, but there is little gained in break-

ing up the filter into more sections than that number which makes Xi — lOX*.

This is only appropriate if there is a definite limitation in the maximum value of

LC. In general, better economy will be achieved by using not more than two sections,

and increasing the value of C to give the required filtering.

The filter faaor a = = (a,^*LC - 1)"

where n is the number of additional similar sections.

LC is the value of LC for one section (henrys and farads)

and (Oj^ = 27rfjf

where fj^ == ripple frequency.

This can be expressed as :—
LC = ("y^ + = 0.0254 (-V^ + 1)//^*.

The formula above assumes that 20Xty the usual practical case.

For quick reference, a graph has been prepared (Fig. 31. IB) for a single section

filter to give the relationships between the values of Ej^y Ej^i and L,C, based on the

1192
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FIG. 31. IB

Fig, 31. IB. Approximate relationships between ER, ER^ and L^C^for 50 c/s full-wave
rectification {i.e. 100 c/5 ripple frequency) and single section filter. For other ripple

frequencies, the value of the LC scale should he multiplied by the appropriate factor
as follows.

40 c/s ripple -6.25
; 50 c/s ripple—4 ; 60 c/5 ripple—2,78 ; 80 c/s ripple—1.56 ;

120 c/s ripple—0.695.

approximate formula a = utf/^LC which is sufficiently accurate for most applications.

The values of LiC^ in Fig. 31. IB only hold for full-wave 50 c/s, but may be adapted
to other conditions by multiplying by a faaor (see title).

With either a condenser-input (Fig. 30. IF) or choke-input filter having a second
filter section (Fig. 31.1A) it is important to avoid resonance between the choke L
(or Lt) and condensers Cj and C2 in series. The inductance should be sufficiently

large to avoid resonance, with a comfortable margin, over the whole frequency range
of the amplifier and at least down to the ripple frequency (e.g. 100 c/s for 50 c/s

mains and full wave rectification). This may be accomplished by ensuring that in

Fig. 31.lA ^_ C, f C, O5000 ^
^ c.c;

- 7*“
where / minimum rated frequency of amplifier in c/s,

and C, and C, are in microfarads.

When / = 100 c/s, L, ^ x 3.5.
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When / = 50 c/s, L, ^ x 14.
G1C2

When / = 25 c/s, Z.* ^ - x 56.
C1O2

For example, when C, === C* 8 ^F and/ = 25 c/s, L = 14 henrys minimum.

SECTION 2 : RESISTANCE-CAPACITANCE FILTERS

In cases where filtering of a low-current supply is required, as in the case of the

early stages of an audio-frequency amplifier or for certain applications in electronic

instruments, resistance-capacitance filters can be used. The filter factor

a = = oiCR + 1 and for ripple frequencies of 50, 60, 100 and 120 c/s this

can be read directly from Fig. 31.2, for a single section filter.

See also Chapter 4 Sea. 8(ii) and (iii).

SECTION 3 : PARALLEL T FILTER NETWORKS
A useful filter network is that shown in Fig. 31.3(a). This can be transposed,

for any one frequency, to its equivalent 77 network as in (b) and, by correa choice

of the values of circuit components, the attenuation can be made theoretically infinite

at any one frequency (/qq ). Conditions for infinite attenuation arc

—

1/Cia> - KR^
2R, -

2/C*a> = Ra/K where K is a constant.

When the parallel T network is used for power supply filtering, the value ofK to be

used depends upon a number of considerations :

—
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31.3. Resistance-capacitance parallel T network and its equivalent FI network.

1. The d.c. resistance of the filter (i.e. 2R^ should be as low as possible.

2. The total capacitance should be as low as possible.

3. Standard value components may be used.

Table 1 : Showing the relationships between F,, Fg, C, and for variousK values.

K
j

Resistances
i

Capacitances /oo

1/2
'

H\'2
1

V2 1

R, 8«,

Ri 4/i,

Rt 2R,

Ri - R,

' C., - 0.5 C,

1

c, C,

!
Cj - 2C,

:
C, 4C,

IKnR.C,)

l/(V2nR^C,)
l/(2nR^C,)

l/(,2V'~2nR2C,)

Table 2 ; Showing the total capacitance values required for

with /ao 100 c/s, Fo 200 ohms.
various values of K

K
C,

Capacitance in /jF

c.
1

2Ci -f- C%

1/2 15.9
I

7.95
1

39.75

\/V2 11.25 11.25 33.75

1 7.95
,

15.9 31.8

V2“ 5.625 22.5 33.75

Fig. 31.4. Values of R^Ci requiredfor various values ofK to obtain infinite attenuation

at frequency f« .
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Fig, 31.5. Typical complete

filter circuit using a parallel

T filter network.

By reference to Fig. 31.4, it will be seen that the minimum value of R,Ci will be

required forK = \/2. When = 100 this gives a value of R,Ci not easily obtain-

able with standard values of components, and K = 1 will give more easily obtained

values. Also when K = 1, the total capacitance required is a minimum. Where use

is made of this filter, some attenuation must be provided for the ripple frequency

harmonics, and this may be accomplished by means of a resistance-capacitance filter

(see Sect. 2). A typical complete circuit is shown in Fig. 31.5.

For the theory of parallel T filter networks reference should be made to Chapter 4,

Sect. 8(iii). See also Ref. 1.

SECTION 4 : HUM-«ENERAL
(f) Hum due to conditions within the valves (it) Hum due to circuit design and

layout (m) Hum levels in receivers and amplifiers.

Hum in the output of an a.c. operated receiver or amplifier may be due to many
causes. These may be sub-divided into two main groups, hum due to conditions

within the valves, and hum due to circuit design and layout.

(i) Hum due to conditions within the valves
This is caused by the use of a.c. for the heater supply and can give rise to hum in

the output in several ways :

(1) capacitive coupling from the heater to any electrode

(2) heater-to-cath^e conduction

(3) heater-to-cathode emission (or vice versa)

(4) modulation of the electron stream by the magnetic field of the filament

(5) conduction (i.e. leakage) from any electrode, with ripple voltage applied, to

another electrode

(6) hum due to operating valve in magnetic field from external source.

Explaining these in more detail :

—

(1) The amount of hum appearing at the plate of a valve due to capacitive coupling

between the valve heater and an electrode, will depend upon the electrode to which
this coupling takes place. The most serious case is that between heater and control

grid as the voltage transferred will be subject to the full gain of the valve. In fairly

high gain amplifiers it is advisable to use a potentiometer of 100 to 500 ohms resistance

across the heater supply close to the valve socket ; the slider is earthed and its position

adjusted for minimum hum output. In this way the hum voltages fed from each side

of the heater to the control grid can be made equal and opposite.

In lower gain amplifiers a centre-tapped heater winding may be used or, more
usually, a centre-tapped resistor across the heater supply. In the latter case the re-

sistor may have a resistance of 50 -f- 50 ohms for 6.3 Volt heaters. In some cases it is

practicable to omit any form of tapping, and in these cases one of the heater terminals

should be earthed. In the case of types in which the control grid or plate pin is

adjacent to one heater pin, the latter should be earthed. Where the grid pin is separ-
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ated from one heater pin only by one other pin, the latter should preferably be earthed
directly, or else by-passed to earth by a large condenser. In other cases the heater

terminal to be earthed should be chosen to provide minimum hum with regard to the

position of un-earthed or unbypassed terminals.

Valves with the grid connection brought out to a top cap have less capacitance
coupling between heater and grid circuits, but there may be appreciable electro-

magnetic coupling into the loop formed by the cathode-to-grid path and the return

path through the valve. For this reason it is sometimes found that a double-ended
valve gives more hum in a low level amplifier than a well designed single-ended stage.

When single-ended valves are used, die all-glass (e.g. miniature) construction gives

less capacitance coupling from heater to grid or plate than an equivalent single-ended

valve with a ** pinc^ ’* (stem press) construction.

Reduction of the grid resistor value will also reduce the hum due to capacitive

coupling, as the grid resistor and the heater-to-grid^ capacitance form a potential

divider which determines the proportion of the heater*voltage fed to the grid, unless

there is a large grid coupling condenser and a low impedance to earth from the other

side of it.

Diode-heater capacitance can also cause high hum levels in diode-triodes and diode-

pentodes as the diode is effectively coupled to the conttol grid. For thft reason it is

recommended that the diode used for signal deteaion should, in the case of double-

diode valves, be the diode further from the heater pins on the valve base.

(2) Conduction from heater to cathode will cause a current to flow from the heater

to the cathode, thence through the impedance between cathode and earth. The
resultant hum may be minimized by reducing the effective voltage applied to the

circuit, and by reducing the impedance between cathode and earth. The voltage may
be reduced by a potentiometer connected across the heater supply, with the slider

earthed and its position adjusted for minimum hum output—as for hum due to capaci-

tive coupling. The impedance between cathode and earth may be reduced by the use

of a large capacitance by-pass condenser across the cathode bias resistor, or may be
made zero by earthing the cathode and obtaining negative bias from some hum-firee

source.

See also Ref. 7.

(3) Emission from'heater to cathode is caused by impurities in the heater insulation

material or from the deposit, during valve manufacture, of cathode material on to the

heater. To overcome this fault the heater should be biased positively with respect

to the cathode. As the voltage required may be of the order of 50 volts, the minimum
required to give satisfaaory hum reduction should be used to avoid exceeding the

maximum permissible heater-cathode voltage.

Cathode-to-heater emission can also take place and cause hum, although it is not

common. The cure for this is the biasing of the heater negatively with respect to

cathode.

In the general case hum may be due to two or more causes, and minimum hum may
be obtained in any particular case by oonneaing the moving arm of the potentiometer

to a point of positive (or sometimes negative) voltage of the order of 5 to 50 volts and

by experimentally obtaining optimum adjustment of both potentiometer and voltage.

(4) Modulation of the electron stream by the magnetic field will depend cm the type

of heater and the electrode construction. If the centre-point of the heater circuit is

earthed, the double helix gives noticeably less hum than the folded heater, but when
one side of the heater is earthed the reverse may occur, depending cm the electrode

arrangement—see Ref. 6, Fig. 47.

Heater-induced hum in a-f amplifiers—summary*
The amplifier designer has to make allowance for the total hum, effective at the grid

of the valve, due to the use of a.c. supply to the heater. There are very few valve

types for which information is available in this regard—see Chapter 18 Sect. 2(v)

for hum data on types 12AY7 and 5879. Tables have been published (Ref. 10) giving

values of the 60 c/s compement of the hum voltage of a fairly wide range of types with

^Contributed by the Editor.
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cathode by-passed and unbypassed, grid resistor zero and 0.5 megohm, and with

different heater earthing arrangements but this does not give any indication of the total

hum and is likely to be misleading since the ratio of total hum to 60 c/s component
varies widely from type to type.

By the choice of a suitable valve type (e.g. 5879, triode operation) it is possible to

achieve a median hum voltage effective on the grid of less than 4 microvolts under

optimum conditions, with only a small percentage exceeding 10 microvolts, with grid

resistor 0.1 megohm. On the other hand, with other types of valves and with other

than optimum conditions, the hum may exceed 500 microvolts.

See also Chapter 12, Sect. lO(vi) and Chapter 18, Sect. 2(iii).

Refs. 5, 6, 7, 9, 10.

(ii) Hum due to circuit design and layout
The most common of hum troubles due to circuit design is caused by insufficient

smoothing in the power supply. Where hum is introduced in the early stages of an

amplifier, a simple RC filter can often be used (see Sect. 2). RC filters can also be

used to supplement conventional filtering when lack of filtering in r-f and converter

stages causes modulation hum.

Modulation hum can also be caused by capacitive coupling between primary and
secondary windings of the mains transformer. The cure is the addition of an earthed

electrostatic screen between the windings, or in some cases filters can be fitted in the

mains leads as in a.c./d.c. receivers. Every care should be taken to eliminate r-f

pickup from all sources other than the aerial, and receivers should be earthed directly

rather than connected to the mains conduit which may have a high resistance earth

connection. Capacitive coupling between the mains lead and aerial can also cause a

mains frequency modulated carrier to be passed through the receiver.

In a.c./d.c. receivers care must be taken in the series connection of heaters. Usual
practice is to place the a-f valve heater right at the earthy end, with the converter

(which is particularly susceptible to modulation hum) next to it. In a.c./d.c. audio
frequency amplifiers the earliest stages should be at the earthy end.

Electrostatic pick up of hum voltages by high impedance circuits from nearby
leads carrying alternating currents may be avoided by the fitting of electrostatic shields

or, where the capacitance of screened lead is permissible (as in the case of filament

wiring) the use of screened a.c. leads is recommended. The use of twisted filament

leads tends to cancel out the magnetic field around the leads.

The magnetic fields surrounding power transformers can give rise to induced cur-

rents in filter chokes and in a steel chassis. For this reason the use of a separate

chassis in the case of high gain amplifiers is to be preferred. Alternatively the chassis

may be made of non-magnetic metal. The placing of the power transformer lamina-

tions vertically usually gives rise to less hum than when they are placed in the same
plane as the chassis, particularly when the chassis is of a magnetic material. Thorough
screening of intervalve transformers <and more particularly microphone input trans-

formers) from the magnetic field of the power transformer is also necessary, and high
permeability shields or astatic type windings may be necessary in extreme cases to

reduce hum to the required level. By orientating transformers and chokes with
respect to each other a position of minimum coupling can be found which may avoid
the necessity for taking more elaborate measures. If the position of minimum coup-
ling is at all critical, it is recommended that an individual adjustment be made for each
amplifier. The filter choke and transformer fields must also be kept away from high
gain valves to prevent modulation of the electron stream.

The reason for high hum-level output in a receiver or amplifier can often be de-

termined by the pitch of the note. If it is due to poor filtering, the 50 or 60 c/s in the

case of half-wave rectification or the 100 or 120 c/s note with full-wave rectification

will predominate. If the hum is induced from the power transformer the note will

be 50 or 60 c/s while with capacitive hum pick up the note will be rough owing to the

accentuation of the harmonics of the supply frequency.
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When tracing hum it may be found that the reduction of hum in one part of the

circuit may increase the overall hum level as, when the hum is due to more than one
cause, a certain amount of cancellation may be taking place.

See also Chapter 18, Sect. 2(iii) on pre-amplifiers.

Hum caused by heater-cathode leakage with an unbypassed cathode resistor is

dealt with in Chapter 7, Se 2(ix)B.

The effect of the output valve on hum originating in the plate supply
voltage*

(See Chapter 7, Sect. 2(ix) for the effect of feedback).

Case (1)—Triode with transformer-coupled output
The hum output voltage across the primary of the output transformer is

Eho -- Ef,RjJ{Rj + r^)

where - hum voltage in plate supply

Rl ^ load resistance reflected on to primary of output transformer

and r. -
^ plate resistance of valve.

If Ri. -^ 2rp (as is typical)

then E^o = 0.67 F,.

Case (2)—Triode with parallel-feed (series inductor)
This is an excellent circuit for low hum provided that the choke has a reactance

at the hum frequency at least several times the impedance of rp and in parallel.

See Chapter 7, Sect. 2 equation (55).

Ef,^ - cos d. Ef,

where 6 - tan"^ L^/R
and R ^ rpRj/(rj, -f R j).

Case (3)—Pentode with transformer-coupled output
See Chapter 7, Sect. 2, equation (53).

= E„[R,/(R, + Tp) + R, t^,tr,/{R, + r,)].

The screen and plate effects are additive. The second term would become zero

if the screen were perfectly filtered.

Case (4)— Pentode with parallel-feed (series inductor)

The hum due to the plate circuit is low, but that due to the screen is high. Screen

filtering is required for low total hum.
See Chapter 7, Sect. 2, equation (57).

^hO cos d A
“1“ ^p)

where 0 and R are as in Case (2).

References : Chapter 7 Refs. B3, B4, B5, B7.

Typical values (all cases)

Typical values for types 2A3 and 6V6 are given in Chapter l-i. Sect. 10(v).

(iii) Hum levels in receivers and amplifiers*
It is convenient to express hum levels in dbm, rather than as so many db below maxi-

mum power output. This hum is measured with zero signal output.

Hum should, ideally, be completely inaudible. This ideal is capable of achieve-

ment, although at a price, so far as the hum introduced by the receiver or amplifier is

concerned. Audible hum is a defect which, while it may not prevent the sale of the

equipment, will certainly be an annoyance to a critical user.

Hum is objectionable firstly because of its direct effect with zero signal, and secondly

because of its indirect effect in modulating the signal.

The maximum acceptable hum level may be determined by a listening test in a quiet

residential area, or under actual conditions for a custom-built equipment. The
listener for the test should be one having at least average, and preferably higher than

average, acuity of hearing for the lower frequencies.

Alternatively, the maximum permissible hum level may be calculated. For example
if the predominant hum frequency is 120 c/s, the loudspeaker efficiency at 120 c/s

is the angle of radiation at 120 c/s is 180 and the listener is 1 foot from the

•Coniribuicd by the Editor.



1200 (iii) HUM LEVELS IN RECEIVERS AND AMPLIFIERS 31.4

loudspeaker, then the limit of audibility is about —35 dbm for an average listener,

and —45 dbm for a very critical listener. A good quality receiver or amplifier should

therefore have a hum level less than —35 dbm for 3% loudspeaker efficiency at the

hum frequency. This quoted loudspeaker efficiency of 3% is a fairly typical average

value over the a-f frequency band, but the effective efficiency at the hum frequency

may be higher or lower than the average value. The efficiency at the hum frequency

will be higher than the average value if bass boosting is used, or if the cabinet/loud-

speaker combination accentuates the hum frequency. The efficiency at the hum
frequency will be lower than the average value if the hum frequency is lower than the

loudspeaker bass resonance or if the cabinet attenuates the hum frequency. In

cases where the loudspeaker efficiency is higher or lower than 3%, the permissible

hum level should be adjusted accordingly.

This calculation for hum is somewhat unrealistic since it is based on the supposition

that the hum is predominantly a single frequency. Any higher frequency components
will give a higher acoustical hum level without appreciably affecting the measured
value.

Summing up
For critical home listening with low room noise and with loudspeakers of normal

sensitivity, the hum level should not be above —40 dbm, with —50 dbm as a pre-

ferred limit.

Under other conditions, with higher background noise or a less critical audience,

a somewhat higher hum level may not be found objectionable.

SECTION 5 : HUM NEUTRALIZING
(A) One form of hum neutralizing is that using a hum-bucking coil in series with

the voice coil in speakers where the field coil is used as the filter choke.

(B) A valve hum neutralizing system which has certain applications where a sub-

stantially constant load is to be supplied is shown in Fig. 31 .6 . This circuit has been
explained in detail elsewhere (Ref. 3) and neutralization is dependent upon the valve

producing a hum voltage of the same value and 180'' out of phase with that already

existing in the plate supply voltage. The valve must therefore be capable of pro-

ducing a gain of unity between grid and plate, the feedback resistance R e ( = /? » 4- R/)

being adjusted to obtain this balance.

FIG. 31.7

Fig, 31.6. Valve hum Pig, 31.7. Practical valve hum neu^
neutralizing circuit, tralizing circuit,

A typical circuit is shown in Fig. 31.7 and the value of ripple reduction a obtained
together with the values of R « are plotted in Fig. 31.8 as a function of R,.

The lowest ripple frequency which this circuit will suppress depends upon the time
constant of R,Ct which for this circuit is given by T == R,C,/(1 — R,/R,) pro-
vided /A >> 1, and the internal resistance Rq = R, /a/(^ + 1).

As foe cooffition for neutralization does not involve the load impedance, the re-
latively high impedance of the regulator can be reduced to a lov7 value for a.c. voltages
by shunt^ the output by a large condenser.
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Fig. 31.8. Values of a. and as a function of R, for the circuit of Pig. 31.7.

In this way coupling between stages due to a high common impedance can be re-

duced.

Care must be taken that the value of input ripple to the circuit does not swing the
valve beyond the linear position of its characteristics.

(C) Another form of neutralization, which is limited to pentode voltage amplifiers,

is described in Chapter 12 Sea. 10(vi)D and Fig. 12.57.

(D) A form of neutralization suitable for use with multistage amplifiers is described
in Ref. 4. Another form is described in Ref. 1 1

.

(E) Various types of neutralizing are commonly used in radio receivers, for example,
hum from the back bias supply may be neutralized at the grid of an output valve by
hum from the B supply, with a suitable choice of output valve grid leak and plate load

resistor for the a-f amplifier. In other cases the balance of these hum components
may be adjusted so that the resultant neutralizes hum in the plate circuit of the output
valve. More complicated neutralizing circuits even include hum components from
the control and screen grids of the a>f amplifier in the balance at the grid of the output
valve.
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VIBRATOR POWER SUPPLIES
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SECTION 1 : VIBRATORS—GENERAL PRINCIPLES

(0 Operation (it) Vibrator types (Hi) Choice of vibrator (iv) Coil energizing

(v) Waveform and time efficiency (vi) Standards for vibrators for auto-radio.

(i) Operation
The vibrator consists essentially of a vibrating reed upon which are mounted

switching contacts. By the method of conncaion in a battery circuit, these contacts

enable the direa battery voltage to be converted into an approximate square wave.

This can then be transformed and rectified to obtain a plate voltage supply. The
standard type vibrators operate at a frequency between 100 and 120 c/s. High fre-

quency types operating about 250 c/s are available for special applications.

riC.l»2-l INTERRUPTER TYPE VIBRATOR.

(ii) Vibrator types
There are three basic types of vibrator and these are shown with their circuit con-

nections in Figs. 32.1—32.3.

Fig. 32.1 shows the interrupter (non-synchronous) vibrator which acts as a single

pole double throw switch, leaving reaiheation to be performed by a separate rectifier.

1202
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The short-circuited secondary is used by some vibrator manufacturers to reduce

the inductance of the energizing winding and hence the sparking of the starting con-

tacts.

Fig. 32.2 gives the circuit arrangement for the self-rectifying (synchronous) vibrator

which in addition to switching the primary circuit has a further pair of contacts to

provide mechanical reaification of the transformer secondary voltage.

The third type. Fig. 32.3, is a modification of the synchronous type in which, by

splitting the vibrating reed, the primary and secondary circuits are isolated from each

other.

nC.32-3 SPLIT-REED SELr-RECTlEYlNC TYPE VIBRATOR.

(iii) Choice of vibrator
The choice of the type of vibrator to be used will depend upon the application for

which it is required.

Where vibrator equipment has to operate with either positive or negauve earthed

systems, either the interrupter type with a valve rectifier or the reversible self-recti-

fying type must be used. This latter type is a standard self-rectifying vibrator which

can be fitted into its socket in two positions, by rotation through 180®. The use of
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these two positions enables the correct output polarity to be obtained from either

positive or negative earthed supplies.

In the self-rectifying type« the eliminadon of the rectifier valve reduces the overall

nze, power consumption* and heating of the equipment, although at the expense of
increased difficulty in hash elimination and, perhaps, of some of the reliability of the

non-synchronous type.

The use of split-reed synchronous vibrators allows greater circuit flexibility, par-

ticularly in cases in which one model of radio receiver is to be used with dry-battery

or vibrator-operated power supplies.

Pig. 32.4. Separate driver

system energising.

(iv) Coil energizing
Tliere are three possible methods—Fig- 32.4 shows the separate driver system

energizing while Fig. 32.5A shows shunt energizing with separate starting contacts,

and Fig. 32.5B is the conventional shunt energizing arrangement. With the separate

driver system, the coil is operated by only the battery voltage ; in the conventional

shunt connecdon the coil is operated by greater than the battery voltage due to the

auto-transformer acdon of the transformer primary.

nc.U;S

Pig. 32.5.

i 4-

Ttoo alternative methods of shunt coil energising ; (A) with separate

starting contacts (B) conventional shunt energising.

The advantage claimed for the separate driver system energizing and also for the

arrangement shown in Fig. 32.5A, is that as the coil current is not switched by the

power oontaos, good starting will be obtained even towards the end of life or at low

battery vol\|iges. This is not the case in Fig. 32.5B in which the starting performance

is dependent upon the condidon of the power contacts.

*If *v*M-^**^ rectifier Is used the power consumption of synchronous and non-synchronous
types should be the same.
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(v) Waveform aod time eflSicieiicy

The general waveform of a vibrator output voltage is given in Fig. 32.6 ; the periods

tt and are referred to as the ** off contact *’ time interval. For reasons of consistent

operation with life, these times t, + f* are made from 10% to 30% of the total dura-
tion of the cycle. The remaining part of the cycle tj -f- r,, which is the “ on contact

”

time, is therefore from 70% to 90% of the cycle and its ^ue is known as the “ time
efficiency.’*

The relationships between the peak, average and rm.s. values of the vibrator

waveform are given below

—

Peak value =
R.M.S. value = V
Average value = WfEt

Form factor = \/l^J
where J? » is the battery voltage and is the time efficiency expressed as a decimal.

The rectangular waveform will be m<^fred to a certain degree by the timing capaci-

tance (see Sea. 3) and will take the approximate form of the dotted curve in Fig. 32.6.

This change will not greatly afrea the reladonships given above.

(vi) Standards for vibrators for auto radio
Extraa from RM.A. Standard REC-1 13— Vibrating interrupters and recdfiers

for auto radio—fircquency 115 cycles” (April 1948).

Voltage ratings—nominal 6.3, operating 5.0 to 8.0 volts. Reed frequency at 63
volts : 115 =b 7 c/s. See Standard for enclosures, base pins and circuit.

SECTION 2 : VIBRATOR TRANSFORMER DESIGN

(t) General considerations (tV) Transformer calculations {m) Standardsfor vibrator

power transformers,

(i) General considerations
There are mahy considerations in vibrator transformer design which require par-

ticular attention as against a similar transformer used on a sinusoidal supply. How-
ever see also Chapter 5 Sea. 5 for power transformer design.

For a given power output the vibrator transformer will be of greater size for a num-
ber of reasons. Half the primary is inactive at any instant due to the need for a centre-

upped winding to obtain the necessary flux reversal. The primary winding should

be designed to have the minimum possible resistance, in order that as large a portiou

of the battery voltage as possible is available for tran^rmatioo. This means the use

of a wire of large diameter with a correspondingly poor space frutor. Electrosudc

shields between the windings, which are somedmes used to assist in the eliminadon

of hash, also add to the size.

An important point in the transformer design which affeos the life of the vibrator

is the value of primary leakage inductance. This leakage inductance compoocnt
in the primary circuit can resonate with the reflea^d value of the timing capaciunoc
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to produce an \indesired damped oscillation^ while possible insulation breakdown

and contaa arcing may result. Therefore where practicable a winding of the pan-

cake type should be used^ or else the winding shown in Fig. 32.7, the windings being

arranged so that the active sections of the primary and secondary are always adjacent.

When manufacturing economy requires the use of the cheapest form of winding,

best results arc obtained by winding the two halves of the primary first and then the

two halves of the sccondaor. This gives lower leakage reaaance than the reverse

t3rpc of winding.

The secondary insulation should be good enough to prevent the risk of a voltage

breakdown caused by any irregularity occurring in the vibrator during life which

may cause high transient voltages to be developed.

As the magnetizing current of a vibrator transformer has to be supplied by the

battery, this represents a power loss and it should be reduced to the minimum possible

value—for further details see Sect. 3(iv). This can be done by keeping the flux

density B at a low value. The value of B will depend upon the primary voltage, all

other quantities being fixed. This value of primary voltage is subject to considerable

variations ; c.g. from 5.5 to 7.5 volts on a car radio input when a voltage regulator

is fitted to the battery charging system, and this may rise to 9.0 volts without the

regulator. In the general case the transformer may be designed to have satisfactory

characteristics at a maximum of 8 volts.

A high value of magnetizing current also limits the maximum output available

from the vibrator. This is because the magnetizing current has to be handled by the

primary contacts whose current carrying capacity is limited, thus reducing the current

rating available for the load.

(ii) Transformer calculations
The equation for vibrator transformers is

E.wtAO*

where E
Ol,

/
A

( 1 )

and
B

highest battery voltage at which satisfactory operation is required

vibrator time efficiency expressed as a decimal

vibrator frequency in cycles per second

effective cross scaional area (i.e. actual cross sectional area x the

stacking faaor) in sq. inches

flux density in lines per sq. inch
“ cffcaivc ’* number of primary turns (i.e. i total primary turns).

The value of A can be estimated from the relationship

A = \/W/5.58 sq. ins. (2)

where W = primary watts tinder full load.

The r.m.8. value of the transformer primary current is given by

|f»l = (V «>(/"()/»

where J» — average battery current in amperes.

(3)
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For values of a>t ^ 0.8, V utt/

^

1 and |/ft|
=-= 7^.

This value of current can be used in the calculation of the required wire diameter.

As the primary is of heavy gauge wire, and has to be centre tapped, it is of advan-
tage to have an even number of primary layers ; this brings the centre tap to the

outside of the winding. Therefore when commencing the design, where possible

it is of advantage to choose the total number of turns (2Nj,) to give an even number
of layers. The required eifective cross seaional area of the core is then given by

A = Ecu, 10V(4/EAr,). (4)

(iii) Standards for vibrator power transformers
R.M.A. Standard REC-119 “Vibrator power transformers'* (Sept. 1948) gives

purchase specifications, performance specifications, test equipment and procedure.

SECTION 3 . TIMING CAPACITANCE

(t) The use of the timing capacitance («) Calculation of timing capacitance value

(ill) Percentage closure (iv) Effect of flux density on timing capacitance value.

(i) The use of the timing capacitance
The usual simplified form of the vibrator voltage wave is shown in Fig. 32.8. The

dotted curve shows the damped oscillation obtained by the addition of the timing

capacitance. In actual operating this oscillation will be suppressed at C when the

other contacts connect the battery to the other half of the transformer. The oscilla-

tion is shown in full in Fig. 32.8 to illustrate how the first part of the cycle is operative

in automatically reversing the battery voltage, so that there is zero potential across the

contacts when they make.

(ii) Calculation of timing capacitance value
The value of the timing capacitance, to give the correct frequency of oscillation for

the conditions above, is given by

_ H./...(l - a>,)10^ „
-

8N,./.J5

where /„ = length of magnetic path in inches

and the value given by the BH curves for the transformer iron being used,

at the value of B corresponding to the voltage E in the equation above.

The equation will give the required value of timing capacitance C, to be used across

the primary. For reasons of size and economy, it is usual for the timing capacitance

to be placed across the secondary. The value of the equivalent secondary capacitance

C, will be CJiNJN^y microfarad.

While these equations will give an approximation to the required value of timing
capacitance, some modification of this value will be required in praaice. The final
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value should not be decided, until after examination of the voltage waveform obtained.
This test should be carried out with a number of samples of the vibrator which it is

intended to use.

(iii) Percentage closure
When the waveform of Fig. 32.8 is obtained, by the correct choice of timing capaci-

tance, there is said to be 100% closure. Figs. 32.9 and 32.10 illustrate the effects of
over- and under-closure respectively.

As the effect of overclosurc is to produce high transient voltages, and as during life

the tendency is for and f, to become shorter, the vibrator will rapidly deteriorate.

By aiming at slight under-closure the effect during life is for conditions to approach
100% closure.

For this reason a value of approximately 65% closure is chosen for an average case,

as shown in Fig. 32.10A—this means a larger value of timing capacitance than indicated
by eqn. (5).

FIG. 32. 10 FtG. 32.10 A

(iv) Effect of flux density on timing capacitance value
The equation for the timing capacitance shows the need for the careful choice of the

value of flux density used in the transformer design. For it will be seen that a change
in the ratio of H{E in eqn. (5), such as will uke place when working on the curved
charaaeristic of the BH curve, will result in different values of timing capacitance
being required at different loads. If the value of HfE is to be kept constant, B must
be directly proportional to H over the working range. Examination of Fig. 32.11
will show that this is not the case, even on the straight portion of the BH curve, as a
line drawn through the straight portion of the curve would not originate at the junaion
of the X and Y axes. A more exaa approximation to the desired condition can be
obtained by working around the knee of the curve ; operation at this point will result

in greater economy of iron.

In Fig. 32.11 the line OY has been drawn so that the deviation of the BH curve
from the ideal curve OY is such that the values AA', BB' and CC' when transferred
to the // scale, represent equal values—in this case 71% of the nominal value. Thus
the timing capacitance docs not vary by more than 71% for a variation in flux from



32^ (iv) EFFECT OF FLUX DENSITY ON TIMING CAPACITANCE 1209

53 to 81 kilolines/sq. inch. Point A at 71 kilolines/sq. inch would appear to be, in

this particular case, the optimum point where a variation of plus 14% and minus
25.5% can be allowed in the value of B. If this value of B results in an excessive
value of magnetizing current, point X corresponding to 61 kilolines/sq. inch could
be used.

Likewise any other point could be selected providing other design considerations

arc satisfied, but the point A represents the optimum as regards the change of timing
capacitance with input voltage. The point A can be found for any BH curve by suit-

able positioning of the line OY.
It should be noted that having decided on the position of OY, and from this deriving

the operating centre point, the values of B and H required for the timing capacitance

calculation should be read from the line OY.

fl.D.N .—99
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SECTION 4 : ELIMINATION OF VIBRATOR INTERFERENCE

The methods of eliminating vibrator interference can only be stated in general terms

and the final arrangement will depend upon the layout and characteristics of the

particular power supply. Where the vibrator pdwer supply is not used with a receiver

or similar sensitive equipment, the requirements of ‘ hash * elimination are less

stringent provided that there is no danger of interference being introduced into ad-

jacent equipment.
With sensitive receivers, particularly those covering short wave ranges, it is desirable

to use a separate shielded chassis for the vibrator power supply as it may otherwise be

impossible to eliminate hash at all points in the tuning range with the receiver aerial

wrapped around the battery cable and battery, and with the receiver at maximum
sensitivity. Such a chassis may be mounted on the main receiver chassis if desired,

and in any case a flexible mounting (such as rubber grommets) is useful in reducing

mechanical vibration and hum.

When a separate chassis is used a satisfactory method of construaion is to have all

hot components, vibrator, vibrator transformer and timing capacitors, in a shielded

compartment with the leads from this compartment —normally either two or three

—

by-passed at or near the point of exit and connected to a r-f choke immediately after

leaving the compartment. R-F chokes are less useful on the other side of the shield.

A common earthing point can still be used for all components by having a solder lug

accessible from both sides of the chassis.

It is sometimes found that better hash reduction is obtained with one or more com-
ponents earthed in isolated places. However the improved results at one frequency

are usually at the expense of increased hash at some other frequency. If this is not

the case, the earthing point is liable to be critical and perhaps variable from unit to

unit,i.e. the improvement is due to cancellation of hash and not to elimination. This
is undesirable in prototypes of equipment which is later to be mass-produced.

R-F chokes are liable to have an appreciable field around them and layout must
be such as to avoid introducing hash from such fields into circuits which have already

been filtered. Special types of by-pass capacitors are available with braided leads to

reduce their r-f impedance. These can give a considerable improvement over stan-

dard types with wire pigtails. “ Spark plates ” are also useful. These are by-pass

capacitors using the chassis as one plate, a thin sheet of mica as the dielectric and a

sheet of say brass as the “ hot ” plate, the assembly being held together with in-

sulated eyelets.

Vibrator design is rarely a matter for ingenious circuits. Once the transformer

and timing capacitors are correctly specified, layout and shielding are the most im-
portant considerations and a minimum cost circuit is usually adequate. If trouble

is experienced from hash it is not usual for a cure to result from a mere addition of

by-pass capacitors to a circuit which already has a normal complement. For instance

a unit in which all outgoing leads are “ hot ** is more likely (assuming reasonable

filtering) to suffer from shielding troubles than from insufficient filtering of the leads

in question.

A convenient method for investigating the presence or absence of interference at a

particular point in a receiver is to use a probe of shielded wire with the end bared and
connected through a capacitor to the aerial terminal of the receiver used with the

vibrator unit.

Before hash elimination from a prototype vibrator unit can be considered complete

it is necessary to carry out the standard tests with a number of vibrator cartridges,

some ofwhich have been in service for long periodsu Units in which hash suppression

is only sufficient to silence the hash from new vibrator cartridges in good condition

may give poor apparent cartridge life owing to the need for replacement as soon as

sparking and the consequent interference occur due to slight wear.

In Fig. 32.12 are shown the more usual arrangements and typical circuit values

arc given as a guide to the choice of suitable components. The timing capacitance is

centre-tapped and its centre point is earthed. The two 100 ohm resistors, Ri and R|,
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RFC3

nG.a2l2 TYPICAL VIBRATOR POWER SUPPLY SHOWING INTERFERENCE
SUPPRESSION COMPONENTS

are not for hash elimination but to protect the vibrator transformer in the event of a

timing capacitance short-circuiting, RFCj and RFC^ are low resistance r-f chokes
made of heavy gauge wire. RFCi prevents interference being fed back along the

battery leads which could result in these leads radiating interference to the aerial.

RFCi prevents interference entering the r-f section of the receiver through the heater

wiring. RFC^, a standard receiver r-f choke, is to eliminate interference frequencies

in the plate voltage supply. The resistor Rs is useful in eliminating the strong im-
pulse interference which usually exists, although at the expense of some battery

current. Alternatively, two separate resistors in series may be used across the primary
contacts, the centre point of these being earthed.

In 12, 24 and 32 volt systems where part of the timing capacitance is usually

placed across the primary circuit to aid starting, this capacitance has been found
to be effeaive in reducing interference. . This method can be used for 6 volt systems
to reduce the interference, but if the transformer has considerable leakage inductance

increased trouble may be experienced with spurious resonances—see Sect. 2(i).

SECTION 5 ; 12, 24 and 32 VOLT VIBRATOR SUPPLIES

While the higher voltage of the 12, 24 and 32 volt systems has some advantages over
the 6 volt systems, special precautions are necessary if successful vibrator operation

is to be obtained.

The higher voltage and consequently lower current, for the same power input,

reduce the percentage voltage drop in the battery leads. The larger number of prim-

ary turns which are required results in an improved space factor and the centre tapping

of the primary winding is made easier because of the larger number of layers and

smaller wire ^ameter.

Against these advantages are the disadvantages of the additional circuit arrange-

ments required for limiting the current during the starting period. Owing to the

higher voltages existing across the contacts, ionization of the air between them wiU
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more readily take pUce. This conditioii is particularly serious on starting where the

correa conditions for the vibrator have not stabilized and heavy currents may flow.

Fig. 32.13 shows a method of overcoming this difficulty, a three position switch

being used to introduce some resistance into the battery lead for the starting con-
dition.

Condensers across the contacts to suppress the arc are not to be recommended
unless the minimum value that just suppresses the arc is used. By splitting the timing
capacitance and placing part of it across the primary, arcing can be reduced. If this

is done, consideration should be given to possible resonances with the primary
leakage inductance due to imperfect addition of the split timing capacitance—see

Sea. 2(i).

We wish to give acknowledgment to P. R. Mallory and Co., Inc., for much of the

information and some of the diagrams in this Chapter, which have been adapted from
their publication “ Fundamental Principles of Vibrator Power Supply Design.”

SECTION 6 : REFERENCES
1. “ Fundamenul Principles of Vibrator Power Supply Design P. R. Mallory and Co.

2. *‘RMA Staxulard vibrator power transformers** REG— 119 Sept. 1948 (U.S.A.).

3. Williams, M. R. ** Heavy duty vibrator type power supplies ** Radio News 35.6 (June 1946) 46.

4. Bell, D. A. “ Vibrator power packs ’* W.W. 54.8 (Aug. 1948) 272.

Additional references will be found in the Supplement commencing on page 1475.
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CURRENT AND VOLTAGE REGULATORS

By R. J. Rawlings, Grad. I.E.E., Associate Brit. I.R.E.

Section Page
1. Current Regulators 1213

2. Voltage Regulators 1214

3. References 1222

SECTION 1 : CURRENT REGULATORS
(f) Barretters (iV) Negative temperature coefficient resistors {Thermistors).

(i) Barretters
In a.c./d.c. receivers, the valve heaters are wired in series and conneaed across the

mains supply. If the total of the heater voltages is less than the mains voltage a cur-

rent-limiting fixed resistor or a barretter is used in series with the heater circuit to

absorb the extra voltage.

The disadvantage of the fixed resistor is that the current variations through the

heater circuit are greater than if the circuit consisted of valve heaters alone.

See Chapter 35 Sect. 6 for the application of series resistors and barretters to a.c./d.c.

receivers.

To maintain a constant current through the series heater circuit, with widely varying

mains voltages, a barretter is generally employed. This consists of a hydrogen- filled

tube containing an iron filament and has the property of nearly constant current flow

for wide variations in voltage across it. The actual voltage limits between which
satisfaaory current regulation is obtained are stated by the manufacturers, and the

barretters should be chosen with regard to these values.

Fig. 33.1. The characteristic of a typical barretter.

A typical barretter characteristic is shown in Fig. 33.1 ; the portion of the curve

within the dotted rectangle showing the useful operating voltage range and the

tolerances on the current regulated by the barretter.

It should be noted that the barretter is subject to a large surge current when switch-

ing on as the resistance of the valve heaters is then only about one seventh or one tenth

of their hot (running) resistance.

1213
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In certain cases, a maximum total of heater voltage to be connected in series with
the barretter is specified on the manufacttirer’s data sheets. This then protects the

regulator against excessive surge currents which would shorten its life.

Owing to the iron filament, barretters should be kept well clear of any magnetic
field which could damage them and for this reason a magnetic screen is sometimes
used around them. As considerable power is dissipated in the barretter, the magnetic
shield should be perforated and good ventilation provided. The barretter should
always be operated in a vertical position, base down.

Occasionally it is desired to increase, by a small amount, the current controlled by
a barretter and this may be done, within certain limits, by operating it in parallel

with a fixed resistance. This is not normally recommended since the effectiveness

of the barretter is reduced. It may be used fairly satisfactorily for an increase of
current up to about 10% of the current in the barretter.

If the barretter is required to control a current which is smaller than its current

rating, this may be accomplished by shunting the current-regulated device by a re-

sistor to bring the total load current up to the normal barretter current.

As with any other device, a barretter has manufacturing tolerances, but these are

such that if a design is based on an average sample then no damage is likely to be done
to the valves with any individual barretter.

(ii) Negative temperature coefficient resistors (Thermistors)
These are described in Chapter 4 Sect. 9(i)n.

SECTION 2 : VOLTAGE REGULATORS
(i) Gaseous tube voltage regulators (it) Valve voltage regulators.

In cases where stability of plate voltage supply is essential, some form of voltage

regulation must be provided to prevent changes due either to mains input or load

current variations.

(i) Gaseous tube voltage regulators
The electronic voltage regulator is shown in its simplest form in Fig. 33.2. In

this circuit a gas-filled two electrode tube is used as the voltage regulator. The
charaaeristics of this rube are such that quite large variations of current through the

tube do not greatly alter the potential drop across it.

The circuit of Fig. 33.2 regulates the output voltage within certain interdependent

limits of input voltage and load resistance. If the input voltage increases for constant

load resistance or the load resistance increases for constant input voltage then in either

case the voltage across Rj tends to increase. As H

^

tends to rise, the regulator tube

takes more current and increases the voltage drop across maintaining the voltage

at nearly its original value. The resistor is essential to obtain voltage regula-

tion. Furthermore, as the striking voltage of the regulator tube is higher than its

operating voltage, Ri is necessary to prevent excessive tube current. Table 1 gives

values of minimum supply voltages required for starting the regulator tube, together

with starting and operating voltages of typical tubes.

Referring to Fig. 33.2, if input voltage and 7, - regulator tube current,

the following equation holds

Ef, -- (/,, + /.) R, (1)

The range of regulation or the maximum change in £,„ or Rj within the region of

regulation can be determined accurately for any conditions of operation by sub-

stituting in eqn. (1) the limits of the variables F,„, /, , /„ R j
. The regulator tube

must operate between the published limits of current rating. The change in one of

the variables or R
f , can be much greater than in the other and when one of these

changes is small the approximate range of regulation can be simply obtained by
considering either £,„ or R

j
constant. If these conditions apply and E

ff
is constant

it follows by equating the partial differentiations of eqn. (1) to zero

that

and

AE ,,,

A/,.

R,AI,

E.n

_
1 ,

constant) :2)

(£,„ constant) (3)
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where A^,«> Isl Alt are the small increments in 1 1 » It. The range of regu-

lation is obtained by inserting in these equations the maximum value of Alt.

TABLE 1

Regulator

Tube
Type

Approximate
j

Operating

Voltage
1

Approximate
|

Starting

Voltage

Minimum
Supply
Voltage

OA2 (miniature) 150 1 160 185

OA3 75 100 105

OB2 (miniature) 108 1 115 133

OC3 105 115 133

OD3 150 160 185

Operation about the midpoint of the type OD3 characteristic gives Alt (max.) =
(40 — 5)/2 17.5 mA. Consider the regulator subject to small changes in load.

If for example / ^ 175 mA, from eqn. (3) the range of regulation A////^ = 17.5/175
= 10%. Equation (2) shows that a large range of regulations with variable E,„ is

obtained when is large, i.e. when a large part of appears across /?,.

When small load currents are required and variations in and Rj are small,

satisfactory regulation can be obtained by operating the regulator tube at low average

current.

Regulation is frequently desired when R
j
varies over the very large range from no

load to full load. In this case R^ is adjusted so that at no load the maximum tube

current at maximum input voltage does not exceed the tube’s rating, i.e., 40 mA for

type OD3. Load voltage regulation is then obtained from zero load current to nearly

35 mA if changes in are small.

The tube voltage of types OD3, OC3 can change over their operating range by
approximately 3% and this represents their limit of regulation under wide range

conditions.

If higher regulated voltages are required two or more tubes can be connected in

series as in Fig. 33.3. Additional stabilized voltages may be taken off the individual

tubes as shown. Tapping [x>rnts may be provided on Rj^, to give lower voltages,

however if the load varies, good regulation will be obtained only if the current drawn
from the tapping point is very small compared with the current through /?y 2 - Grid
bias supplies for class A amplifiers may be effectively stabilized by the circuit of

Fig. 33.2 with tappings as required see chapter 13 Sect. lO(ii).

The use of gaseous regulator tubes in parallel is not to be recommended as resistors

must be put in series with each tube so that all tubes will start and share current

equally. These resistors impair voltage regulation. Therefore when large currents

have to be handled, grid controlled valve voltage regulators must be used.

regulated
0 C.OUTPUT
VOLTAGE

FIG. 33.2

Rig. 33.2. Simplest fortti of Ftg. 33.3. Higher reguloteJ z'oltage

tube vo/toge regulator. provided by tieo gaseous tubes lu series.

(ii) Valve voltage regulators

A typical valve voltage regulator is shown in Fig. 33.4. The valve V, acts as a

variable resistance whose value is varied by a change in bias. When the output voltage

tends to decrease, the grid voltage of Vj becomes less positive. As the cathode voltage

of V.. is kc^)t constant with respect to earth by the giseous voltage regulator tube V 3 ,
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and positive with respect to the grid, the fall in the positive value of the grid will in-

crease the negative bias on the valve, and will decrease. This decrease of plate

current will cause an increase in the voltage at the plate of Vg. The plate of V2 being

directly conneaed to the grid of Vi will cause a drop in the negative bias on Vj and
the plate-cathode voltage will decrease, tending to restore the original voltage drop

across Eg.
The complete mathematical analysis of voltage regulator performance is fairly

complex and for detailed information reference should be made to the bibliography

at the end of this chapter.

For practical purposes of voltage regulator design, the following method may be

used.

Fig. 33.4. A typical valve voltage

regulator.

Referring again to Fig. 33.4. If constant output voltage is to be maintained across

the load, the valve V^ must be capable of adjusting its voltage drop to compensate for

voltage input changes. A similar condition exists if the input voltage is constant and
variable output voltage is required. The valve has therefore to satisfy conditions
at four points as set out in Table 2.

TABLE 2

Point

j

Output
Valv(

1

Plate Voltage

: V,

Plate Current

1 Maximum Voltage

Maximum I

j

Supply Voltage

Maximum Output '

Voltage

Maximum If

2 Maximum Voltage

Minimum
Supply Voltage

Maximum Output
Voltage

Minimum I

j

3 Minimum Voltage

Maximum I
^

Supply Voltage

Minimum Output
Voltage

Maximum 7^

4 Minimum Voltage

Minimum If

Supply Voltage

Minimum Output
Voltage

Minimum If

Each of these four points has its particular limitations as regards the operation of
the valve to maintain the correct operating conditions without exceeding the maximum
ratings. Reference should be made to Fig. 33.5 in which these four points are plotted

for a triode-conneaed type 807 valve.

Point 1—this point must be kept in the negative grid-bias region of the curve and
a bias of not less than ~3 volts may be taken as the design minimum. This point

must also be kept below the maximum plate or screen dissipation curve (whichever

is first reached), and below the recommended value of current for a steady d.c. oper-
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Fig. 33.5. Plate characteristics of triodc-connected 807 valve to illustrate operation

of the valve as a voltage regulator.

ting condition. It is important that point 1 be kept above a certain minimum value of

plate voltage if linear characteristics are to be obtained from V„ a value of not less than

125 volts on the plate being recommended.

Point 2—^In order that this point should not come in the non-linear portion of the

plate characteristics, a bleed should be arranged across the supply to limit the minimum
current. This also aids power supply regulation (see Chapter 30 Sect. 3).

Point 3 -This point should be kept below the maximum dissipation curve and

below the maximum rated plate voltage for the valve being used.

Point 4 -This point should be kept above the non-linear portion of the charac-

teristics by means of a bleed as in (2) and also kept below the maximum plate voltage

value for the valve being used.

The maximum recommended usable section of the valve characteristic for type 807

is shown enclosed by ABCD in Fig. 33.5,

While it is possible to use higher plate current values at low plate voltages than

appear in the diagram before the plate dissipation is exceeded, this is not to be recom-

mended as reduced valve life may result.

From the graphical construction can be seen the effect of large variations of input

voltage to the regulator with varying output currents (i.e. poor regulation of the power

supply). This will cause the point 2 to move along the plate voltage axis, which

results in a reduction of the maximum variation of output voltage obtainable. When
the power supply has good regulation and the input voltage is substantially constant,

an output variation of 125 volts is obtainable about a nominal value. With a con-

stant output voltage the same tolerances may be allowed in the input voltage i.e.

ih 125 volts. In each case it is assumed that the circuit conditions are set so that the

valve is operating at its centre point for the nominal input or output voltage.

It will be seen from this description that a choke input power supply is advisable.

Reference should be made to Chapter 30 Sect. 3 for further information on choke

input power supply design.

For minimum voltage loss across Vj a valve with a high g^ should be used. If the

load current required from the regulated supply is greater than that obtainable with

one series valve, then two or more valves may be placed in parallel.
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TABLE 3

Valves suitable for use as series regulators.

Valve type Current (mA)

6F6-G* 45

6V6-GT* 50

6L6-G* 80

6Y6-G* 80

807 80

6AS7-G 1 250

Screen connected to plate through 500 ohm 1 watt resistor.

Having now determined the operating conditions for V„ the design may be extended

to consider the operating conditions for the amplilier valve Vj.

From the knowledge of the voltage drop in Vi required for the four operating points,

the corresponding bias values can be determined. The voltage drop across the re-

sistor Ri is then given by the voltage drop across Vj plus the required grid bias for Vj.

Having determined these voltages, the resistance can be chosen to have a value

which will give plate current values for the amplifier valve which are on the linear

portion of its plate characteristics.

The higher the gain of V2, the better will be the regulation, as a smaller change in

output will be effective in adjusting the voltage drop across Vj to correct the output

voltage change. For this reason a pentode is recommended, the additional complica-

tion of adding a screen supply being small for the improvement obtained.

In general, the plate voltage for V2 should be derived, through its plate load resist-

ance Ri from the input voltage to the regulator, so that even at low output voltages

not less than the minimum voltage drop of Vj plus its grid bias voltage will exist

across Ri. The exception to this connection will be when the output voltage of the

regulator is to be constant at a value of 200 or greater and the input voltage is to be
varying over wide limits ; the effect of connecting R^ to the input in this case would be

to reduce the effeaive gain of the valve.

Fig. 33.6. Simplest form
of series valve voltage

regulator.

The conneaion of the gaseous voltage regulator tube V3 also requires some con-

sideration. It has been mentioned in Sect. 2(i) that changing the current through a

voltage regulator tube will produce a small change of voltage across it. As this tube is

used as the reference voltage for the regulator, any change in potential across it will

have an adverse effect upon the regulator performance. For this reason, if a constant

output voltage regulator is being designed, the series feed resistor for this tube should
be supplied from the output side of the regulator, the extra current drawn by this tube
being taken into account when considering the current rating for V,. In cases where
the regulator has to supply varying output voltages, V3 may be supplied from the input
if this is sufficiently constant ; preferably, V3 should be supplied from a separate

source.
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DC. INPUT VOLTAGE FIG. 33.7

Fi^. 33.7. Operation characteristics of circuit Fig. 33.6—output versus input voltage.

Circuits of typical voltage regulators and their performance figures are given in

Figs. 33.6 to 33.14.

In Fig. 33.6 is shown the simplest form of series valve voltage regulator, which, how-

ever, with the circuit components and values shown, is capable of good performance.

The results obtained with this regulator are shown in Figs. 33.7 and 33.8, from which

several points should be noted. The variation of heater voltage as well as the input

LOAD CURRENT (xJmA

F/if. 33.8. Operatiofi characteristics oj circuit Fig. 33.6 output voltage versus load

current.

direct voltage, the usual practical case, results in better regulation than that obtained

with only direct voltage changes, d'his is due to a slight change of plate current in

Vo together with other minor circuit changes caused by the variation of cathode

temperature in the valves. For rapid input voltage changes the regulation charac-

teristic will be as for direct input voltage changes only since the cathode temperature

cannot change rapidly. A value of 250 000 ohms for will be found to be sufficient

for most purposes as little increase in gain is obtained by increasing above this value.

Fig. 33.9. Valve voltage regulator in

zohich the screen is used to correct for

input voltage changes.

FIG. 33 9
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may be adjusted to have a value of approx. 10 mA at the normal operating point of

the regulator.

For most applications these circuits will give adequate regulation but for details on
compensated and the more complicated regulators reference should be made to the

bibliography at the end of this chapter.

The main limitation of all these regulators is the difficulty of obtaining a completely

stable reference voltage, as gaseous voltage regulator tubes may stabilize at slightly

different voltages when the unit is switched off and on again. This means that,

although nearly perfect voltage regulation may be obtained, the voltage about which
this regulation takes place is not always a constant value.

This defect may be minimized by the use of a special voltage reference tube such as

R.C.A. type 5651 as, for e^^ample, in the circuit of Fig. 33.14. The unregulated

input is approximately 375 volts at zero load current and 325 volts at 225 mA load

current. The variation of output voltage is less than 0. 1 volt for a variation of ± 10%
in input voltage when operated at maximum load current. When adjusted to an out-

put of 250 volts, the variation in output voltage is less than 0.2 volt over the current

range from 0 to 225 mA.
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SECTION 1 : INTRODUCTION AND SIMPLE RECEIVERS

(0 Types of receivers (it') Crystal sets {Hi) Regenerative receivers {iv) Super-

regenerative receivers (v) Tuned radio-frequency receivers.

(i) Types of receivers
Radio receivers may be divided into several categories as the following tabulation

shows :
—

(a) crystal

(b) regenerative

(c) superregenerative

(d) tuned-radio-frequency

(e) superheterodyne

(f) synchrodyne.

(ii) Crystal sets

The simplest type of receiver employs a crystal such as galena, plus a “ catswhisker,**

for a detector. This, together with a suitable tuned circuit and a pair of headphones,

forms a satisfactory local station receiving set. Its disadvantages are poor sensitivity

and selectivity, together with low output. Modem developments have made avail-

able “ fixed ” germanium crystals which are being used satisfactorily as detectors.

The transistor, or three element crystal, recently announced, offers the advantage of

amplification as well as detection in the one unit.

(iii) Regenerative receivers
Higher sensitivity can be obtained by using a valve as a grid or plate circuit detector.

Additional amplification can be obtained by means of reaction ; the feeding back of

signal from plate to grid in the correct phase to aid the existing circuit gain. Oscilla-

tion will occur if too much feedback is used, hence the necessity for judicious use of

the reaction control, particularly for speech modulated signals, which would other-

wise be rendered unintelligible. When operated near the point of oscillation, i.e.

at maximum sensitivity, the selectivity is such that serious side-band cutting occurs

and distortion of the a-f signal results ; this is usually the limiting factor in the amount
of feedback that can be successfully employed. As the input circuit is coupled directly

to the aerial, should the circuit oscillate, radiation will occur with the risk of inter-

ference to other receivers operating nearby—hence the limited use of this circuit.

An r-f stage between the aerial and detector assists in minimizing this trouble.

1223
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(iv) Superregenerative receivers (Fig. 34.1)

The superregenerative receiver is basically similar to the simpler detector with

reaaion. It, however, is adjusted to the threshold of oscillation so that an incoming

signal will cause the circuit to oscillate. At this instant, a local “ quench ”

oscillator, operating at a low radio frequency, damps out the oscillation, thus ensuring

that the receiver is operating continuously at maximum sensitivity. The oscillator

can be combined with the detector or it can be a separate valve. Although very

sensitive, the superregenerative receiver has pooi selectivity due to circuit loading.

Id addition, interference is also caused by radiation from the “ quench ” oscillator.

It is used mainly for higher frequency work where fidelity is unimportant and high

sensitivity from simple apparatus is required.

See also Chapter 27 Sect. l(ii)F page 1087 for further information.

Fig.3A.\. Self quenched superregenerative

receiver incorporating linear reflex detector.

(v) Tuned-radio-frequency receivers (Fig. 34.2)

The simple receivers described above can give improved selectivity, sensitivity

and output by the addition of radio frequency and audio frequency amplifier stages.

Two or three r-f stages are commonly used ahead of the detector, which is usually

of the plate deteaion or power-grid type. One or more a-f stages follow the detector

depending upon the power output required. Such receivers are simple to design and
construct for broadcast frequencies but present difficulties at higher frequencies.

This is due to the risk of instability resulting from all the gain being achieved at the

signal frequency. Tracking also becomes a problem as the frequency increases.

In general, the defects of the tuned r-f receiver are variation of sensitivity and selec-

tivity with frequency over the tuning range.

At broadcast frequencies, tne circuit simplicity and ease of alignment are the main
advantages.

Fig. 34.2. Typical t.r.f. receiver
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SECTION 2 : THE SUPERHETERODYNE
The superheterodyne receiver as illustrated in Figs. 34.3 and 34.4, has several

important advantages over other types of receivers. In the superheterodyne circuit,

the incoming signal frequency is changed to a lower frequency, knovm as the inter-

mediate frequency. The major part of the amplification then takes place at this

frequency before deteaion in the normal manner. The typical superheterodyne-

tuner consists of several distinct seaions. These are :

—

(a) Preselcaor or r-f amplifier

(b) 1st detector or mixer
(c) Oscillator

(d) I-F amplifier

(e) 2nd detector.

Section (a) may or may not employ one or more r-f amplifiers. Its main functions

are to improve the signal-to-hoise ratio and to provide a sufficient degree of selectivity

to avoid “ double-spotting.” This latter is the term applied to the reception of one

station transmitting on a ceruin definite frequency, at more than one point on the

tuning dial.

Fig. 34.3. Superheterodyne receiver—block diagram.

The first detector stage receives the modulated signal from the preselector and

also an unmodulated signal from a local oscillator. These two r-f signals are arranged

to differ by a constant frequency by suitable design of the preseleaor and oscillator

tuning circuit constants. The output of the first detector is tuned to this difference

frequency and as a result the original signals and their sum frequency are suppressed.

Various types of first detectors have been used, the most popular being the penta-

grid and triode hexode converters (Refer Chapter 25). The tickler-feedback oscilla-

tor is very commonly used and optimum adjustment of this circuit minimizes harmonic

production with its attendant whistles and spurious responses. It also ensures maxi-

mum conversion conductance from the first deteaor circuit and optimum signal-to-

noise ratio.

The fixed frequency amplifier, called the intermediate frequency or i-f amplifier,

usually consists of 1 stage, i.e. a valve and two i-f transformers, input and output.
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In wide band and communication receivers, two or more stages are commonly used.

The inteimediate frequency in general use is 455 Kc/s. Earlier receivers used 175

Kc/s but with the appearance of powdered iron cores and the development of high

slope amplifier valves, the previous objection to the use of higher intermediate fre-

quencies, i.e. lower gain, was nullified.

The higher i-f now in use considerably reduces the incidence of “ double-spotting
’*

i.e., the reception of the same station at two points on the receiving dial, one removed

from the other by twice the intermediate frequency. Thus with an intermediate

frequency of 455 Kc/s the first “ double-spot ” would be at 1460 Kc/s, which is

near the upper limit of the broadcast band if this is taken as from 550 to 1600 Kc/s.

As most of the receiver amplification occurs at the intermediate frequency, which is

fixed in frequency, the overall gain does not change appreciably with signal tuning.

Similarly the selectivity remains approximately constant as this is largely predeter-

mined by the i-f channel.

From the i-f amplifier the signal passes into a second detector stage where the

audio frequency modulation is separated from the carrier and then amplified in the

normal manner by a conventional a-f amplifier. If, as is usual, a diode detector is

employed, the rectified carrier provides a direct voltage which can be used for

various control purposes. The principal use is for automatic volume control, or, more
exactly, automatic gain control. In this circuit’ the negative direct voltage, which
increases with an increase in signal, is applied through suitable decoupling networks

to the r-f, i-f and first detector grids as required. This overcomes, to a considerable

degree, the effect known as “ fading.”

For the reception of continuous wave code signals another oscillator is necessary.

The output from this is fed into the second detector and adjusted to give a suitable

audio difference frequency, say 1000 c/s, when beating with the incoming code signals.

The advantages of the superheterodyne over the tuned-radio-frequency receiver

are :

—

(a) more imiform sensitivity and selectivity over the tuning range,

(b) stability is greater, as the major part of the amplification takes place at a

low radio frequency,

(c) the i-f amplifier can be designed for minimum sideband cutting, while pre-

serving reasonable gain,

(d) greater seleaivity.

It should be noted that the superheterodyne contains more tuned circuits than the

t.r.f. receiver, but fewer tuned circuits are continuously variable.

See References (B)

SECTION 3 : THE SYNCHRODYNE
A newer type of receiver is the “ synchrodyne ” (Fig. 34.5). In this design, selec-

tivity is obtained without resort to tuned circuits or band-pass filters. The block

diagram of Fig. 34.5 will facilitate the understanding of the operation of this circuit

which requires no tuning circuits other than that of the oscillator. Here, the desired

incoming modulated signal is heterodyned with a local unmodulated signal of the same
carrier fiequency. The output from the detector, consisting of the required modula-
tion plus unwanted higher frequency components from stations operating on adjacent

channels, is then fed to an a-f amplifier through a low-pass filter.

This simple filter can readily be designed to cut off sharply at any requisite point
whereas the usual superheterodyne band-pass filters require many elements and
generally reduce the response at a considerably lower frequency than that desirable

for optimum results.
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IF REQUIRED

Fig. 34.5. Synchrodyne receiver—block diagram.

The selectivity of the synchrodyne depends upon the oscillator circuit and a re-

striction of the frequency band there does not affect the a-f response.

To avoid beats in the output signal the local oscllator must be synchronized or
“ locked ** with the wanted carrier. One advantage of this receiver is that it is either

correctly tuned or not tuned at all. Distorted output due to mistuning is thus im-
possible. The only effect of altering the oscillator tuning within the synchronizing

range is to change the volume level.

If necessary, a broad-band r-f amplifier can precede the detector to avoid strong

stations overloading the receiver. As in the typical superhet, a.v c. voltage derived

from the detector output can be used for gain control.

The main disadvantage of this receiver is that loud heterodyne whistles are heard
when tuning in a station. This defect can be readily overcome by the use of push-

button tuning, and hence the synchrodyne is likely to be most popular for high-

quality local-station reception.

See References (C).
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SECTION 1 : INTRODUCTION

The design of A-M receivers as discussed in this chapter is taken as design for

quantity produaion, since it is normally only under these conditions that a signal

generator, a wave analyzer, a low-distortion beat frequency oscillator and suitable

valve voltmeter and other meters are available.

The design of the individual stages in a receiver has been covered in the earlier

chapters of this Handbook. It is assumed here that the receiver designer has already

studied these earlier chapters or has equivalent knowledge. The present chapter

covers the design procedure and certain general features which affect more than a

single stage.

The first stage in a design is the drawing of the circuit of the receiver. This state-

ment contrasts with the views of those who believe the circuit to be the last stage,

but whereas most engineers can readily draw a usable circuit for any normal type

of receiver, there are few conscientious engineers who could build such a receiver and
not find that after alignment and adjustment they did not wish to make some modi-
fications to remove faults or to improve the performance in some way. Accordingly

the circuit is the first stage, modifications to layout and perhaps to the circuit as a

result of measurements and operating tests are the second stage, the measurement of

all performance figures and checking of all ratings and tolerances the third stage and
the making of a final sample the last stage.

The fact that after the fcal sample is finished it frequently becomes necessary to

revert to stage two again, should not be taken as a reflection on the design engineer

but rather as an illustration that there is far more to a receiver than the circuit (Ref. 29).

What are (apparently) minor changes in layout may introduce unforeseen difficulties

with, say, the symmetry of the i-f amplifier, a tendency to instability due to feedback

from the i-f amplifier to the aerial terminal or any one of a dozen other possible sources

of trouble.

In a good design preliminary calculation will have been carried far enough to ensure

that the circuit as first drawn will be such as ta allow the specifications to be met with

a minimum of components and the model will have been built with an adequate know-
edge of the practical troubles likely to be encountered so that they may be a minimum.
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SECTION 2 : SPECIFICATIONS AND REQUIREMENTS
The designer of a commercial radio receiver has in general three sets of specifications

to meet. Firstly there are the specifications of the relevant authorities in the countries

concerned.

Secondly a brief technical specification is usually supplied to the designer. This
will include the more obvious electrical features of a receiver such as

1. Power supply details ; a.c., a.c./d.c., accumulator or dry batteiy, with the re-

quired range of operating voltages in the first two cases.

2. Frequency coverage of various wave ranges, including any bandspread ranges.

3. Sensitivity at three points on each wave range covered.

4. Noise ratio, usually at one input only, say 5 /xV.

5. I-F selectivity for an attenuation of 2 times, 10 times, and 1000 times, and perhaps
figuies for similar conditions on the broadcast band.

6. Image ratio at three points on each wave range covered.

7. Battery consumption for battery receivers and perhaps power consumption for

a.c. receivers.

Thirdly, there is usually a large number of requirements which are unwritten and
taken for granted as being part of a good design, but which are all-important from
the point of view of the ultimate buyer and user of the receiver. These requirements

include such details as

8. Suitable a.v.c. and noise performance of the receiver, as discussed later in this

chapter.

9. A-F fidelity, including the response of the loudspeaker as mounted in the cabinet.

10. A satisfactory tuning response, i.e., a minimum of unpleasant effects as the re-

ceiver is tuned to a strong or weak station or even when tuned between stations.

11. An absence of objectionable hum under all conditions, such as, for instance, with

a strong unmodulated carrier tuned in and the volume control well advanced.

12. A low volume level when the volume control has been turned to its minimum
position.

13. An absence of microphonic effects under normal conditions of use.

14. An absence of unnecessarily objectionable effects when the volume control is

turned up to or past the a-f overload point.

15. A satisfactorily low heat rise in the power transformer and other components
after long periods of continuous operation, and operation of all components

within their maximum ratings under all conditions.

16. Satisfactory performance from battery operated receivers even when the battery

voltage under load has fallen by at least one-third of the original voltage.

SECTION 3 : GENERAL DESIGN

(0 A.V,C, and noise (Ji) Audio-frcqncncy response (m) Hum {iv) Microphony

Instability {vi) The local oscillator {vii) Cabinet design {viii) Ratings (ix) Field

testing,

(i) A.V.C. and noise
(A) Noise measurements as such can conveniently be made by the e.n.s.i. method

as described in Chapter 37 ; however a.v.c. and hoise are grouped together in this

section as they are plotted on the same a.v.c. curve, around which a large part of the

design of a receiver may take place. Such curves are preferably taken by Scroggie’s

method (Ref. 50) as described in Chapter 27 Sect. 3(xiv) ; Fig. 35.1 shows typical

curves which might have been taken during the development of a receiver.
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Before the curves are studied in detail it is proposed to discuss briefly the way in

which overall receiver noise may vary with the application of a.v.c. bias to different

valves in a receiver. Shot noise is generated essentially in the plate circuit of a valve.

The expression connecting noise current in the anode circuit, and direct anode current

is

/„ a\/iJf (1)

where noise component of anode current.

Id - direct anode current

AF bandwidth
and A ^ a factor which varies with different valve types, triodes having the lowest

values, and converters or mixers the highest.

Since the multiplication by of the signal at the grid of a valve gives the plate

current due to the signal, so the division of a plate current component by gives the

magnitude of an equivalent signal at the grid. Thus the equivalent shot noise at the

grid is

h lit

AV Id^B
(2)

from which it can be seen that for an equivalent valve type the lower the ratio of

I d to grn the lower will be the shot noise of the valve.

It will be found with remote cut-off' valves that as the grid bias is increased above

the value used to obtain maximum gain the shot noise is also progressively increased.

A convenient demonstration of this can be found in Fig. 27.39 which gives characteris-

tics of the 6SK7, a type frequently used as a r-f amplifier. With 5 volts bias the

numerical value of the factor \ I d/gm is 1.6 whilst with 10 volts bias the value is 3.5.

Thus the shot noise of the valve has more than doubled when the bias is increased

from 5 to 10 volts.

In addition, the gain of the stage is of course also decreased, and if the following

stage is contributing to the total noise of the receiver it will add a larger amount to the

total equivalent noise as increased negative bias is applied. This is because the noise

voltage of the second stage is divided by the gain of the first stage to refer it to the

grid of the first valve.

It is worth noting that, if noise calculations arc carried out in terms of noise re-

sistance, then the noise resistance of the second stage will be divided by the square

of the voltage gain when being referred to the first stage. This follows from eqn. (2)

in Chapter 23 Sect. 6 which expresses thermal agitation as a voltage in series with

a resistor R where
^ 4KTAFR.

Thus as noise voltages arc directly multiplied, or divided, by stage gains, noise re-

sistances must be multiplied, or divided, by the square of the stage gain to give the

same result.

With an ideal receiver a ten times increase of signal input would give a ten times
increase of signal-to-noise ratio. In addition the output of the receiver would be
unchanged (because of the ideal a.v.c. curve) so that the gain of the receiver must
decrease ten times and the noise must also decrease ten times. This could be accom-
plished by decreasing the a-f gain ten times, or by decreasing the gain of any stage

which made no contribution to the equivalent noise at the first grid. Such a stage

would be one with a large amount of gain between its own grid and the grid of the

first stage. If however the gain of the input stage were decreased by a.v.c. bias, even
in conjunction with a reduction in gain of other stages, then the noise of the input
stage could increase and the improvement in signal to noise ratio be less than the maxi-
mum possible.

This applies particularly when the input valve is a converter. From Fig. 23,20
it will be seen that the noise resistance of a 6SA7 is 240 000 ohms whereas the im-
pedance of an aerial coil secondary of 200 microhenries and with an effective Q of 50
is approximately 60 000 ohms when resonated at 1000 Kc/s. With such an input
valve and coil, receiver noise would be determined by the input valve noise alone

—
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see Chapter 23 Sect. 6riv) for method of adding noise voltages -so that any increase
in valve noise would decrease the signal-to-noise ratio.

However if the input valve were a 6SK7 r-f amplifier its noise resistance of 11 000
ohms would be appreciably less than the tuned circuit impedance (at 1000 Kc/s) and
an increase in valve noise resistance of 14 db due to a.v.c. application would make less

than 3 db difference to the receiver’s signal-to-noise ratio. At the low frequency end
of the band the tuned circuit impedance would be only about 30 000 ohms and a

correspondingly smaller increase in valve noise resistance would be permissible.

On the short wave band, where tuned circuit impedances are of the order of 5000
ohms in the middle of the tuning range, noise from valves must always be considered.
Thus from the point of view of signal-to-noise ratio, the best point of a.v.c. applica-

tion is the last i-f valve. However with a.v.c. applied to the last i-f valve alone, severe
overloading of this valve would occur with quite small inputs. The result therefore

must be a compromise and a solution is to delay the application of a.v.c. to the first

stage of a receiver until the desired signal-to-noise ratio has been achieved for the

smallest possible input, and to apply as much a.v.c as possible to the stage as the input
increases above this point.

The importance of this is not always realized, but money and time spent on im-
proving aerial coils to obtain chiefly a good signal-to-noise ratio at, say, 5 input,

can be largely wasted by poor a.v.c. circuit design which at larger inputs wastes the

advantage gained. Consider two receivers, A and B. A has a good aerial coil giving

a 1000 Kc/s signal-to-noise ratio of 15 db at 5 /xV input and its a.v.c. characteristic

is such that a 20 db increase in input gives a 14 db increase in signal-to-noise ratio.

B has a poorer input circuit giving a 9 db signal-to-noise ratio at 5 ixV and an a.v.c.

characteristic giving 19 db increase in signal-to-noise ratio for each 20 db increase

in input. The signal-to-noise ratios of the two receivers for various inputs are tabu-

lated below.

SIGNAL TO NOISE RATIO (db)

Input (/xV) Receiver A Receiver B

5 15 9

50 29 28

500 43
1

47

1000 47
i

53

It will be seen that although the noise ratio of A is twice as good (6 db difference)

as that of B at 5 /liY, yet for an input of 1000 fxV B is twice as good as A. Far more
use is made of a receiver with inputs above 80 /xV where B is superior— than with

inputs below 80 /xV where A is superior. In receivers with average a-f characteristics

the signal-to-noise ratio cannot be ignored until it is in excess of 40, and preferably

45 db.

A typical a.v.c. design problem is illustrated in Fig. 35.1 where curves A1 and B1
represent the output of a receiver with an input modulated 30”o at 400 c/s, and curves

A2 and B2 represent the noise output with unmodulated input.

Curves A1 and A2 could be taken on a receiver with high i-f gain, low a-f gain and

with a.v.c. obtained from the primary of the 2nd i-f transformer and applied to the

converter and i-f amplifier without any delay. The curves show the following faults

in the receiver.

(a) The sensitivity of the receiver (for 50 mW output) could readily be improved.

As the output is 6 db below 50 mW for 1 /xV input, it could be increased to 50 mW by
doubling the input, if the effects of noise were neglected. As some of the output

from the 1 /xV input is noise, somewhat more than 2 /xV input would be needed, but

the existing sensitivity of the receiver (6.5 /xV) could at least be doubled.

(b) An output of even two watts cannot be obtained from the receiver for a 30%
modulated signal less than 1000 ftV. Although all normal signals have a maximum
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modulation depth greater than this, experience shows that if the impression of in-

sufficient output on a weak signal is to be avoided, a receiver should deliver its full

a-f output from a 30% modulated signal.

(c) The signal-to-noise ratio of the receiver could be improved at any input between

5 /xV and 1000 with the greatest improvement at the higher inputs.

Faults (a) and (b) could be removed by increased a-f gain, perhaps by reduction

of negative feedback, or by substituting a pentode a-f amplifier for a triode. For

instance the curve A1 shows that with another 6 db of a-f gain the receiver would have

a sensitivity of 1 /xV and would give a power output of 2 watts with 80 /xV input.

A-F gain is specified since additional i-f gain would alter the a.v.c. characteristic.

However a different modification to the receiver would simultaneously correct

faults (a) (b) and (c). Fault (c) is due to the fact that at all inputs above 1 fxV, a.v.c.

is applied to input valve of the receiver. This is known because the rate of increase

of signal-to-noise ratio is appreciably worse than the ideal. Accordingly an obvious

remedy is to use delayed a.v.c., and with the object of obtaining the maximum possible

signal-to-noise ratio up to 100 /xV, the delay might be removed at this figure, with

results as shown in B1 and B2. From these curves the following information is

obtained.

(a) The sensitivity of the receiver (for 50 mW output) is now slightly better than

3 fxV.

(b) An input of 20 /xV will give an output of 2 watts.

(c) The noise ratios of the receiver before and after modification are as tabulated

below.

SIGNAL-TO-NOISE RATIO (db)

Input /xV Original receiver Modified receiver

5
1

9 10

10
i

14 15J
10* 29 34i
10* — 43

Correction of the three previous faults has however introduced other troubles,

(d) Although the a.v.c. characteristic of the receiver is now flat within ± 2db for

inputs varying between 100 and 100 000 ftV, severe modulation rise occiu’s with inputs
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of the order of 1 volt. This is because the much larger signal at the plate of the last

i-f valve (3 times larger with 0.1 volt input) is causing overloading.

(e) With any input from 100 /xV upwards, the a-f system will be severely over-

loaded if the volume control is turned to maximum. In other words the useful range

of the control is decreased and the receiver will- behave unpleasantly if carelessly

handled.

Depending on the amount of design time and component expenditure which can be
afforded, a compromise between the various faults might take the form of

(a) No delay to the a.v.c. and only a fraction (say one half) of the developed a.v.c,

voltage applied to the controlled grids. This would allow curve A1 to rise more
rapidly, and would minimize the increase in noise in the first valve with a.v.c. applica-

tion.

(b) A smaller amount of delay than that used for curve Bl. An appropriate

amount would allow the receiver output to reach its maximum just as the delay dis-

appeared. This would give maximum possible signal-to-noise ratio up to about 30

only.

(c) A better solution might be to use a fraction of simple a.v.c. on the i-f valve and
full delayed a.v.c. on the first valve. By this means the signal-to-noise ratio could
increase at the maximum rate until say 500 /xV input, without the maximum output

rising excessively, and for larger inputs the first valve could be heavily controlled.

For further information which can be obtained from curves such as those shown
in Fig. 35.1 sec Chapter 27 Sect. 3

(B) Miscellaneous matters
1. Consideration of a typical a.v.c. curve will show that it is quite possible to have

too much a-f gain (Refs. 26, 31; or too much i-f gain in a normal receiver. Too much
a-f gain will merely move the whole a.v.c. curve upwards, and after full output from
a receiver can be obtained for some reasonably small input, any further increase in

a-f gain will allow severe overloading to occur with the volume control at maximum,
and increase any hum troubles.

On the other hand as i-f gain is increased, so developed a.v.c. voltages are increased

and an extremely sensitive i-f channel could develop sufficient a.v.c to bias the valves

back appreciably for 1 /xV input. As a result the signal handling capabilities of the

valves would be seriously reduced at large inputs due to their having unnecessarily

high bias.

It is even possible to have too much r-f gain, at least on a particular band. If the

gain of a r-f stage is 50 on the broadcast band, and 10 at the low frequency end of the

short wave band, then the a.v.c. curves for the two bands can only be a compromise,
and if there is sufficient sensitivity on the short wave band, excessive a.v.c. voltages

will be developed with large inputs on the broadcast band, leading to i-f overloading.

A convenient method of reducing broadcast band r-f gain is to tune the high im-
pedance r-f transformer primary to a very low frequency by using an additional

capacitance, say 80 /x^tF, across a 4 mH primary. This method has the advantage of

reducing the pulling of the primary on the tuned secondary circuit which may mini-

mize tracking problems. Also it needs no additional switching as the wave ranges are

changed.

2. Mention has previously been made of the necessity for having a suitable time
constant for the a.v.c. system [Chapter 27 Sect, 3(xii)]. One type of distortion which
can be very distressing is caused by a time constant which is too small. Under these

conditions the potential on the a.v.c. line follows the a-f modulation on the diode
load, although because the filter used is a resistance capacitance type, only low fre-

quencies are present and the lower the frequency the less the attenuation by the a.v.c.

filter. As a result the i-f gain of the receiver is varied at an a-f rate and while the

effect on a single low frequency is to reduce its amplitude, the effect on a musical
programme is to modulate the whole a-f output with its lower frequency components.
The resulting reproduction sounds very rough, broken up and unpleasant. A time
constant of 0.1 second must be regarded as a minimum if this effect is to be avoided
and larger values are preferable.
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3. Unpleasant tuning effects are usually due to the a-f frequency characteristics

of a receiver, the a.v.c. system or a combination of the two (assuming that the receiver

is stable under all conditions). So far as the a.v.c. is concerned it can be appreciated

that with the a.v.c. voltage derived from the signal diode it is quite possible to over-

load the first valve in a receiver while a strong station is being tuned in. Signals of

0.5 volt are quite frequently met, and as a receiver having a resonant aerial coil gain

of 10 is tuned towards such a station the signal voltage on the grid of the first valve

where the selectivity is very poor compared with the selectivity of the i-f channel

might reach 4 volts before any appreciable a.v.c. voltage is developed. Since the

first valve might be operating with only 3, or even 2, volts of standing bias severe

overloading and distortion would occur, although with the receiver tuned in correctly

the valve would probably receive enough bias to allow it to handle the signal without

distortion. To minimize this trouble a.v.c. is best developed from a less selective

source, the primary of the last i-f transformer, even at the expense of another few

components. Some advantage in smoothness of tuning is obtained on all stations,

apart from extreme cases such as mentioned above, since whenever the receiver is

denmed from a station, a larger a.v.c. voltage is obtainable from the less selective

source, so that the volume of sound distorted by the mistuning of the receiver is re-

duced.

4. Although the ideal often aimed at is a fiat a.v.c. curve, it must be realised that too

close an approach to such an ideal has disadvantages, and is in fact undesirable for

a normal A-M commercial receiver. Many receivers are used in situations with high

noisfe levels, although in most cases the noise is of lower amplitude than the local

stations. Under these conditions an a.v.c. curve fiat from say 10 to 1 volt input

will be responsible for the receiver making far more noise than is necessaiy when being

tuned between stations. /

For the purpose of providing minimum noise between stations, an a.v.c. curve would
be designed to be reasonably fiat over the range of inputs covering most of the local

stations, and at lower inputs would decrease as rapidly as possible. Of course the

minimum tuning noise requirement for an a.v.c. curve is not the only one, or even
the main one, but it should not be overlooked.

It will be found that the flattest a.v.c. curve that is desirable is one which rises per-

haps 20 db between 1 /xV and say 250 /xV input and increases between 250 /xV and the

maximum input at the rate of 2 or 3 db for each 10 times increase in input. The
noise and static heard on stations below 250 /xV give the illusion of a curve much
flatter than is actually the case. '

(ii) Audio-frequency response
(A) The design of the a-f end of a radio receiver is of particular importance, as its

‘ tone ’ is the one feature of Sl receiver’s performance which is continually evident to

the user. In spite of flat-frequency-response ideals, the object to be aimed at is

always to provide pleasing performance, and consideration of the intended use of a

receiver is necessary before it can be known what constitutes pleasing performance.

For the majority of its working life an A-M broadcast receiver provides background
music for people whose main attention is concentrated on something else, and the

chief purpose of a receiver is consequently to sound pleasant under all conditions.

As a secondary requirement, the frequency range of the receiver should be as great

as possible, so long as this does not introduce any undesirable effects. For instance

a restricted frequency range is preferable to an extended one with added distortion.

If a receiver were designed with a very flat frequency response the listener’s reaction

would probably be that it was lacking in bass. This is readily explainable from the

effects of scale distortion as discussed in Chapter 14 Sect. 8, and the designer’s first

modification to the response of the a-f end of a receiver is to increase the bass. This
can be done in three ways ; an increase which is not affected by any of the receiver’s

controls ; an increase which can be altered by means of a tone control ; and an in-

crease which is dependent on the setting of the volume control so that at maximum
volume there is little or no bass boost. A circuit of the last type is shown in Fig. 35.2,
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or negative feedback can be used as in Fig. 35.3. In each case the values of com-
ponents shown are typical, but final sizes are governed by the acoustical qualities of

the cabinet and loudspeaker, and the response of the remainder of the receiver. See
also Chapter 15 Sects. 3 and 10.

There is a limit both in frequency and amplitude to the

amount of bass boosting that can be used. Considering

frequency first, if the response is too high in the region of

1 50 c/s, reproduction becomes boomy and is very annoying
to listen to for a period of time. Even worse is excessive

gain at frequencies lower than the bass resonant frequency

of the loudspeaker. These frequencies cannot be repro-

duced as fundamentals and any output is due to frequency

doubling.

In addition the primary impedance of the output trans-

former falls to such a low value, due to insufficient primary

inductance in a normal cheap transformer, that the output

valve can only provide a small fraction of its mid-frequency

undistorted output before distortion becomes serious at

frequencies appreciably below 100 c/s.

Even if these objections are overcome it is found that a

good response below 50 c/s in the great majority of radio receivers is a liability rather

than an asset, as hum, turntable rumble, wow and extraneous noises from broadcasting

stations become objectionable. Within the receiver itself microphonic and hum
troubles are increased.

From the aspect of the amplitude of the bass boost it must be remembered that a

receiver, with say 4 watts maximum undistorted output and a 12 db bass boost at

some frequency below 100 c/s will overload very readily at the bass boost frequency.

Assuming power output at low frequencies equal to that at mid-frequencies [which

is certainly not the case m an average radio receiver owing to the reduced load im-
pedance and the elliptical load line of the output valve (see Chapter 2 Sect. 4)J then

an input which will give 300 milliwatts of output at the mid-frequency will overload

the amplifier at the bass boost frequency. Although the overloading is due to low

frequency excitation, intermodulation products will occur throughout the a-f spectrum
when music is being reproduced.

On the other hand excessive high frequency response can also have undesirable

effects. The frequency range from 2500 c/s to 3500 c/s is very unpleasant if over-

volume control set-

ting.

Fig. 35.3. A-F end of receiver with compensated negative feedback and feedback tone

control.
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accentuated, and where higher frequencies are to be emphasized it is essential that

distortion throughout the system be kept to a minimum (Ref. 32).

Particular care must be paid to the tuning characteristics of the receiver if the a-f

response is to be extended above 5000 c/s. When listening to a correctly tuned station

the selectivity of the receiver normally limits the high frequency input to the a-f end,

but during tuning both distortion and emphasis of high frequencies occur, and these

effects are exaggerated with an extended high frequency response.

Since in a normal superheterodyne receiver the seleaivity is such as to give an
attenuation of 6 db at about 3500 c/s and 20 db at about 7500 c/s, it is obvious that the

upper end of an a-f response which is fiat to 7500 c/s is useless. If any serious attempt

i« to be made to reproduce frequencies above 5000 c/s the first step to be taken is to

broaden the i-f amplifier—Chapter 11 Sect. 3(iii).

It was mentioned above that under conditions of reasonably extended a-f response

the distortion throughout the system must be kept to a minimum. The system, of

course, can include a recording, a pick-up, and a transmitter, in addition to the re-

ceiver, and as only one link in the chain needs to cut the high frequencies from the

reproduction -or add distortion to make extended high frequency response in the

receiver either useless or a liability, it is seldom that it is desirable to extend the res-

ponse of the a-f end of a typical radio receiver beyond about 5000 c/s.

(B) It sometimes becomes necessary to design the frequency response of a receiver

to do more than provide the most pleasing tone. For instance, in small battery re-

ceivers the a-f output is always restricted because of the small output valve used and
the need to economize on battery current, and it is usually desirable to modify the

frequency response to make the most of the output that is available. This can be
done by providing a comparatively high level between 1000 c/s and 2500 c/s com-
pared with the 400 c/s output. This emphasis should not of course be carried to

the stage of making the receiver sound unpleasant either when playing normally, or

when overloaded, as receivers with small output are often operated in this latter

condition.

(C) In addition, the frequency and damping of the loudspeaker low frequency
resonance and the frequency and prominence of the high frequency resonance can
have a considerable effect on the apparent maximum output when no electrical fre-

quency compensation is used. If the low frequency resonance is too heavily damped,
there will be loss of bass response. In mantel battery-operated receivers the damping
is often reduced to the minimum by the use of a power pentode either without feed-

back or with negative current feedback (e g. Fig. 35.4). In the latter case there will

also be reduction of distonion. Care should be taken when using this circuit that

the high frequency response does not extend to frequencies where it is undesirable.

A suitable value of resistance for R would be 0.1 or 0.2 ohm (depending on the

gain of the a-f amplifier) so that the loss in output power is more than offset by the

advantages.

Where frequency compensation is used in a receiver, the speaker resonances are

chosen with a different object in view. The electrical response can, owing to the

compensation, be raised to any desired level at any frequency within reason, but the

loudspeaker will not reproduce satisfactorily frequencies below its main resonance.
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Accordingly the frequency of the main resonance is chosen to be as low as possible

consistent with the type of receiver—and speaker—being used. For instance the

resonance for a 12 inch speaker to operate in a large console model might possibly be
as low as 55 to 60 c/s, for an 8 inch speaker in a table model receiver 65 to 70 c/s,

and a 6 inch speaker in a small mantel model perhaps 110 c/s.

The high frequency resonance is made as high as possible although for different

reasons. When a receiver’s high frequency response is increased, a distressing screech

occurs if the response between 2500 and 3500 c/s is too high. Many loudspeakers

have a peak of sound output in this range of frequencies and when this is the case only

a very small amount of high frequency boosting can be used. However if the fre-

quency of the peak can be increased to say 4500 c/s, preferably with a dip between
2500 and 3500 c/s, more high frequency boosting up to say 5000 c/s can be used, and
improved results obtained.

(D) The correct application of negative feedback to a radio receiver can reduce the

distortion, permit the boosting of appropriate frequencies and provide damping of

the loudspeaker bass resonance, but it must be realised that the greater the number of

features expeaed from the feedback, the more critical will be the design. For ex-
ample bass boosting is usually required at about the same frequency as the loudspeaker

main resonance, and unless care is exercised it will be found that when the required
bass boosting has been obtained, the feedback may be positive, in the vicinity of the

resonant frequency of the loudspeaker, so that the damping required for high quality

reproduction will be reduced rather than increased.

Negative feedback is used in the circuit of Fig. 35.3 to give distortion reduction,

increased speaker damping, bass boosting, treble boosting with sharp cut-off, hum
and minimum volume reduction, a decrease in the low and high frequency boosting

as the volume control is advanced, and a tone control. The tone control gives treble

boosting at one end, a comparatively flat response in the middle and a treble cut at

the other end.

It will be seen that feedback is taken from the voice coil of the loudspeaker to the

volume control by two separate paths. The simpler path through the 50 ohm re-

sistor jRaprovides a large amount of feedback, independent of frequency within reason-

able limits, to the bottom of the volume control. This serves to reduce hum and
play-through with the volume control in its minimum position as explained in Sect

3(iii) of this chapter. Resistors R 3 and R2 are designed to provide the desired amount
of feedback, which must be limited to avoid instability.

The second feedback path is more complicated but can readily be explained in

steps. With the variable tone control R^ set to the position of maximum treble boost

(slider connected to ground), R^ and C* form a voltage divider, and the higher the

frequency the smaller the voltage that appears across C2 . It is this voltage which is

the main feedback voltage applied to the amplifier, and the decreasing negative feed-

back as the frequency increases gives increasing output from the amplifier, thus pro-

viding treble boost.

The next component in the main feedback path is the resistor R^ which isolates

the treble and bass boosting sections of the network. In the absence of Ci and
C* would give 0.033 /xF to earth from the tap on the volume control. R^ also serves

a purpose in the operation of the tone control to be described below.

The next part of the feedback network is another frequency discriminaung voltage

divider composed of Ci and Ri. The effect of this divider is the reverse of the pre-

vious one in that the lower the frequency the smaller the voltage appearing across Ri,

owing to the increasing reactance of Ci, and as feedback is reduced at low frequencies

so the overall gain of the amplifier is increased. In this way the bass boost is obtained.

However as mentioned earlier there is a limit to the amount of bass boosting which
can be used and to prevent the feedback from increas'ing indefinitely as the frequency

is reduced the resistor /?4 is used.

Excessive high frequency response is also undesirable and capacitor C* provides

a sharp cut-off above the desired range. The reactance of Ca is so high at mid-
frequencies that it has no effect on the response, but as the frequency becomes higher
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it provides a progressively lower impedance path between the source of the feedback
voltage and the tap on the volume control. Above the useful range of frequencies

it becomes the main feedback path.

To prevent instability at very high frequencies where the fraction of the output

voltage fed back to the input is very high owing to the small reactance of Cs, the gain

of the amplifier itself is made to decrease rapidly at frequencies above the desired

a-f range. This is the purpose of the 33 /x/xF capacitor C4, and it has the added ad-

vantage of giving a sharper overall cut-off than could be provided by Cs alone.

The resistor Ri has been mentioned as one element of the bass boosting voltage

divider, but its size is governed by another consideration, the adjusting of the volume
at which maximum bass and treble boost arc provided. The feedback current

flowing into the tap on the volume control returns to ground by two main paths, the

volume control and the resistors Rj Rz in parallel providing one, and the volume
control, the decoupling resistor Rg and the diode-cathode path of Vi being the other.

Thus as the slider of the control is turned up from its minimum setting the amount
of frequency-compensated feedback applied to the amplifier is increased until the

slider reaches the tap and thereafter decreases. With the slider at the tap, the

volume should therefore be the lowest normal listening level so that as the volume is

increased, the amount of compensation is reduced. The normal type of tapped

volume control has its tap at about 50 000 ohms for a 0.5 megohm control and this

gives too much volume for maximum compensation, so the value of Rt is chosen to

reduce it to the required level.

The operation of the tone control is comparatively straightforward. With the

slider at the earthed end of the resistance element, R^ and C* remove most of the

high frequencies from the feedback path to provide a treble boost. However as the

slider is turned away from the earthed end the resistance in the capacitive arm of the

voltage divider is increased and its frequency discriminating properties are reduced.

For example when the resistance between slider and ground is 5000 ohms the amount
of feedback used varies only between 10/11 and 11/11 of the total amount as the

frequency is increased from zero to infinity. Thus the treble boost is removed over

the first part of the rotation.

When the control is set to the other extreme, Cz is in parallel with R^ and the sizes

of these components are adjusted so that their impedances are the same in the lower

mid-frequency range. Under these conditions Cj offers an increasingly lower im-
pedance path for feedback currents as the frequency increases above say 400 c/s, and
the larger amount of feedback results in a falling high frequency response for the am-
plifier as a whole.

It must be realised that while the foregoing explanation of the feedback circuit is

correct as far as it goes, a complete picrure of its operation cannot be obtained without

a knowledge of the phase shifts introduced by the various coupling elements both in

the feedback circuit and in the main amplifier circuit. Feedback which is 180'’

out of phase with the input at the mid-frequency is no longer negative when a phase

shift of 90° has taken place. In Fig. 35.3 at low frequencies the coupling condensers

to the grids of Vi and Vj, and the primary of the output transformer will each give a

maximum phase shift of 90° while capacitors C„ Ci, the screen by-pass of Vi, the

cathode by-pass of V* and the dcTcoupling by-pass in the B supply of Vi will each give

a phase shift with a maximum varying between perhaps 20° and 50°, so it is obvious

that the phases of the feedback voltages become ftu: more important than their magni-
tudes. By far the most difficult part of the design of such a circuit is to maintain

the feedback negative over the usable a-f range, rather than to obtain the desired

frequency response.

Because of the variation in frequency response with the phase of the feedback volt-

age it is possible to obtain bass and treble boosting without frequency discriminating

elements in the feedback path. Such a circuit would be the same as Fig. 35.3 with
all feedback components removed except Rt and R,. In such a case circuit elements

such as the grid coupling condensers, which would normally be as large as possible

to avoid phase shifts in the working range, would be decreased in size to cause phase
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shifts and thus develop a bass boost. This is the reverse of what would be expected

from such a change in* an amplifier without feedback. Similarly a high frequency

boost could be obtained by adding a by-pass in the plate circuit of or elsewhere.

As the amount of negative feedback applied to an amplifier is increased, the peaks

of response at low and high frequencies are removed further from the mid-frequency

and become greater in amplitude, and with the fewer components available in the

simplified circuit it usually becomes necessary to vary the amount of feedback to

assist in obtaining the desired response.

(iii) Hum
The a-f gain in a radio receiver is seldom high enough to make hum elimination

difficult except in so far as space or economy considerations make it so. Nevertheless

economy is such an ever-present need in commercial design that the majority of

receivers have hum reduced to a barely acceptable minimum.
The amount of hum permissible at any stage in a receiver can be expressed as the

maximum tolerable hum at the output of the receiver divided by the gain at the

appropriate frequency between the output and the stage in question. Thus the

filtering required by the plate of the output valve is less than that for any other part

of the a-f system. Advantage can be taken of this effect in small receivers, in which
the plate of the output valve can be fed directly from the capacitor across the rectifier

output. Since the output valve plate draws a large proportion of the total B current

in a small receiver, the filter used for the supply for the rest of the receiver can be de-

creased considerably in size, and it may be possible to use a resistive filter instead of

a choke without an excessive voltage drop. It should be noted however that since

there is gain between the screen of a normrl tetrode or pentode and its plate the screen

of the output valve in such a case will probably need to be supplied from the filtered

source.

Filtering becomes more important when the grid circuit of the output valve and the

plate circuit of the a-f amplifier valve are considered. Designs using back-biasing

for the output valve normally have the grid of the output valve decoupled for hum
reduction, and similarly the plate supply to the first a-f amplifier is often decoupled.

It is worth noting that the hum introduced from these two sources is out of phase,

and whilst if one decoupling is used as a matter of course, or if the output valve is

cathode biased, the other may become essential, yet the results obtained with both
omitted are often satisfactory.

Hum introduced between grid and cathode of the a-f amplifier is usually the most
difficult to eliminate since the following amplification is high, and the circuit is usually

a high impedance one which makes the effects of small capacitive couplings appreci-

able. The impedance of course is variable, depending upon the volume control

setting, and when tracing hum introduced into this stage it is best to turn the volume
control to maximum. If noise from the r-f end of the receiver then drowns the hum,
the last i-f valve can be removed.
Hum can be introduced into a receiver before the second detector, although under

these circumstances (assuming transformer coupling to the detection diode) it can only

be troublesome if it modulates the signal. Modulation hum can usually be traced

to two general sources, firstly amplitude or frequency modulation of the local oscillator

in a superheterodyne receiver by hum from the power supply, and secondly amplitude

modulation of the signal in a valve working on a non-linear part of its characteristic

and with a hum voltage impressed on one electrode.

Modulation hum due to the local oscillator is as a rule only met when the oscillator

plate has a separate filter from the rectifier output to eliminate flutter— see Sect. 3(vi)

of this chapter. The filter is usually resistive and arranged to give the proper voltages

so that an increase in the size of the filter capacitor is the cure.

Modulation hum occurring because of a non-linear characteristic in a r-f or i-f

valve is greatest at the point of maximum non-linearity and this as a rule is at some
intermediate value of bias, so that the hum may increase up to some particular input

and decrease thereafter. This can readily be checked on the a.v.c. characteristic,
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plotted as described earlier in this section. A common reason for this type of hum
is in.sufficient filtering for the screen of a r-f amplifier. If the a.v.c. line carries bias

generated across a back bias resistor it is also possible for hum from this source to

modulate incoming signals in any of the remote cut-off valves to which a.v.c. is applied.

A third source of modulation hum is sometimes met in a.c./d.c. receivers. Owing
to insufficient filtering in the mains leads or perhaps to insufficient shielding, the

rectifier becomes a part of the circuit in which signal currents circulate. The signal

in this path is modulated by the mains frequency since the rectifier is conductive for

only half of each mains frequency cycle. A cure for this type of hum is to use a r-f

by-pass across the rectifier, a typical capacitor being a 0.001 /xF mica type.

A receiver with high a-f gain can give trouble with hum due to potentials developed

between different soldering lugs on the chassis, and because of this it is usually best

to return directly to the cathode of the a-f valve any leads coming from the ‘ earthy
*

side of components in the grid circuit of the valve. In addition, the lead between
cathode and ground must be separate from the lead earthing one side of the valve’s

heater. When building the pilot model of a receiver which is likely to give hum trouble

it is best to take all possible precautions initially, trying any economy measures one
by one after the model is in operation. The alternative of building first for maximum
economy may lead to delay, since when several sources of hum are present cancellation

usually occurs, and the removal of one source may lead to an increase in total hum.
One aspect of hum which can be puf to good use during design is that a hum level

which is objectionable at very low listening levels may be satisfactory at higher levels

when it is masked by the programme. A circuit which at very small cost reduces

hum at the minimum volume setting of the volume control is shown in Fig. 35.5.

The connection from the voice coil is in the direaion to give negative feedback, and
this feedback is a maximum with the volume control turned to zero, decreasing as

the volume control is turned up, until at maximum volume the gain of the receiver

IS reduced only by one or two db. The feedback is also valuable in reducing play-

through, and this aspect has a panicular application in reflex receivers.

There is a maximum value of feedback which can be used without instability,

and in a high gain amplifier use of the full amount of feedback available from the voice

coil may give trouble (see Chapter 7 Sect. 3). In addition, the feedback into the

bottom of the diode load results in an apparent reduction of the a.c./d.c. impedance

iR
Fig. 35.5. Negative voltage feedback
varied by volume control setting.

The reason for this latter effea can readily be visualized from Fig. 35.5 as follows.

Neglecting for the moment the negative feedback, the diode load is the 0.5 megohm
resistor /?, and an a-f voltage Ea due to the modulation of an incoming carrier pro-

duces in ffie diode load an a-f current /« of a magnitude given by la = Ea/R.
Now when feedback is applied, an a-f voltage of magnitude—in a typical case

—

equal and opposite to Ea with the audio volume control at maximum, is applied to

the bottom of the diode load. The a-f voltage across the resistor R is now 2Ea and

// = 2Ea/R
where la ^ a-f current in diode load with feedback applied.

Thus the a-f current flowing in the diode load has been doubled by the application

of feedback for the same demodulated a-f signal Ea. An alternative way of consider-

ing this effect is that the a-f voltage Ea is generated across an impedance equal to R/2.

This is the usual conception of the effect, and the explanation for the statement that

the a.c./d.c. ratio is reduced by such a feedback application.
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Of course as the volume control is turned down from its maximum setting the feed-

back voltage applied to the bottom of the volume control is reduced and the a.c./d.c.

ratio is improved, even although the amount of a-f gain reduction is increased.

To overcome the trouble of possible instability and increased a.c. loading on the

diode load when the full voice coil voltage is used for feedback, the circuit of Fig. 35.6A
can be used. Resistors R, and R 2 may be of equal size, say 25 ohms each, and the

phase of the feedback is such that the feedback at the bottom of the diode load is still

negative, so that the feedback into the top of the diode load is positive. The values

of the resistors can readily be arranged so that the gain reduction with the volume
control at maximum is zero, when tjie a.c./d.c. ratio is no worse than in the no-feed-

back condition.

It is quite possible of course to have positive feedback predominating, giving an
a.c./d.c. ratio greater than unity, but the reduced detection distortion in this case

may be more than offset by increased a-f distortion.

Fig, 35.6A. Combination of
positive and negative voltage

feedback.

When tracing hum it is essential to be in a location quiet enough for the character

of the hum to be recognisable, and a meter reading hum amplitude and an oscilloscope

showing hum waveform can each be useful on occasions.

The amount of hum which can be tolerated is very dependent on the frequency of

the hum, and pure 50 c/s hum could be of much greater amplitude than say a 150 c/s

hum for two reasons. Firstly, the sensitivity of the ear is greatly reduced at 50 c/s,

and secondly the sensitivity of the reproducing equipment also decreases rapidly

below the resonance of the loudspeaker. Nevertheless a receiver with a small speaker

which cannot reproduce 100 c/s satisfactorily can suffer badly from 100 c/s modu-
lation hum, which, although not audible in itself, modulates any other audio fre-

quencies which are present and thus gives a very harsh, broken-up type of repro-

duction.

Since the effects of hum are to such a large extent subjective it is natural that final

approval in a doubtful case must come from a listening test. It is essential that

such a test be carried out in a home under the quietest conditions possible, as the

masking effects of noise in a normal factory, or even laboratory, make an evaluation

of the hum level very difficult.

See also Chapter 31 for a general treatment of hum, Chapter 7 Sect. 2(ix) for hum
with feedback, Chapter 12 Sect. lO(vi) for hum in voltage amplifiers, and Chapter 18

Sect. 2(iii) for hum in pre-amplifiers

(iv) IViicrophony
Microphonic effects in electronic equipment are those in which mechanical move-

ment produces undesired electrical output from the equipment. Many such effects

are self-sustaining in that the microphonic noise produced reinforces the original

mechanical movement and a continuous output builds up at the frequency of the

mechanical vibration.

There are two main sources of microphony in an A-M receiver, the local oscillator

and its circuit, and valves. Since all tuned circuits and all valves are microphonic

to some extent, the object of a designer when laying out a receiver must be to isolate

from the output of the loudspeaker those components which are most likely to give

trouble.

R.D.H.- ^0
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Tuning condensers probably give more microphonic trouble than any other com-
ponent, although frequently this is due to the mounting method used or to the dial

drum. Some receivers have the complete tuning unit (condenser, coils, wave-change
switch and valves) mounted on a subchassis which is floated on rubber. This pre-
caution, although comparatively expensive, is usually sufficient to remove any micro-
phony, and even the cheaper solution of floating the gang condenser alone will usually

give a substantial improvement. A drawback to the use of floating tuning units is

that as a rule the dial and tuning knob must float too, or flexible couplings must be
provided to them, in which case backlash between the tuning knob and the gang
condenser or the dial usually becomes a problem.

The type of gang condenser microphony which can be cured by floating the con-
denser is usually due to movement of masses of metal such as the complete gang body,
or the whole rotor shaft, and an alternative to floating the gang is to make it more
rigid. The first step is to stiffen the body by soldering with large fillets of solder the

junctions between the cross bracing strips and bars, and the end and dividing plates

in the gang. For extreme cases it may be necessary to solder a plate to the back of

the body of the oscillator section. An alternative is to mount the gang normally on
its feet and then add an additional bracing from the top of the gang to some nearby
solid mounting. Such a bracing may be better either rigid or rubber mounted, in

the latter case acting more as a vibration damper. A gang condenser with its frame-
work stressed by the mounting is more likely to be microphonic than one which is not

stressed. Thus a suitably designed three point mounting may be an improvement on
the conventional four point suspension, although in each case care must be taken to

see that it is not possible for the condenser to rock.

It does sometimes happen that a complete stator packet vibrates and causes micro-
phony. In such cases it may be possible to reinforce the brackets supporting the

stators sufficiently at least to remove the resonance to a frequency at which it wiD
not be troublesome.

Some microphonic effects are due to a large dial drum mounted on the gang spindle.

Such a drum may be self resonant if made of metal or it may because of its weight

induce flexing effects in the condenser shaft. In other cases its position may give

trouble ; for instance the drum may be spaced only slightly from the front panel of

a mantel model receiver, with the loudspeaker mounted on the same panel. Very
considerable acoustical coupling will then exist between the loudspeaker and the gang
rotors. Should the drum itself be resonant it may be possible to alter the frequency

sufficiently to avoid microphony by punching suitably placed holes in it. Spraying

with flock or attaching a piece of felt may damp the resonance adequately.

Another type of gang microphony is due to the vibration of the plates of the con-

denser. This is more often due to sound waves impinging directly on the plates

themselves and acoustical shielding between speaker and gang condenser should be
tried as a cure.

Should a valve be causing microphony it can be mounted on a floating socket and
shielded as far as possible from the noise from the loudspeaker. Sometimes a rubber

sleeve aroimd the glass envelope may effect a cure.

With battery valves, microphony can be affected by circuit design. If the plate

current of a remote cut-off valve has been reduced almost to cut-off by a.v.c. action,

movement of the filament under the influence of noise from the loudspeaker may cause

some sections of the valve which have been completely cut off to conduct again.

The resulting change in plate current creates noise in the loudspeaker which main-
tains the vibration of the filament and the microphony is sustained. An alteration

to the circuit which will result in smaller a.v.c. potentials being applied to the valve

in question should be tried.

Microphony is also encountered between pickups and loudspeakers, although more
recent types of combined gramophone motors, turntables and pickups use very

flexible mountings which almost completely remove such troubles.

If the remedies suggested above fail to cure a particular case of microphony there

are other methods of attack. The simplest is to mount the loudspeaker on rubber
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or felt with no solid connection between loudspeaker and cabinet. Even if this

should result in a gap of up to one quarter of an inch between the edge of the loud-

speaker frame and the baffle, little change of a-f response need be expected. Such a

mounting is, of course, mainly effective in keeping low frequency vibration from the

cabinet, and is most likely to cure low frequency microphony.
An aitemative method of achieving the same result is to mount the loudspeaker

solidly to its baffle, and float loudspeaker and baffle from the cabinet on suitable rubber
grommets.

Similar results can be obtained electrically by reducing the bass response of a

receiver. If the response is already satisfactory this is imdesirable, but it may be
found possible to attenuate severely frequencies below say 70 c/s without appreciably

affecting the tone, and this could produce the required effect. Alternatively, since

microphony is usually much worse on shon waves, a bass cut can be switched in with
the wave change switch as the receiver is turned to short waves. This possible cure

can actually improve short wave reception since fading and noise can be less objection-

able with a restricted bass response.

Since some types of microphony are due to a change in receiver output as the os-

cillator frequency is varied, it follows that the greater the selectivity of a receiver, the

more prone it will be to this type of microphony. Receivers with a sharp peak to the

selectivity curve are particularly susceptible and this is frequently caused by re-

generation in the i-f channel which may be reduced by improved layout or by neu-
tralization— see Chapter 26 Sect. 8(ii).

(v) Instability
This sub-section is confined to instability problems commonly met in A-M re-

ceivers. For general information on the subject see Ref. 22.

Probably the most common trouble with new models when wired up for the first

time is instability, although the reason can usually be found with little trouble by by-
passing possible hot ** points with a large capacitor, say 0.5 fiF, or by placing an
earthed piece of metal between stages across which feedback is likely to occur.

More annoying instability problems arc those which do not show up in pilot models
but which affea production receivers, a typical instance being instability which occcurs

only at the low frequency end of the broadcast band. The regeneration is due to

some of the i-f output being returned to the aerial coil and thus back to the i-f input

again. The effea usually becomes evident only towards the low frequency end of

the broadcast band where the aerial coil secondary timing is approaching the inter-

mediate frequency, and in addition the high impedance aerial primary must be
resonating at or near the intermediate frequency.

The i-f output is often radiated directly from the second detector valve or from the

last i-f transformer, in which case shielding may be needed, or at other times from
the loudspeaker leads or frame. Earthing the frame will cure the latter trouble and
a r-f bypass in the audio circuit the former.

Since the instability is due to intermediate frequency fed back to the aerial primary,

a reduction in impedance of the primary reduces the feedback. A resistor, say

10 000 ohms, across the primary may be sufficient damping, but usually gives a greater

loss in gain, selectivity and signal-to-noise ratio than a condenser tuning the primary
to a lower frequency than the intermediate frequency. When the laner method is

used, additional capacitance due to the aerial can only tune the primary further from
the intermediate frequency, but otherwise some critical aerial length may resonate

the primary at the intermediate frequency and lead to instability.

Battery receivers are particularly prone to trouble in this respect when operated

without an earth, as the aerial capacitance is in scries with the capacitance between
receiver and ground, so that even a large aerial does not tune the primary much low'er

in frequency.

A very similar trouble is instability when the receiver is tuned to the second harmonic
of the intermediate frequency. In this case the second harmonic is radiated from the

second detector circuit -where it has a high amplitude—picked up by the input
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circuit and returned to its source. Care in confining the i-f harmonics to appro-
priate sections of the chassis is sufficient to cure this fault. Sometimes actual in-

stability will not be encountered, but the a-f output of the receiver will decrease as the

volume control is turned up over the last few degrees. This is due to rectification

by an a-f valve of i-f voltages on its grid, thus increasing the bias on the valve and
decreasing its gain. By-passing, or if possible improved layout, will cure this trouble,

and it is worth checking with a good oscillograph each new model developed, to see

that a-f valves are not handling i-f voltages of the same order of magnitude as the

a-f voltages.

A more difficult problem is presented by multistage battery receivers in which
coupling occurs in the filament leads. Since some couplings may be regenerative

and some degenerative it becomes difficult to determine the true gain. However by
filament by-passing and by wiring the valves in a suitable order regeneration can be
removed, and if the gain can be spared it is well worth while to introduce degeneration.

Under these conditions variations in sensitivity with decreasing battery voltage are

minimized.
Battery sets in particular are prone to a type of instability which shows up as a squeal

when a strong signal is tuned in rapidly. This is due to interaction between i-f and
a-f circuits, and in battery receivers adequate a-f by-passing of the B supply will

prevent the trouble from developing when the internal impedance of the battery rises

with use. If back biasing is used the resistor may need by-passing for audio fre-

quencies. Filteiing of i-f voltages from the a-f end of the receiver is in some cases

the only cure necessary for other troubles of this type.

Electrolytic condensers are not always satisfactory r-f by-passes and where more
than one i-f stage is returned directly to the B supply an additional paper by-pass is

advisable. When two or more circuits have a common by-pass they should be re-

turned to it individually to avoid common impedances.
A tendency to instability at the high frequency end of the short wave band of a

receiver is often due to excessive coupling between the signal grid and the oscillator

circuit of a receiver and can be cured by coupling from the opposite phase of the

oscillator. If a r-f stage is used the trouble may be due to resonance or near resonance

in the r-f coil primary and a suitable cure is a small carbon resistor, say 25 ohms, be-

tween r-f plate and r-f coil primary.

An indication of the stability of an i-f channel can be obtained from its selectivity

curve. While complete symmetry is rarely obtained with the mixture of capacitive

and inductive coupling encountered in most receivers, a marked degree of asymmetry
at small attenuations can usually be traced to regeneration and it may be difficult

to remove the last traces. Apart from coupling due to leads or capacitances inside

or outside the amplifying valves —not forgetting capacitances above the chassis where
they are apt to be overlooked—magnetic coupling can occur between two transformers

either in air, or in the metal of the chassis, the latter trouble being more prevalent

with the small spacing occurring with miniature valves.

The two leads from the signal generator should be tw isted together when i-f selec-

tivity measurements are made, to keep the loop formed by them as small as possible

and so avoid coupling between the first and later stages of the i-f amplifier.

See also Chapter 23 Sect. 7 for instability in r-f amplifiers and Chapter 26 Sect. 8

for instability in i-f amplifiers.

(vi) The local oscillator
(A) Recommended values of oscillator grid current are specified for all con-

verter types, and it might be thought that if these values were obtained and the os-

cillator tuned over the required range, no further design work would be required

for the oscillator. However the local oscillator circuit can be responsible in a receiver

for flutter, squegging, poor sensitivity with high noise level, unstable short wave tuning,

apparently short battery life in battery receivers and other more obscure faults.

(B) The term “ flutter ” covers two different effects, the sound emitted from the

loudspeaker being the same in each case. As a strong signal is being timed in, the

voltages in a receiver are varied by the application of a.v.c. to the controlled stages

and by the changing plate current of the output valve. If the changes in voltage reach
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the oscillator valve the oscillator frequency is altered, and a case could be visualized

in which the tuning-in of a station generated voltages sufficient to detune the re-

ceiver. The additional voltages would then disappear and the receiver would retune
the signal, only to be detuned again. This is actually what happens when a receiver

flutters, although the station may not be completely tuned and detuned on each cycle.

The time taken for a cycle is dependent on the time constants of the circuits involved,

but it is usually low enough for each cycle to be heard separately.

The voltage applied to the oscillator may come from the B supply or from the a.v.c

In each case a receiver is more prone to the trouble when operating on short waves,
since a given percentage of detuning is a larger number of cycles per second than on
the medium waveband. If the fault originates in the B supply the effect is that as a

carrier is being timed-in the a-f signal causes a large variation in the current drawn
from the B supply by the output valve. This variation in current sets up a voltage

across the series impedance of the power supply and this voltage is applied to the

oscillator plate and detunes the oscillator from the signal.

I'he time constants concerned are those of the a-f amplifier and of the power supply,

and since the a-f amplifier must amplify the flutter frequency, which is very low, a

cure is to decrease the bass response of the a-f amplifier. If this leads to excessive

bass cutting—although as in the case of microphony it may be necessary only on the

short wave band—the alternative of increasing the time constant of the power supply
can be tried. This is not so desirable since a larger electrolytic condenser is required

at additional expense.

Output Valvf

Fig. 35.6B. Reduction of ^'flutter**

by negative feedback.

A cure which has been used successfully is shown in Fig. 35.6B. The condenser

C2 is connected between B4- and the power valve grid circuit and applies negative

feedback to any a.c. potentials (due to flutter or hum) appearing across the B -h filter

condenser. The usual decoupling condenser Ci is also necessary unless the hum level

on the B supply is very low (complete cancellation of hum across the B supply is not

the same as cancellation of hum across the output transformer primary) and values of

0.1 /.iF for Cl and 0.05 /zF for Co have been used to give appreciable reduction in

flutter while leaving the hum level almost unchanged.

To remove the cause of the flutter, rather than curing the symptoms of the trouble,

it is necessary to reduce the impedance common to the oscillator and the output valve

A large part of this impedance is the filter in the B supply, and by supplying the os-

cillator plate directly from the output of the rectifier a big improvement can be effected.

A separate filter to remove the hum from the oscillator plate supply will be needed

and typical values are a 20 000 ohm resistor from the rectifier cathode and an 8 fi¥

electrolytic condenser. The normal oscillator plate resistor, perhaps 30 000 ohms,

is connected from the junction of these components to the oscillator plate. A careful

check for modulation hum—see Chapter 37 Sect. l(vi)H should be made if this

circuit is used.

Flutter due to a.v.c. application to converters is confined to short wave bands, and

is due to coupling within the valve between the control grid and the oscillator section.

Reference should be made to Chapter 25 Sect. 2 for an explanation of this effect.

The simplest cure is to use fixed bias on the converter on the short wave band, and

this is not unduly detrimental to receiver performance since the maximum signal
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input to be expected on short waves is less than on the broadcast band. The a.v.c.

curve will not be so flat with one less stage controlled, bur this may be an advantage

because it is not desirable to hold receiver output too flat when selective fading is

experienced as this unduly emphasizes the accompanying distortion. Even when
the a.v.c. applied to the converter does not cause flutter, it may make the tuning of

strong signals at the high frequency end of the short wave band very difficult, the

effect being that no matter how carefully the tuning knob is handled, the receiver

tunes just past the station. In addition, the fading of a signal may cause it to be
detuned.

(C) Squegging of the local oscillator in a receiver is usually confined to the short

wave range, but cases have been encountered on the broadcast band when unusual

coupling circuits have been used. Squegging is due to high oscillator amplitude

in conjimction with a large time constant in the oscillator grid circuit. Oscillation

at the desired frequency becomes interrupted at another frequency which is depen-

dent on the time constants in the oscillator circuit. The interruption frequency may
be audible or supersonic and depends upon the rate at which the oscillation amplitude

at the desired frequency builds up sufficiently to bias the valve to cut-off, and the

time required for the charge on the grid condenser to leak away sufficiently for os-

cillation to start again.

The possible results of a squegging local oscillator are a very high noise level (with

or without multiple tuning points and with or without a heterodyne at each point)

when the squegging frequency is supersonic, or a continual squeal when the squegging

frequency is in the audible range. Such a squeal should not be confused with another

which sounds almost identical and which is due to signal grid and oscillator grid

circuits being tuned to approximately the same frequency on the short wave band.

This second type can be stopped by detuning the signal frequency circuit, but a squeal

due to squegging can not.

A third squeal which sometimes occurs at the high frequency end of the broadcast

or short-wave band sounds similar but needs a small resistor (say 25 ohms carbon)

in series with the control grid of a convener, as close to the grid as possible, for a cure.

The simplest remedy for squegging is to reduce the oscillator grid capacitor and
resistor to the lowest values that can be used without reducing unduly the oscillator

grid current at the lowest tuning frequency. This may not be sufficient if the same
components are used on both the broadcast band and the short wave band (100 /i/^F

and 25 000 ohms are about the smallest combination possible if these components are

not to affect the oscillator amplitude excessively at frequencies below 600 Kc/s) and
a simple alternative is to switch the grid coupling condenser together with the coil

as the wave range is changed.
A third possibility is to connect a small carbon resistor in series with the oscillator

grid capacitor or oscillator plate lead. This resistor reduces the amplitude of oscilla-

tion at and near the high frequency end of the band, where it is a maximum, without

noticeably affecting the low frequency end, and thus removes the tendency to squeg.

The varying effect of the resistor can readily be visualized when it is realised that

at the high frequency end of the band the total tuning capacitance may be 30 /x/xF

and the resistor is in series with the oscillator input which amounts to about 10 /x^F,

or one third of the total. At the low frequency end of the range the 10 /x/xF with the

resistor in series amounts to only about one fiftieth of the total capacitance.

(D) To produce the required oscillator grid current at a specified frequency is

usually simple, but to obtain the same grid current over a range of frequencies which
is usually greater than three to one can be quite difficult. Fortunately considerable

variation in grid current is possible with little change in conversion characteristics

and full use is made of this in design.

Battery receivers usually present the most difficult local oscillator problems be-

cause of the lower initial slope in the oscillator section of the converter and because

of the necessity for the oscillator to operate with A and B batteries reduced to (pre-

ferably) 2/3 of their initial voltage. For this reason battery converter problems
are considered here.
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The first trouble to be experienced is usually insufficient grid current at the low
frequency end of the short wave band-assuming that preliminary design is such as

to allow the required band to be covered. Figure 35.7 shows a simple circuit (“ padder
feedback ”) for increasing this grid current without loss of frequency coverage, the

only variation from a conventional circuit being that the cold end of the primary coil

is connected to the cold end of the secondary. If this circuit is already in use, at-

tention must be given to coil design as discussed in Chapter 1 1 Sect. 5.

Fig. 35.7. Oscillator ciretdt with padder
feedback.

With valves which do not oscillate readily at high frequencies, it sometimes happens
that a frequency range which is impossible when mixing with the oscillator funda-
mental can be covered with the second harmonic of the oscillator used for mixing.
This method of operation also has the advantage of practically eliminating pulling

and, in spite of decreased gain at the low frequency end of the short wave band and
additional spurious responses arising from unwanted signals beating with the oscillator

fundamental, it is often worth trying.

It is important to remember that it is the voltage across a grid resistor which is the

essential requirement. The oscillator grid current published by valve manufacturers

is used because it is easier to measure, but it only applies to the published value of

grid resistance. If a different value of grid resistance is used, the grid current should

be inversely proportional to the ratio of the resistances. For example, if the published
grid current is 0.4 mA in 50 000 ohms, then the equivalent value would be 0.8 mA
in a 25 000 ohm resistor.

A choice of series feeding or shunt feeding the oscillator plate is often available

(see Figs, 24.2B and C for series and shunt feeding of a tuned plate oscillator). An
increase in grid current, dependent in size on the value of the resistor used, can be

obtained by using series feed as this removes the damping of the resistor from the

plate coil.

With series fed oscillator circuits, an increase in coverage can be obtained by con-

necting the by-pass capacitor in the oscillator plate supply directly to the cold end of

the oscillator primary coil, rather than to some other place in the circuit. All oscillator

wiring must be kept as short as possible and removed as far as possible from other

components and from the chassis if maximum frequency coverage is to be obtained.

As the oscillator grid capacitor is in series with the capacitance of the oscillator valve

it should be kept as small as possible, and if the capacitor is switched with the oscillator

coil, a substantial improvement in frequency coverage can be obtained by the use of

the smallest possible value. At the same time the effect of the change in oscillator

input capacitance as the valve warms up is reduced, thereby increasing the frequency

stability.

It is unfortunate that in battery receivers, in which frequency coverage with sufficient

grid current is difficult to obtain, it is also necessary for the oscillator to provide suffici-

ent output for reasonable conversion conductance when the battery voltage is con-

siderably reducv d. Asa routine test during oscillator coil design for battery receivers,

the sensitivity should be checked from time to time with A and B battery voltages

simultaneously reduce4 to two thirds of their initial values, with a converter valve

having an oscillator slope as low as is likely to be encountered in production, and
under these conditions the oscillator should not only start readily each time the re-

ceiver is switched on, but it should also provide enough grid current to give reasonable

conversion conductance.
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It should be remembered when laying out any receiver that the characteristics

of the valves can be seriously affected by the presence of a magnetic field. All

valves are likely to fall off in performance if placed too close to a loudspeaker, and
oscillator grid cunent can be seriously reduced in this way.

(E) In a.c. receivers it is a simple matter to obtain sufficient oscillator grid current

but excessive values should be avoided. On the broadcast band, where so many
signals can be tuned, self generated spurious responses must be reduced to a minimum
and it is helpful to reduce the oscillator amplitude as far as possible. This
should be done experimentally as it is found that the reduction can be carried, without

undue loss of sensitivity, further than would be expected from a study of published

curves of conversion conductance versus oscillator voltage. Signal-to-noise ratio

should also be measured when the grid current is reduced as it may even improve
with moderately low values of oscillator voltage.

An additional advantage of using the lowest possible oscillator grid current is that

radiation from the local oscillator is reduced.

(F) With most converters it is found that the shortwave sensitivity is

affected when the oscillator frequency is changed from one side of the signal

frequency to the other. The reasons for this are set out in Chapter 25 Sect. 2(ii),

but it is not always realised that a useful gain in short-wave sensitivity can be ob-

tained with certain types of converters by determining the better method of

operation and using it, even if this necessitates an oscillator frequency lower than the

signal frequency. Under these conditions the signal frequency circuit (or circuits)

is padded and the oscillator circuit is not, but no other changes are necessary, and an

increase in sensitivity of two or three times at the high frequency end of the short

wave band is sometimes obtainable. In addition image responses are reduced pro-

portionately.

A disadvantage of operating the oscillator on the low frequency side of the signal

is that a given ratio of signal frequencies becomes more difficult to cover.

Under all conditions it is advisable to make sure that the converter is not in need of

neutralizing on short waves. Neutralization of oscillator voltages in the signal fre-

quency circuit need not require additional components, as an undesired voltage from

the oscillator grid circuit can often be offset by a wiring change which increases the

capacitance between the oscillator plate and the control grid and vice versa, the wiring

to and the capacitances of the wave change switch being very useful for this purpose.

Plate tuned oscillators develop high oscillator voltages in the plate circuit and need

particular care in layout even on the broadcast band.

(vii) Cabinet design
(A) The subject of cabinet design for direct radiator loudspeakers is covered in

Chapter 20 Sect. 3. Open-back cabinets have many shortcomings—see Chapter 20

Sect. 3(ii). Completely enclosed cabinets, even with an enclosed volume as small as

2 cubic feet, are capable of giving very much improved low frequency response

—

see Chapter 20 Sect, 3(iii). Vented baffles give about 3 db additional response over

a limited frequency range equivalent to bass boosting—‘See Chapter 20 Sect. 3(iv)

The cloth used for loudspeaker grilles should be very light and of suitable texture- -

see Chapter 20 Sect, l(viii).

Some form of diffuser is highly desirable to increase the angle of radiation at the

higher frequencies -see Chapter 20 Sect. 2(vii). One simple form of diffuser is cone

shaped and mounted directly in front of the loudspeaker.

Sharp angles (e.g. 90°) on the exterior front of the cabinet should be avoided be-

cause of deleterious diffraction effects— see Chapter 20 Sect. 3(vii).

In console and radiogram cabinets improved reproduction can be obtained if the

speaker can be directed upwards, particularly if the controls are on the top of the

receiver. The high frequencies produced by a loudspeaker are propagated in a

beam, and where the speaker is mounted close to the floor the high frequencies do

not reach ear level unless the loudspeaker is directed upwards.

When two loudspeakers are used, both reproducing high frequencies, a desirable

effect can be obtained by directing the speakers outwards at an angle of about 30°
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with respect to each other and upwards if necessary. In this way the high frequency
response is spread over a much greater angle.

(B) A small amount of time spent on the ventilation of a receiver in a cabinet to

which a back is fitted can often materially reduce the operating temperature of the

components. Provision must be made for cold air to enter near the bottom of the

cabinet and to leave it at the top. The components which affect the frequency of

the local oscillator should have a supply of air from outside the receiver passing over

them before it passes over any other heat sources. Ventilation should also be pro-

vided to permit a copious flow of air to pass over the output and rectifier valves and
power transformer.

An efficient ventilation system is essential in the case of small a.c./d.c. receivers.

For the power—of the order of 60 watts in a typical case—to be dissipated by radiation

alone, the cabinet and the components inside it would rise to excessive temperatures,

so that the greatest possible amoimt of heat should be carried away by convection.

This involves a maximum volume of air passing through the receiver at as high a

speed as possible, so that restrictions on the flow must be minimized and the air paths

provided should be as direct as possible. At the same time all heat sources within

the receiver must be included in the ventilation system.

In the case of wooden cabinets it is essential that some means be employed for

preventing hot spots from forming on the timber. Ventilation is the best method
where it is possible, but in extreme cases it may be necessary to use asbestos sheeting

to protect the wood. Failure to avoid hot spots will sooner or later result in the finish

of the cabinet being marred where the heat is excessive, although the seriousness

of the blemish will depend on the quality of the veneering and on the type of finish.

When investigating ventilation, it is helpful to allow cigarette smoke to be drawn
into the back of the receiver, and to watch its course through, and exit from, the

receiver, which should be at operating temperature.

See also Chapter 3 page 81.

(viii) Ratings
Standard laboratory tests in most cases cover the requirement that all components

be operated within their ratings. There are some cases however where circumstances

arise vinder which components may be over-run, although the operating conditions

under test may be quite satisfactory. A typical case is that of an i-f valve screen

by-pass condenser on which the no-signal operating voltage may be 80 volts, rising

to perhaps 180 volts when a strong signal is tuned in, and to 380 volts for some 15

or 20 seconds every time the receiver is switched on. The last effect would be due
to the use of a directly heated rectifier with a complement of indirectly heated valves

and of course a condenser with a working voltage of at least 400 must be used.

Whilst such a case would rarely be overlooked, it should be remembered that even

with an indirectly heated rectifier, the same high voltages may be experienced for

a shorter time, and electrolytic and other condenser working voltages should be

specified accordingly.

Other points which have given trouble are

(A) The screen dissipation of an output valve should always be checked with

a large signal input to, and a large a-f output from, the receiver. A large signal input

biases the controlled valves, thus causing the B supply voltage to rise and the bias to

decrease if back bias is used, whilst the large a-f output increases the screen dissipation.

The output valve plate dissipation maximum will occur with a large r-f signal

and no output, since any output is subtracted from the plate dissipation.

(B) If a transformer is to be operated on frequencies of 60 c/s and 50 c/s, or 50

c/s and 40 c/s as is the case with transformers in some Australian receivers, the heat

run should always be carried out at the lowest rated frequency. The flux density

on 40 c/s is 25% higher than on 50 c/s, which will seriously affect the temperature

rise.

(C) The dissipation of the resistors forming screen circuit voltage dividers

changes with applied signal, and the resistor from B supply to screen should be checked

under no signal conditions, and the resistor from screen to ground at maximum signal
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input. These dissipations should also be checked when the value of each resistor

is on the upper or lower tolerance limit, whichever will give the greater dissipation.

(D) When 1.4 volt valves are operated in series across a 6 volt wet battery,
a large capacitance (500 /xF) electrolytic capacitor is often used to by-pass some of the

valves. It frequently happens that every time the receiver is turned on, this capacitor

is charged through one or more of the filaments in the string. The resulting flash

can readily be seen and can seriously reduce the life of the valve, although the filament

voltage may be correct when tested.

Special cases of one sort or another occur in most receivers and emphasize the

need to investigate the worst conditions in every case.

(ix) Field testing
Receiver design is, more than anything else, a matter of compromise between various

sets of conflicting requirements. The success with which these compromises have
been made can only be judged by operation of the receiver over a period of time under
normal operating conditions in the field.

Perhaps the most contentious part of a design centres around the frequency response,

and final approval can only be given after prolonged listening, so that the widest

possible variety of programme material and listening conditions is included. In a

receiver in which distortion is kept to a minimum an extension of the a-f response

progressively improves such items as a live-artist programme, but also makes pro-

gressively more annoying any poor quality recordings. Whether the best fidelity

position of the tone control is one which can be consistently used or not is a question

which must be decided over a period of time in a home. It may happen too that an
extended a-f response sounds pleasant for one item but, probably because of distortion,

becomes irritating if left playing for some hours, even on items of good fidelity. A
careful check for listener irritation or fatigue after long periods of listening should

be made.
Hum may change its apparent volume or character under quiet conditions, and a

different level of background noise can also affect the volume control setting at which
maximum frequency compensation is needed.

Controls should of course all operate smoothly and it frequently happens that

noisy dial drives are heard for the first time in a home, or it may be that non-technical

users find a receiver difficult to tune on short waves owing to insufficient drive re-

duaion ratio between tuning and gang spindles.

The number of small points which may be discovered under field testing con-

ditions could be extended indefinitely, but the main point is that no design is com-
plete until it has been used critically and- for a period of time in a home and has been
found satisfactory.

SECTION 4 : FREQUENCY RANGES

(i) Medium frequency receivers (zV) Dual wave receivers (iii) Multiband receivers

{iv) Bandspread receivers.

(i) Medium frequency receivers
A large percentage of commercial A-M receivers have two wave ranges, medium

frequency (say 540 to 1600 Kc/s) and short wave (say 5.9 to 18.4 Mc/s). The short

wave band is largely ignored in actual use and in most cases a more useful receiver

could be made to sell more cheaply if the short wave range were omitted.

The obvious advantage would be that the cost of the extra components (wave change

switch, two coils, s.w. padder and knob, as a minimum) could be used to provide, for

instance, improved fidelity which would be available to the user at all times.

Another factor is that, particularly in cheaper receivers, the inclusion of a short-

wave band restricts the design, to the detriment of the broadcast band performance.

For example, microphonic trouble is far more prevalent on the short wave band and the
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bass response of a dual wave receiver is frequently reduced for the sole purpose of

avoiding short wave microphony ; a.v.c. application to the various stages may be a

compromise between the broadcast band and short-wave band requirements, and in

order to save money on switching, the final circuit may lead to increased overloading

or reduced signal-to-noise ratio on the broadcast band ; to reduce costs it is also

customary to operate the s.w. and broadcast aerial primary coils in series, thus avoid-

ing switching, but somewhat reducing the broadcast aerial coil performance ; if switch-

ing is used, the capacitance between the leads to the switch may on the other hand
reduce the broadcast band image ratio.

When a receiver is designed only for the broadcast band it is possible to use less

i-f amplification owing to the increased aerial coil gain on medium frequencies (average

perhaps 8 times) as against that on the short wave band (average not greater than 2

times). This may result in a more pleasant tuning characteristic as a single i-f stage

giving maximum gain usually verges on regeneration.

In an extreme case, say in a 3 valve plus rectifier receiver, the inclusion of a short

wave band may even make the difference between a reflex and a straight receiver to

obtain the required i-f sensitivity for the short wave band. This introduces the

problems of a remote cut-off valve used as an a-f amplifier, rectification in the i-f

amplifier, and high play-through as discussed in Chapter 28 Sect. 2(i), for the sake

of increased amplification which is cancelled by turning down the volume control.

(ii) Dual wave receivers
In Australia many country areas are outside the daylight service range of medium

frequency broadcasting stations and dual wave receivers are used in such districts

to receive daylight programmes from short wave stations provided especially for this

purpose.

The international allocations for the world wide broadcasting bands are given in

Chapter 38 Sect. 4(ii), and it will be noticed that a tuning range of 4.2 : 1 would be

needed to provide coverage for all short-wave bands on one wave range. Such a

tuning range is impossible with standard components and the usual compromise
is to omit the two highest frequency bands and to design receivers which tune from
about 5.9 to 18.4 Mc/s. The 13 and 11 metre bands give very variable performance,

depending upon ionospheric conditions, and although they can provide some of the

best short wave entertainment—owing to the absence of static—when conditions are

good they are so often unusable that their omission from a dual-wave receiver is not

counted a serious disadvantage.

The signal strengths obtainable from international short wave broadcasting stations

are of course less than those from a local medium wave station, and more sensitivity

is consequently required from the receiver, A minimum sensitivity for 50 mW out-

put for international short-wave listening might be taken as 25 /xV from 18 to 10 Mc/s,
falling off to 50 /xV at 6 Mc/s where static drow'ns the weaker stations. Local con-

ditions and the aerial used will of course conside ably affect the required sensitivity.

Selective fading, i.e. fading accompanied by distortion of the signal, is far more
prevalent on short waves than on medium frequencies, and has an effect on the pre-

ferred type of a.v.c. curve. A curve which is too flat results in the signal being held

at the same output level throughout each individual fading cycle, so that the un-

pleasant effect of the distortion is greatly emphasized. Even in the absence of dis-

tortion a flat curve in a sensitive receiver results in the “ troughs ” of each fading

cycle being filled in with noise (receiver or external) which is much less desirable than

the silent space in the programme resulting from an a.v.c. curve sloping steeply at

low inputs.

To provide the required difference between the broadcast and short wave a.v.c.

curves it is often desirable to use a.v.c. on the converter on the broadcast band and
not on the higher frequencies. This has the added advantage of improving the os-

cillator stability on the short wave band.

The frequency of each fading cycle varies from some seconds for each cycle to many
cycles a second on the high frequency bands, and in a good receiver a special tone
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control position is sometimes fitted to improve short wave intelligibility. Such a

control limits the treble response of the a-f section and also reduces considerably

the bass response^ which removes the “ fluttering ** effect of rapid fading cycles and
some of the more objectionable features of bursts of static and ignition interference

from passing cars.

Microphony is an ever-present problem in the design of dual wave receivers, and
Sect. 3(iv) of this chapter is devoted to the subject.

A problem peculiar to receivers with more than one wave band is the resonance of

unused coils within an operating wave range. It is usually a low frequency coil which,
resonated by its own distributed capacitance, interferes with a higher frequency band,

and when broadcast and short wave coils are wound on the same former the effect

is aggravated. Even in the absence of inductive coupling however, wave change
switch wiring often provides enough coupling to give trouble.

A resonance affecting the oscillator coil is easily detected by measuring oscillator

grid ciurent. A sharp dip in the grid current (whether to zero or not) is an indication

of an unwanted resonance. With an aerial or r-f coil more care is necessary as the

resonance will be indicated only by a reduction in sensitivity over a very narrow band.

To check for such an effect the receiver must be tuned in step with the signal generator

over the whole tuning range using very small increments of frequency.

Whether the resonance is affecting the oscillator, r-f or aerial coil it can be traced

by leaving the receiver tuned to the dip (in grid current or sensitivity) and touching
with a conductor the “ hot terminals of the disconnected coils. When the resonating

coil is touched the grid current (or sensitivity) will return to normal.

The normal cure for such resonances is to use a wave change switch which earths,

when necessary, any low frequency coils as the receiver is switched to a higher fre-

quency band.

One type of resonance which is not cured by earthing occurs when a broadcast band
coil is wound with two or more pies. Each pie can be self resonant in some other

frequency range and as one end, at most, of each pie is available, short circuiting is

not possible. It may be possible with a certain value of capacitance to tune such a

resonance to some harmless frequency, or it may be necessary to redistribute the turns

on the pies, or to remove the coupling between the self resonant coil and the coil in use.

Since the broadcast range of a typical receiver covers 1100 Kc/s and the short

wave range 12.5 Mc/s, a movement of the tuning knob sufficient to tune the receiver

through 10 Kc/s on the broadcast band will time more than 100 Kc/s on the short

wave band. The difference between the two tuning rates is so great that it is difficult

to provide a tuning ratio sufficiently large for the short wave band which does not
make the tuning of broadcast stations imdesirably slow. One solution is the use of a

large ratio and a weighted “ flywheel tuning spindle which will spin when flicked,

allowing rapid broadcast tuning.

The requirement for satisfactory tuning seems to be a certain linear movement of

the outside of the tuning control for a give^ frequency change rather than a particular

ratio of rotation between tuning spindle and gang spindle. Thus a possible broad-

cast drive is a very large knob (at least three inches in diameter) mounted directly

on to the gang spindle, although this gives quite critical tuning.

For normal knobs of perhaps one inch diameter a twelve to one ratio between tuning

and gang spindles is sufiicient for the broadcast band but the short wave ratio should

be at least eighteen to one for non-technical users of the receiver.

Probably the best mechanical solution is to use a dual ratio tuning control either

with concentric knobs or with one knob and the slow speed tuning available for only

one revolution of the tuning knob.

(iii) Multi-band receivers
Little expenditure is involved in the provision of additional short-wave bands

in a normal dual-wave receiver, and considerable advantages are possible.

Receivers manufactured for export to some tropical countries need to receive fre-

quencies as low as 2.3 Mc/s as well as the normal broadcasting bands and with two
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short wave ranges and one broadcast range it is possible to provide continuous cover-

age from 22 Mc/s to 540 Kc/s with standard components.

However the more usual t3rpe of multi-range receiver is one in which the coverage

of individual ranges is restricted by reducing the effective change in tuning capacitance.

From the view point of ease of tuning it is best in such receivers to give each range

an equal coverage in megacycles rather than an equal tuning ratio, as the highest

frequency band may otherwise still be quite difficult to tune.

Improved oscillator performance is possible because higher (if necessary) and more
constant values of oscillator grid current can be obtained, while r-f and aerial coil

performance can be improved because higher values of inductance can be used.

Microphony is reduced because part of the oscillator tuned circuit capacitance is

a fixed capacitor. Further advantages of using a number of short wave tuning ranges

are brought out in the next subsection.

(iv) Band-spread receivers
Although the short wave tuning range of a dual-wave receiver is usually greater

than 12 Mc/s, with consequent difficulties in tuning, the majority of short-wave pro-

grammes are to be found within the 16, 19, 25, 31 and 49 metre international broad-

casting bands, which have a combined coverage of only 1.65 Mc/s. If the bands
could be arranged consecutively on one tuning scale the tuning speed would be quite

acceptable. However their separation in the spectrum makes this impossible, and
many ingenious methods have been used to spread the short-wave broadcasting

bands without spreading equally the whole short-wave spectrum.

When the actual tuning-in of a short wave station has been made easy by mechanical
or electrical means, other possible refinements to short wave tuning become obvious.

As adjacent short-wave stations are, with band-spreading, separated by a greater

mechanical movement of the tuning control it may be possible to give short wave
calibrations sufficiently accurate for the identification and relocation of short-wave

stations. This is most desirable.

On the other hand any frequency drift which occurs during warming up is made
very obvious by the much greater tuning control travel required to correct it, and
unless the drift is only of the order of 10 Kc/s, useful calibrations are not possible.

The various general types of bandspreading are shown clearly in Fig. 35.8 (Ref. 14').

The mechanical types mentioned are not commonly used in mass production because

the accuracy needed to provide the necessary mechanical amplification without undue
blacklash is nor readily achieved. Nevertheless the National H.R.O. dial is one well

known example of the precision drive and scale.

A broad distinction is made on the electrical side of the “ family tree shown in

Fig. 35.8 between switched inductance and switched capacitance types of band spread-

ing. However it is quite possible for the two types to be used in one receiver, a

capacitor being switched in parallel with a coil to tune it to a lower frequency and an
inductor to tune it to a higher frequency band. When fixed capacitors are switched

for band selection the frequency stability can be at least as good as when inductors

are switched, although for draughting convenience this is not indicated in the figure.

Some of the more unusual band-spreading methods include the use of tuning con-

densers with specially shaped plates to give very rapid tuning between bands, and
adequate spreading on the short wave broadcasting bands. Another ingenious system
has a normal tuning condenser coupled to an iron core moving continually into and
out of the inductor. This increases and decreases the inductance, and the mechanical
coupling is arranged so that on the international bands the inductance variation op-

poses the capacitance variation, giving very slow tuning, while between the bands the

two variations are additive, giving very rapid tuning.

The double frequency changing method mentioned on the chart has the advantages
of giving the same tuning range on each spread band and of separating the band-
spreading and local oscillator circuits. However it is a comparatively expensive system
and its use is limited because of this.
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Fig. 35.8. Possible types of bandspreading {from Ref. 14).

Bandspreading by means of moving iron cores has been used in many models, but

although this is an electrical type it introduces mechanical problems of core location

if the band-spread ranges are calibrated.

The small parallel variable capacitor used for spreading is well known to amateurs

but gives a very variable amount of band-spreading, depending upon the capacitance

of the main tuning condenser, with which it is in parallel, at different parts of the tuning

range. Moreover unless the band-spreading condenser has as many sections as the

main tuning condenser the signal frequency circuits become detuned when band-

spreading is used This restricts the proper use of the spreading condenser to the

passband of the signal frequency circuits between values of about 6 db loss, and when
a r-f stage is used this contains very few broadcasting channels.

A simple method of spreading which avoids the use of an additional tuning con-

denser is the tapped coil system. When the tuning condenser is tapped down the

coil, its effective capacitance is reduced approximately by the square of the tapping

ratio. If distributed capacitance across the whole coil is neglected, the coverage at

each tapping point will be a constant proportion of the frequency. Distributed

capacitance reduces the coverage at the higher frequencies, giving a more nearly equal

coverage measured in Kc/s. To restrict the coverage at each tapping point, a capaci-

tor can be connected in parallel (Ref. 20) or in series with the main tuning condenser.

Such capacitors can conveniently be brought into circuit by the band-spread switch.

The series capacitor method of bandspreading (Refs. 15, 16) has been widely used.

It has the advanuge of providing, if desired, continuous coverage of the normal

short-wave band (6 to 18 Mc/s) together with tuning on the international broad-

casting bands which is comparable with that of the medium wave band. In

addition it requires few additional components, all of which are standard types.

Fig. 35.9 shows the essentials of such a band-spreading circuit as applied to an

aerial stage. Only two wavebands are shown, but as many as can conveniently be
switched can be used. A typical value for the capacitor in series with the gang is

50 fifiF and at the high frequenev end of the band, with gang capacitances of the order

of 15 ^/xF it has only a small effect on the resonant frequency of the tuned circuit.

With the gang approaching its maximum setting of 400 /xfxF or more, however, C
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is the main frequency determining component, as the total capacitance approaches
50 /x/xF asymptotically.

The value of C can be chosen to give continuous short-wave coverage with one
international band at the low frequency end of each range, where the maximum band-
spreading is obtained. In this case C will have a capacitance of about 57 /x/xF for

a typical tuning condenser. Alternatively the requirement might be a tuning rate

at least as slow as that at the low frequency end of the broadcast band, in which case

C will be 30 ^/xF. Padding for the oscillator circuit is obtained by using a smaller

series condenser for the oscillator section of the gang, assuming that the oscillator

operates at a higher frequency than the signal circuits.

Fig. 35.9. Series-capaci- Fig. 35.10. Bandspread circuit to

tor method of bandspreading. give linear scale.

The system has the advantage of providing a high L/C ratio, owing to the small

maximum tuning capacity, thus giving high gain, and microphony due to the tuning
condenser is reduced or eliminated on the spread ranges because capacitance varia-

tions in the gang itself are minimized by the series condenser. The main disad-

vantages are the large number of inductors required- even when full advantage is

made of tapped coils if all short wave bands are to be covered, the unequal spread-

ing within the bands if a large amount of spreading is used, and the small parallel

capacitances in the oscillator circuit even on the low frequency ranges, which makes
difficult the stabilizing of the oscillator frequency as the valve warms up.

The system just described gives its maximum spreading at the low frequency end
of the band. An alternative circuit could be imagined in which no series capacitor

was used, but a capacitor in parallel with the gang (say 100 ^/xF) gave spreading at

the high frequency end of the band, A combination of the two circuits (Fig 35.10)

gives an almost linear spread over the whole tuning range when suitable components
are used.

For a case in which one short wave band is to be spread over the whole tuning

range, typical values for the components in Fig. 35.10 are

Tuning condenser 12 to 420 /x/xF

c, 60 /x/xF

C2 100 /x/xF

^3 80 /x^F

T 2 to 25 fjLfxF trimmer.

These values give a tuning range slightly greater than 400 Kc/s on the 31 metre band.

Although different values of C3 will obviously affect the tuning range, different bands

can be tuned by altering its capacitance and if the oscillator is operated for example
on the low frequency side of the 17 Mc/s band, and on the high frequency side of

the adjacent 15 Mc/s band, the difference in coverage is not serious. Higher fre-

quency bands can l5e timed by substituting a smaller inductor, or by connecting

another inductor in parallel with the tuned circuit.

The unlimited spreading capabilities of the circuit of Fig. 35.10 allow a short-wave

band of 200 Kc/s to be tuned over the whole dial scale. This is not advisable how-
ever, as the tuning becomes too slow, and a suitable minimum tuning range is about

500 Kc/s. A good reason for restricting the tuning range is that a fixed tuned aerial

circuit can be used without any serious loss in gain. The gain of an aerial circuit
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with an effective Q of 50, tuned to the middle of a band 500 Kc/s wide and including

the 15 Mc/s band, falls about 6 db between the centre point and the extremes of the

band.

With such a system spreading only the international bands, it may be advisable

,to provide one short wave band giving continuous coverage from 6 to 18 Mc/s, as

many stations of interest are heard outside the bands. This is not a great disad-

vantage as the components used for continuous coverage can also be used for at least

some of the spread ranges.

Apart from the possibility of providing linear spreading up to any reasonable

limit (and the consequent need for bandspreading for the oscillator circuit alone in a

receiver without a r-f amplifier) the circuit has the advantage of preserving suitable

L/C ratios while maintaining at all times a capacitance in parallel with the oscillator

input large enough to minimize frequency drift as the valve warms up. Capacitor

Cs can be a temperature compensating condenser to improve the frequency stability.

Microphony from the gang is completely eliminated because, with normal com-
ponent values, the tuning capacitance is only altered 10% as the gang is turned from
maximum to minimum.
An interesting image rejection circuit is given in Ref. 14(1X Its use is confined to

bandspread receivers with a r-f stage and covering one short-wave band only on each

band spread range, but image ratios from 35 to 50 db are claimed. Few additional

components are required.

SECTION 5 . A.C. OPERATED RECEIVERS

(i) Four valve receivers (it) Five valve receivers (Hi) Larger receivers (iv) Com-
munication receivers,

(i) Four valve receivers*
(A) T-R-F receivers

Because it has no local oscillator coil or i-f transformer, the t-r-f receiver is the

cheapest to build, but has a performance equivalent to its cost. Using modern valves

a sensitivity of a few hundred microvolts can be obtained, or even better if some form
of fixed regeneration is used and can be made effective over the whole tuning range,

but the seleaivity is in general insufficient to separate local stations if they are of high
power or sitviated close to the receiver.

The main application of t-r-f sets is in absolute minimum cost receivers which
operate with 3 stages and a rectifier, although using only three or even two actual

valve types. In such a case there is a resulting loss in sensitivity, which might then
be no better than one millivolt.

Volume controlling is most conveniently carried out by varying the bias of the r-f

amplifier, and to ensure low minimum volume on strong local stations the aerial is

sometimes wired to the control as in Fig. 35.11 so that it is earthed in the minimum
volume position.

(B) Superheterodsme with a-f amplifier
An improvement in selectivity can be obtained by using the superheterodyne prin-

ciple even when no i-f amplifier is used. Such a receiver would have a converter

followed by an i-f transformer, a second deteaor, an a-f amplifier and an output valve.

Detection can be by diode (included in an a-f valve), anode bend, or leaky grid de-
tector with possible regeneration in the last case. Since the input to the detector is

fixed timed, pre-set regeneration can provide a constant and appreciable improve-
ment to both sensitivity and selectivity over the whole tuning range without the care

which is needed in a t-r-f receiver.

Selectivity is improved since there arc three tuned circuits, two of which are fixed

tuned and give constant selectivity over the band.

*i.e. three amplifying stages and rectifier.



35.5 (i) FOUR VALVE A.C. RECEIVERS 1257

(C) Superheterodyne with i-f amplifier
The majority of three valve and rectifier receivers are superheterodynes with an

i-f amplifier, in which selectivity can be made as good as required. Sensitivity too,

while presenting some problems, can usually be made adequate, i.e. less than one
hundred microvolts and, in extreme cases, less than fifteen microvolts on the medium
wave band.

Three types of second detectors have been used, power grid, anode bend (each

carried out by the output valve) and diode, although diodes are now used universally.

The power grid detector had the disadvantage of high plate dissipation when no signal

was being received, and the anode bend had somewhat higher distortion and needed a

very high impedance plate load. The maximum power output when the output

valve is detecting is of course seriously reduced. The diodes can be combined with

the i-f amplifier or with the output valve, and one receiver has been marketed in which
the suppressor grid of the i-f amplifier was used as a diode.

FIG. 35.11

Fig. 35.11. Volume-
control circuit used with

t-r-f receivers.

FIG. 35.12 ^ Amplifier
Converttr • 2nd Oetector

receiver.

Volume controlling is carried out by manual control, of converter and i-f bias or

by a.v.c. and an a-f volume control. The design of a.v.c. circuits for low gain receivers

without an a-f amplifier presents some problems since they must be cheap, and must
give full a-f output with the smallest possible input, which prohibits the use of full,

simple a.v.c. as commonly used in cheap receivers with an a-f amplifier. On the

other hand the low sensitivity means that the required range of a.v.c. control is less

than normal and advantage is taken of this in the usual a.v.c. circuit which is shown
in Fig. 35.12.

This circuit needs only one more resistor (Ri) than the simplest possible circuit,

and R, and R 2 form a voltage divider so that only a fraction of the voltage developed

across the diode load is applied to the grids of the controlled stages. The most
suitable fraction depends on the initial sensitivity and the valves used, but values of

one third to one fifth are common. Two details need care, the negative voltage

applied to the diode must be kept to a minimum, to reduce distortion and to prevent

the diode from* being muted in the absence of a signal and the a.c. shunting on the

diode load must be as small as possible. Large values for R^^ and R^ fulfil both

requirements and minimum values can be taken as 1 megohm and 2 megohms respec-

tively. With the normal value of 0.5 megohm diode load the bias on the diode is

less than 4 volt, and the shunting reduces the a.c./d.c. ratio to 0.8. Better values to

give almost the same ratio would be 2 megohms and 5 megohms (0.2 volt bias on
diode ; a.c./d.c. ratio ^ 0.9).

The use of only part of the developed voltage allows the output to rise rapidly

with increasing input, which is an advantage for small signals, but there is little flatten-

ing of the characteristic with larger inputs.

For a slight increase in cost, delayed a.v.c. can be used and this will give the most
rapid rise in output with increasing input, followed by a flat output-input characteris-

tic. A suitable circuit is the sinking diode ’* type shown in Fig. 27.38B, and pro-

vided that an additional diode is available the increase in cost is slight.
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With manual volume control the circuit of Fig. 35.11 is usually employed. How-
ever if the B supply voltage is low, the signal handling capabilities of the i-f valve

are reduced (owing to the reduced plate-cathode voltage) when a strong signal is

tuned in, the volume control is turned back and the cathode voltage of the controlled

valves thus increased. This objection can be overcome by using a negative voltage

applied to the grids of the controlled stages. One method of obtaining the negative

voltage is to connect the power supply filter in the negative lead and use the d.c.

voltage generated across it. Some decoupling is necessary, but one stage is sufficient

as high value resistors can be used.

A second method of obtaining a suitable negative voltage is to use the volume con-

trol resistor as, or in parallel with, the oscillator grid leak (with suitable decoupling).

Oscillator grid current must be kept as constant as possible throughout the tuning

range when this is done.

Three valve and rectifier receivers with an i-f stage and using i-f transformers with

a Q of about 115 and good aerial coils arc capable of producing sensitivity figures of

the order of 15 /xV on the medium wave band when the most suitable commercial
valve types are used. This sensitivity is ample for almost any listening conditions

providing full volume is not required from very weak signals. In fact, successful

dual-wave receivers giving short wave sensitivities not worse than 50 /xV have been
made with such a circuit.

(D) Superheterodyne with reflexing

Reflexing in a three valve and rectifier superheterodyne receiver provides enough
a-f gain to allow full simple a.v.c. to be used, and to allow good short wave performance

to be obtained. The additional problems involved are discussed in Chapter 28.

A convenient a.v.c. circuit consists of full a.v.c. voltage applied to both converter

and reflexed i-f amplifier, which can give a very flat a.v.c. characteristic. An a.v.c.

circuit in which control is applied only to stages before the a.v.c. detector, can never

give a completely flat output curve, because some rise is necessary to provide the

additional bias needed to reduce the output as the input signal is increased. Such
a circuit is a ‘‘backward acting” a.v.c. circuit.

A “ forward acting a.v.c. circuit is one in which the developed a.v.c. voltage is

applied to a stage after the detector, and with such a circuit the output voltage may
even fall with increasing input. The reason is that although the detector output
must rise as in the previous case, the gain after the detector will fall, and the net result

may be an increase or a decrease or a flat characteristic depending on the constants

used.

In a reflex receiver the application of a.v.c. to the reflexed stage controls the mutual
conductance of the valve and thus its gain at intermediate and at audio frequencies.

As the a-f gain follows the detector the a.v.c. system is a forward acting one.

Alternative a.v.c. designs in a reflex receiver may iise full a.v.c. on the converter

and a fraaion or none on the reflexed stage.

The increased a-f gain makes it possible to use inverse feedback, frequency com-
pensated or otherwise, in the a-f amplifier, and resistive feedback into the bottom of

the volume control (see Sect. 3(iii) of this chapter) is useful in reducing minimum
volume.
The combination of audio a.v.c. and negative feedback (particularly when fre-

quency compensated) is not always advisable, either in reflex receivers or in larger

types in which a.v.c. may be applied to a valve acting only as an a-f amplifier. Since

the purpose of the a.v.c. is to vary the gain of the stage, and one of the functions of
negative feedback is to minimize any changes within the loop, the two effects oppose
each other. This is not undesirable in itself, but the result is that on strong signals,

such as local stations, the a-f gain is reduced and the feedback is consequently reduced
so that the full effects of distortion reduction are not obtained. When the feedback
incorporates frequency compensation the result is that weak stations receive maxi-
mum compensation and local stations a reduced amount, which is the reverse of the

normal requirement.
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Advantage has been taken of this effect in a receiver having one a-f stage with

deliberately attenuated high and low frequency response. Audio a.v.c. was applied

to this stage so that on strong stations no attenuation resulted—slight high and low

frequency boosts were incorporated elsewhere in the a-f circuit—whereas on weak
stations considerable treble and bass cutting was automatically introduced, giving

a very effective automatic tone control. Suitable treble cutting for such a circuit

could be by means of a small capacitor between plate and grid of the controlled stage,

and bass cutting could be brought about by a small value of screen by-pass in a pen-
tode.

In conjunction with a pick-up of good sensitivity a refiexed three valve receiver

can reproduce gramophone records without added circuit complications.

The most common type of reflexing has the a-f and i-f signals applied to the con-

trol grid, with the load for each in the plate circuit. Another type which has been
used has the two signals applied to the control grid with the i-f load in the plate cir-

cuit and using the screen dropping resistor as the a-f load, with an i-f by-pass from
screen to ground. The a-f path to the grid of the output valve is provided by means
of a normal grid coupling capacitor.

Since the a-f gain available from a reflex stage is comparatively small if the i-f

operation is to be satisfactory, the reduced amplification between control grid and
screen grid may be more than offset by the increased a-f load resistor which can be
used and by the fact that proper i-f by-passing can be used on the cold side of the i-f

transformer in the plate circuit.

(ii) Five valve receivers*

General comparison of types

The three valve receiver using a converter, an i-f amplifier and an output valve can
be considered to be the smallest conventional superheterodyne receiver, and a valve

can be added to it in three ways, as an a-f amplifier, an i-f amplifiei or a r-f amplifier.

Three very different types of receivers result, and the comparison serves to show the

main ways in which the conventional 4 valve receiver with a-f amplifler can be im-
proved.

The table below lists the order of preference for each type of receiver against a

variety of headings.

Additional stage. A-F I-F R-F

Cost 1 2 3

Sensitivity 2 1 3

Selectivity 3 1 2

A-F Response 1 2 2

A.V.C.
1

3 1 2

Stability 2 1 2

Noise 3 2 1

Spurious Responses 2 3 1

The names “ a-f receiver,” “ i-f receiver ” or “ r-f receiver ” are used to identify

a receiver with such an additional stage.

Although the performance of the a-f receiver can be improved upon in many ways,

its characteristics can be satisfactory, as evidenced by the fact that the great majority

of five valve receivers are built in this form. Since most receivers are tuned only

to local stations, the advantages of the i-f and r-f types would rarely be displayed,

and their additional cost might be more profitably used on a refinement on an a-f

receiver such as a tuning indicator, bandspread ranges, or a better loudspeaker,

cabinet or a-f system.

'i.e. four amplifying stages and rectifier.
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(iii) Larger receivers
The conventional six valve receiver* has r-f, converter, i-f, detector, a-f and output

stages, but although the stage usually added to the conventional four valve and
rectifier receiver is a r-f one with advantages outlined in the previous section, the

customer usually expects improvements in all features of the receiver*s performance.
To the average listener an improvement in fidelity is more noticeable than, for ex-

ample, a reduction in image response, and it seems probable that the public would in

most cases be better served with a six valve receiver with push-pull output rather

than by a single ended receiver with a r-f stage.

Whether or not push-pull is used, some improvement in a-f response is required,

for instance an increase in acoustical output, in conjunction with a suitable negative

feedback circuit to give a reduction in distortion and a compensated frequency res-

ponse.

A valve delivering more than four watts into an efficient output transformer and a

sensitive loudspeaker can produce a considerable volume of noise but, even without

push-pull, impressive reproduaion can be obtained from the larger tetrodes and
pentodes which draw between 70 and 80 mA of plate current.

1 .le additional selectivity provided by a r-f amplifier with a high Q coil is appreci-

able and gives even more sideband cutting than is experienced with the usual 4 valve

and rectifier receiver, particularly at the low frequency end of the broadcast band.

As a result the high frequency response of the larger receiver may be inferior and, in

fact, inadequate. The remedy of expanding the selectivity can be quite inexpensive,

particularly if a “ local broadcast ” position is used on the wave change switch, or if

one position on a tone control switch is used. Push-button receivers can have one
button set aside for expanding the selectivity, which has the additional advantage

of minimizing the result of frequency drift of the settings of the other push buttons.

Expanding of the i-f selectivity can be carried out simply and cheaply as described

in Chapter 1 1 Sect. 3(iii), and the wiring is not critical because all leads have a low
impe(Wce to ground. It is only necessary to expand the first i-f transformei in a

conventional single i-f stage receiver with an untapped second i-f transformer because

the heavy damping on the second i-f reduces its selectivity appreciably from that of

the less heavily damped first i-f transformer.

After the i-f amplifier has been expanded to give say 6 db attenuation at 6 Kc/s
detuning, it may be found that the overall selectivity for small attenuations is still

excessive, and the remedy is to expand the r-f stage. The damping of the aerial on
the aerial secondary makes it unnecessary to expand the aerial coil. A convenient

method of decreasing the r-f coil selectivity is to switch a small resistor (25 ohm carbon)

in series with the cold end of the secondary. Gain is not seriously reduced, and the

leads involved are low impedance so that they can be taken to the appropriate switch

section without giving trouble.

After the high frequency response has been brought up to the required level, the

small expense involved in fitting a high frequency diffuser is well repaid. With
such a diffuser, the quality of reproduction becomes reasonably independent of the

listener’s position in front of the receiver, and the usual beam of accentuated high

frequency response directly in front of the loudspeaker disappears.

(iv) Communication receivers
(A) Definition

A communication receiver has been defined (Ref. 33) as one which is not designed
for limited or specific purposes. In some respects a communication type may be
inferior to another receiver (perhaps an interception receiver to operate on ^ fixed

frequency) in a particular application, but in general it has high performance and
flexibility. Control of many of the circuits is available to the operator, of whom some
technical knowledge is required.

(B) Frequency coverage and calibration
Communication receivers have been designed to provide coverage between 15 Kc/s

and 25 Mc/s and between 30 and 300 Mc/s, but many do not tune above
*i.c. five amplifying stages and rectifier.
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30 Mc/s or below 540 Kc/s. Provision for reception of F-M broadcasting on 88-108

Mc/s is included in some models.

Owing to the wide range of frequencies covered, the calibration of a conununication
receiver is important, and increasing emphasis is being placed on the inclusion of

facilities for calibration checking and even on the possibility of the receiver being
tuned to any given channel in its range without external aids.

An inbuilt crystal oscillator is the usual method of checking calibrations, and when
the oscillator operates at 0.5 or 1.0 Mc/s, convenient checking points occur throughout
the tuning range. Movable cursors have been used with receivers of this kind to

allow corrections to be made to the calibration when found necessary. Figure 35.13

(British patent No. 8706/44) shows a simple circuit to increase the amplitude of the

higher harmonics of the oscillator output up to the self-resonant frequency of the choke
L. The choke is designed to keep the harmonic output as constant as possible

throughout the tuning range of the receiver. Such an inbuilt calibrator can be very

useful in the alignment of the receiver. A possible refinement is the modulation of

the oscillator output by pulsing with a neon tube, or even by the mains frequency, for

ease of identification.

Fig. 35.13. Circuit for increasing am-
plitude of high-order oscillator har-

monics (from Ref. 33).

For the second requirement of setting the receiver accurately to any desired fre-

quency, a crystal oscillator and its harmonics are used as a part of the mixer input,

and tuning is provided by a comparatively low frequency oscillator which bridges the

spaces between the harmonics of the crystal. The variable oscillator can be designed

to operate at a low frequency and to have high stability, any residual fluctuations

being a much smaller proportion of the total mixing frequency than of the variable

oscillator frequency.

To minimize the possibility of incorrect frequency settings, some receivers have

sliding dial scales which expose only the calibration actually in use. Where high

setting accuracy is required the frequency may be displayed as the sum of two readings,

one in Mc/s and the other in Kc/s.

(C) Bandchanging
Methods of bandchanging can be divided into three main categories, mechanically

operated moving coils with stationary contacts, plug-in coils and switched coils.

The most common form of moving coil arrangement uses a rotating turret with the

coils inside it, but moving platforms which travel along the chassis have also been

used. Particularly when high frequencies are tuned, the contacts for the moving coils

present a problem as the inductance of the contacts can form a large part of the re-

quired inductance -with consequent loss of gain and the inductance may vary each

time a particular band is brought into circuit or when the receiver is subjected to

mechanical movement.

Plug-in coils can be efficient as they do away with the need for a wavechange switch

—each plug-in unit can even carry its own calibration but the necessity for grouping

the coils adjacent to an opening in the case restricts the layout somewhat. Storage

must be provided for the unused coil units close to the receiver.

Switched coils arc most commonly used and the main associated problem is the dis-

posing of a number of coils adjacent to each switch. The switches need to be reliable,

but modern types using rhodium plating properly applied are satisfactory.
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(D) StabUity
Many stability problems are automatically eliminated by the use of suitable circuits,

c.g. crystal controlled oscillators. Methods of improving electrical stability are out-

lined in Chapter 24 Sect. 5. However mechanical stability is a first requirement and
the tuning units at least should be madq as rigid as possible, some receivers even using

a cast chassis with this end in view.

(E) Sensitivity and noise
Owing to the number of stages used, the sensitivity is always limited by the noise

in the first stages of a receiver. This is taken into account in one method of measure-

ment by defining sensitivity as the lowest intensity of an input r-f carrier modulated
at 400 cycles to a depth of30% such that the total r.m.s. output power (signal and noise)

is halved when the modulation is removed from the input carrier. Such a definition

of sensitivity gives a good indication of the minimum signal which can be used and
figures of the order of one micro-volt and better can be obtained.

Another method of defining the noise ratio is by comparing it with the signal-to-

noise ratio of an ideal receiver under the same conditions. The factor by which the

noise ratio of an actual receiver is worse than that of an ideal receiver is known as its

noise factor. Further details of this method of noise measurement are given in Chapter

37 Sect. l(vi)G.

(F) Selectivity

The selectivity requirements of a communication receiver are severe and depend
on the type of service for which the receiver is being used. For telephony the band-

width cannot be less than about 5 Kc/s at 10 db attenuation, whereas for telegraphy

a bandwidth of a few hundred cycles per second is sufficient while greater bandwidths
give increased noise interference.

These requirements can only be met by variable selectivity under the control of

the operator, and a good receiver will usually have at least six i-f tuned circuits to pro-

vide adequate “ skirt ” seleaivity, with a crystal filter providing varying degrees of
“ nose ” selectivity perhaps together with a variable rejection control for dealing with

an interfering station on a nearby frequency. A representative crystal circuit

will give an attenuation of 20 db when detuned 200 c/s in its sharpest position and 2000

c/s in its broadest position. With a rejection or “ phasing control in use, an at-

tenuation in excess of 40 db can be obtained within 250 c/s of resonance. The as-

sociated i-f amplifier will give an attenuation of 60 db when detuned less than 15 Kc/s.

Crystal bandpass filters are becoming increasingly popular and they provide a pass

band of say 300 or 3000 c/s with severe symmetrical attenuation on each side. De-
tails on the design of variable selectivity crystal filters are given in Chapter 26 Sect. 6.

An additional means of discriminating between a desired telegraphy signal and an
undesired one separated by perhaps only a few hundred cycles per second, is the use

of a-f selectivity. A typical selective circuit centred on 1000 c/s gives an attenuation

of 15 to 20 db only 100 c/s from resonance and of course much greater reductions

with greater separation. Apart from discrimination against undesired signals, such

a circuit reduces random noise in the same ratio as it reduces the bandwidth, and the

ringing which is experienced with crystals at maximum selectivity when subjected

to bursts of noise is eliminated.

Such selective a-f circuits are normally designed with iron-cored inductors because

maximum Q is required, but it may be possible to produce equivalent or improved
performance with a bridged T negative feedback circuit.

(G) Volume control and a.v.c.

Volume control presents some problems because the range of signal levels which
the receiver is expected to use exceeds one million to one, and because different types

of control arc required for different functions of the receiver. For reception of
telegraphy many operators prefer a manual control and some receivers provide separate

controls for a-f gain and i-f gain ; even separate r-f gain is sometimes provided.

A convenient compromise which obtains good results from the receiver and requires

no care on the part of the operator is to gang the a-f and r-f controls and delay the



35.5 (iv) COMMUNICATION RECEIVERS 1263

application of bias to the first stage by means of a diode as discussed in Chapter 27
Sect. 3(iii). The r-f control is rendered ineffective when a.v.c. is switched on, and
the a.v.c. voltages can be applied to the r-f control circuit.

A.V.C. is frequently used for c.w. reception when a suitable time constant is pro-
vided. For telephony a normal time constant is 0.2 second but this needs to be
increased to at least 1 second for c.w.

Amplified a.v.c. is used in most large communication receivers to provide maximum
control, and results such as a 2^ db increase in output for a 100 db increase in input
can be obtained (Ref. 34). Control should begin at the minimum signal level which
can be used by the operator.

(H) Beat frequency oscillator

To produce an a-f output from a c.w. signal it is necessary to beat another signal

with it. The beat frequency oscillator operates at, or close to, the intermediate fre-

quency and beats with any signal in the i-f channel. The oscillator frequency can

usually be varied a small amount ( 4^ 2i Kc/s is typical) by a control on the front

panel to allow adjustment of the beat frequency (perhaps to the peak of the a-f res-

ponse) without detuning the signal from the peak of the i-f circuits.

The required amount and method of B.F.O. injection need some consideration.

Sensitivity is lost if the B.F.O. amplitude at the second detector is too small, but when
the coupling is increased a large input signal pulls the B.F.O. into zero beat from in-

creasing frequency separations. Pulling into zero beat from a difference frequency

of the order of 1000 c/s is not uncommon in bad cases. Another effect of too much
B.F.O. injection is that the B.F.O. provides a signal at the second detector large

enough to generate appieciable a.v.c. voltages and so reduce the sensitivity of the re-

ceiver even without an external signal.

Pulling can be minimized by electron coupling of the B.F.O. into the i-f channel,

and with careful control of the amount of beat frequency voltage it is possible to

obtain adequate injection without appreciable a.v.c. sensitivity reduction.

(I) Signal strength meter (S meter)
Many receivers use a calibrated meter to indicate the strength of signals tuned.

The calibration is usually arbitrary (SI to S9 for example) because the variation of

receiver sensitivity across the various bands, and on different bands, makes an absolute

calibration impossible. If this effect, and the varying efficiency of different aerials

on different frequencies are borne in mind, the S meter can be a useful reference.

Circuits have been devised (Ref. 34) in which the S meter operates in conjunction

with the manual volume control to provide signal strength indications on all types of

reception, with or without the beat oscillator

The usefulness of the meter can be greatly increased by providing a switch which
allows appropriate currents and voltages throughout the receiver to be measured.

(J) Aerial input
To allow maximum efficiency to be obtained from different aerial systems, pro-

vision is often made for different types of aerial inputs, such as a single wire with

separate earth connection, a balanced two wire feeder or a low impedance concentric

cable.

An aerial trimmer on the front panel is very desirable when a variety of aerial inputs

is provided. Even with a single wire aerial the changes of impedance throughout

the short wave ranges allow considerable improvements in sensitivity and signal-to-

noise ratio to be obtained by the use of an aerial trimmer, and aerial coil design is not

restricted so greatly by the possibilities of mistracking.

An analysis of the effects on signal-to-noisc ratio of the ratio of feeder impedance
to receiver input impedance with various detuning ratios is given in Ref. 33.

(K) Noise (crash) limiters

These are commonly fitted to communication receivers. Details of the many
varieties will be found in Chapter 16 Sect. 7 and Chapter 27 Sect. 5.

(L) Diversity reception
Provision for diversity reception is sometimes incorporated in communication

receivers by providing facilities for coitibining the a.v.c. voltages and outputs of the

individual receivers.
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Another requirement for diversity receivers is that oscillator reradiation should

be kept to a minimum. This can be done by using the lowest possible oscillator

grid current, by earthing the whole oscillator circuit at one point and treating other

amplifier circuits between oscillator and aerial in the same way, by reducing to a

minimum capacitance couplings between primaries and secondaries of signal frequency

coils (this includes using high impedance externally wound primaries wherever pos-

sible) and by minimizing all couplings other than the coils between the signal fre-

quency and oscillator stages. The tuning condenser rotor shaft is the worst of such

couplings and a rotor shaft insulated between sections is very desirable. If this is

not possible, low impedance earthing should be provided for the rotor shaft and gang

framework between each section.

(M) Cross-modulation
Communication receivers are frequently used close to a transmitter and may be

required to receive another station while the transmitter is in operation. Under
such conditions the cross-modulation characteristics of a receiver may be of more
importance than its signal-to-noise ratio or sensitivity (Ref. 33).

A system known as counter-modulation has been used to allow receivers to operate

more satisfactorily in the presence of very strong signals. The cathode resistor of

the first valve in the receiver is by-passed to radio, but not to audio, frequencies, so

that a-f components due to cross-modulation appear across it. The value of the re-

sistor is adjusted so that the a-f voltages developed are sufficient to remodulate the

wanted carrier with signals approximately equal and opposite in phase to the original

cross-modulation. Correct bias for the valve is obtained by applying a suitable voltage

to its grid.

Further improvement can be obtained by operating the first valve solely to give

minimum cross-modulation and substantial improvements can be obtained for slight

reductions in signal-to-noise ratio.

The possibility of cross-modulation occurring in non-linear conductors close to the

receiver should not be overlooked (Ref. 3).

SECTION 6 : A.C./D.C. RECEIVERS

(i) Series-resistor operation (ii) Barretter operation (Hi) Dial lamps (iv) Mis-
cellaneous features,

(i) Series-resistor operation
A receiver for use with d.c. supply cannot use a power transformer with low and

high voltage windings, and some of the main problems in designing such a receiver

are concerned with providing power for the comparatively low voltage valve heaters.

The problems are partly due to the non-linear relationship between voltage and
current in a valve heater (owing to the increased resistance of the wire as the heater

warms up) and Fig. 35.14 shows this relationship for a normal 6.3 V 0.3 A heater

and for a 21 ohm resistor which draws the same current with 6.3 volts applied to it.

It will be seen that with the normal heater a 10% variation in applied voltage gives

approximately 6% increase in current.

In a.c./d c. receivers, power is supplied to the heaters by connecting them in series

across the mains, with or without an additional series impedance. When the sum of

the required heater voltages is equal to the mains voltage the method is as satisfactory

as when a power transformer is used, but when a series resistor is used, a variation

of the mains voltage results in a larger percentage variation of the voltage across the

heaters.

This effect is illustrated in Fig. 35.15 Curve ABC represents the current voltage

characteristic of a string of heaters used in a radio receiver. The rated operating

voltage is 108 for a nominal current of 150 mA, and a series resistor of 880 ohms is

used to give the required voltage drop with a 240 volt mains supply. The inter-

section of the line with a slope of 880 ohms, and the current-voltage characteristic of



” X 108 Y 216 264
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FIG. 25. IS

Ff^. 35. 1 5. Illustration of the effect of mains voltage variation on heater voltage {Method
from Ref, 41).
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the heaters, is point B, the operating point under normal conditions. Now if the

mains voltage is increased 10% to 264 volts the slope of the resistive line is im-

changed and it intercepts the curve at point C. A vertical from C cuts the base line

at Yj representing a voltage of 123, and an increase of 15 volts, i.e. 14% in the voltage

applied to the heaters. Similarly a decrease of 10% in the mains voltage gives more
than 10% decrease in the voltage applied to the heaters.

Because of this fact, it is necessary to provide more tappings on a series dropping

resistor for various primary voltages than would otherwise be the case. Variations

in supply voltages around the nominal value must^e taken into account, in conjunc-

tion with the manufacturer’s tolerance on the valve heaters. For American types

this tolciance is usually taken as 10% of the rated voltage, but other tolerances are

also used, and some types have a tolerance on the permissible current variation.

When the dropping resistor is designed for one primary voltage only, it often takes

the form of resistance in the power lead This has the advantage of dissipating the

heat outside of the cabinet. However if a receiver was originally designed for 115

volt operation and is converted for 230 volt operation by means of a series resistor,

the B-f voltage is liable to be reduced by this method (Ref. 36). The reason is that

the value of the series resistor must be adjusted to give the correct average heater

voltage (or current) but the rectifier draws its current in pulses and these pulses

flowing through the series resistance decrease the applied voltage during the time the

rectifier is drawing current. This gives a decrease in the d.c. output of the rectifier,

which in a severe case might amount to 30 volts in 110. Methods of providing

separate voltage dropping impedances for the heaters and rectifier which are suitable

for use on both a.c. and d.c. are given in Ref. 36. Wheie voltage dropping of this

type is required on a.c. only, a series condenser of the correct impedance can be used

in series with the power lead (Ref, 42) provided that an adequate voltage rating is

specified.

(ii) Barretter operation
A barretter is a device which passes a substantially constant current as the applied

voltage varies within the operating range see Chapter 33 Sect. l(i) and Fig. 33.1.

The heat dissipation of a barretter is appreciable, and as most of the heat should be

carried away by convection, ample ventilation is needed. This is necessary both

for the barretter and for the whole receiver, if it is a small one, to prevent the cabinet

from becoming unduly hot. The same problem exists, of course, if a series resistor

is used.

Apart from eliminating the effects of mains voltage fluctuations on filament current,

a barretter does away with the need for changing tappings with different supply

voltages over a range covered by the operating characteristics of the barretter. When
a receiver is switched on, the initial current surge is limited by the barretter, which

has the effect of noticeably increasing the time taken for the receiver to begin playing.

The limitation of the surge is of no particular value to the valves themselves but may
reduce dial light overloading in some circuits.

Since the barretter contains an iron wire carrying an alternating current it is sus-

ceptible to magnetic fields, which cause the filament to vibrate. The vibration leads

to mechanical fatigue and breakage and if the barretter cannot be located at some
distance from the loudspeaker, a magnetic shield must be used - preferably one which
interferes with ventilation as little as possible.

(iii) Dial lamps
' The protection of dial lamps from surges when the receiver is first switched on is

one of the problems of a.c./d.c. receivers. If a 0.15 A dial lamp were connected in

series with an appropriate number of 0.15 A valve heaters across the mains, the high

current (several times greater than 0.15 A) drawn by the heaters for some seconds

each time the receiver was switched on would drastically reduce the life of the dial

lamp. If a series resistor were used the surge would be reduced, but not sufficiently,

and even if a barretter replaced the resistor the dial lamp would be overloaded before
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the barretter filament reached its operating temperature. The use of a dial lamp
of higher current rating than the valve heaters is a possible method of operation.

Some manufacturers have produced special lamps for series running. Nevertheless
in each of these cases the failure of the dial lamp would remove the voltage from the
valve heaters and stop the receiver.

One method of avoiding this trouble is to use a negative coefficient resistor (Thermis-
tor) in series with the valve heaters—see page 190 (n).

A system in which both heater current and high tension supply current are used is

given in Fig. 35.17. Special rectifier valves (e.g. 35Z5-GT) have been produced
for use in such circuits, and the initial surge is offset by the fact that until the rectifier

heater reaches its operating temperature the high tension component of the dial lamp
current does not flow. No. 40 or No. 47 dial lamps (0.15 amp) should be used, and
when the rectified current exceeds 60 mA a shunting resistor (R, in Fig. 35.17) is

required, its value being 300, 150 and 100 ohms for rectified currents of 70, 80 and
90 mA respectively.

Fig. 35.17. Circuit using 35Z5~GT and
dial lamp. The drop across R and all

heaters (with panel lamp) should equal 117
volts at 0. 1 5 ampere. Rg = shunting
resistor required when d.c. output current

exceeds 60 mA.

Other reaifiers making similar provision for a pilot lamp are the miniature 35W4
and the 45Z5-GT.
The trend in small a.c./d.c. receivers is to use a simple dial without a lamp, and

thus entirely avoid the use of the troublesome light source.

(iv) Miscellaneous features

(A) Rectifier

Since there is no centre-tapped source of high voltage a.c. in an a.c./d.c. receiver

it is not possible to use a normal full wave reaifier. Bridge rectifiers or voltage

doublers are possible but half wave rectifiers are most commonly used. They intro-

duce some filtering problems since the frequency of the ripple in the output is one

half of that from a full wave rectifier. To give the same electrical attenuation, filter

capacitors and inductors would need to be increased in size, but speaker inefficiency

and the poorer response of the ear at the lower frequency help in minimizing the

effects of higher hum level.

When the receiver is operating on d.c., the rectifier acts only as a series impedance

but serves a useful purpose in protecting the electrolytic filter condensers from damage
if the mains connection is reversed in polarity, although the receiver will not operate

under these conditions.

The high tension voltage is likely to be different with a.c. or d.c. mains of the same

rated voltage. The reason is that on a.c. the peak voltage applied to the rectifier is

V2 times the rated r.m.s. voltage and with small to medium loads and a large input

condenser for the reaifier the d.c. output voltage will exceed the r.m.s. value of the

a.c. input.

Modulation hum is frequently experienced in a.c./d.c. receivers operating on a.c.

due to the presence of r-f signals in the mains, and to the direa connection of the

rectifier to the mains. A suitable filter in the mains lead will stop the modulation

hum, and any interference coming from the mains, but a satisfaaory cure for the

hum alone is a small (1000 /x^F) mica condenser conneaed between plate and cathode

of the reaifier.

(B) Valve order
When the valve heaters are wired in series and conneaed across the mains the

potential between heater and cathode of any valve will be dependent on its position
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in the string. Each valve must be placed so that the maximum heater-cathode poten-

tial specified by the valve manufacturers is not exceeded, and also so that the potential

is not great enough to introduce hum into the receiver output.

The position of a valve in the circuit determines its susceptibility to hum pick-up,

and an a-f amplifier is generally the most critical The usual wiring order, starting

from the grounded end is second detector and first a-f amplifier, converter, r-f am-
plifier, i-f amplifier, output valve, rectifier. The converter is kept as close to ground
as possible to avoid modulation hum. It will be found that allowable maximum
heater-cathode potentials (90 V max. design centre for American amplifying valves)

always allow this order, which is the best for modulation hum, to be used.

(C) Earth connection
Two main types of a.c./d.c. receivers are produced, one with one side of the mains

directly connected to the chassis, and the other with mains wiring connected to an
earth bus which is by-passed to the chassis proper with a suitable capacitor, perhaps

shunted by a high value resistor.

The first type of receiver has fewer design difficulties but does not comply with
the safety requirements in some countries, e.g. the Radio Code of the Standards

Association of Australia (A S.S. No. C.69— 1937) states : V.7 (f) (ii) “ Power units

and sets of the transformerless type shall have the live parts of the inner structure

isolated from the case or frame by an isolating condenser or other approved means,
which shall not be capable of passing a current exceeding 5 milliamperes to case or

frame when the full rated voltage is applied in the normal manner of operation.**

The main trouble encountered with the other type of a.c./d.c. receiver is instability

due to impedance between the earthed bus and the chassis proper, the impedance
being made up of the reactance of the by-pass capacitor and the inductance of its

leads. This impedance can be reduced to a low value by making up a unit consisting

of an inductor wound on the body of the capacitor, the two being connected in series

and resonated at the intermediate frequency, at which most amplification occurs.

Many cases of instability need individual treatment and it often becomes necessary

to return particular circuits (e.g. the cathode by-pass of the i-f amplifier) to the chassis

through a series tuned circuit instead of to the negative bus.

To avoid modulation and other types of hum it may be helpful to use back-bias

for amplifying valves so that the cathodes can be directly grounded. This avoids

the possibility of hum voltages appearing between cathode and ground.

Where there is any possibility of interconnection of two or more a.c./d.c. units,

such as for instance a radio tuner and a separate public address amplifier, it is essential

that the mains be isolated from the chassis.

SECTION 7 : BATTERY OPERATED RECEIVERS
(i) General features {ii) Vibrator-operated receivers {Hi) Characteristics of dry

batteries,

(i) General features
Most battery operated receivers are used in locations where signal strengths arc

low, and the main requirements are therefore high sensitivity and low noise. The
cost of power obtained from batteries is high and every effort is made in the design

of battery receivers to keep the current drain to a minimum. This is done by reducing

the a-f power output considerably from that available in an a.c. receiver and by using

high Q aerial and i-f coils so that high gain can be obtained without operating the

valves at their maximum ratings. Many receivers have an economy switch which
reduces battery drain by decreasing the screen voltage on the i-f and output valves

or by other means. The reduced power output' and sensitivity are still adequate
for most uses.

The mutual conductance of battery valves is lower than that of corresponding a.c,

types to such an extent that although the smallest a.c, receivers in general use have
three valves and a rectifier, the smallest battery sets need four amplifying valves to
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obtain similar sensitivities. The four types are a converter, an i-f amplifier, an a-f
amplifier and an output valve. The i-f output is severely limited by the low plate

voltage on the last i-f valve—about 84 volts with fresh batteries in a tjrpical modem
receiver—and an a-f amplifier is needed to obtain sufficient a-f voltage to drive the
output valve.

The more general type of battery receiver has five valves and uses the additional

valve as a r-f or second i-f amplifier. On the broadcast band sensitivities of the order
of 1 /uV are readily available in each case, and if a high gain aerial coil is used there
is not a great deal of difference in signal-to-noise ratio. On the short-wave band the
r-f stage receiver is noticeably quieter but the average sensitivity at 6 Mc/s may be
of the order of 25 ftV, against perhaps 10 fxV for the receiver with an additional i-f

stage.

Because of the low i-f plate voltage the signal handling capacity of battery operated
receivers is limited, and taken in conjimction with the requirement for high initial

sensitivity, this means that a normal battery receiver overloads with a comparatively
small r-f signal applied. Nevcnheless the conditions of use are such that large inputs

are not usual, and a receiver which will not distort seriously with an input of 0.1 volt

will give satisfactory service in almost all locations.

There is usually only one diode available in a battery receiver, and this severely

restricts the a.v.c. design as it makes delayed a.v.c. impossible. The most satis-

factory compromise is probably to apply a fraction (say one third) of the developed
a.v.c voltage to the first and last controlled stages (unless the first valve is a r-f am-
plifier which may take full a.v.c. without increased signal-to-noise ratio) and full

a.v.c. to the intermediate one. The small amount of a.v.c. on the input stage mini-
mizes the increased noise from the first valve as a.v.c. is applied and on the last i-f

stage it allows larger signals to be handled without overload. The middle stage has

no effect on the noise, handles only small signals, and consequently can do most of
the gain controlling.

A.V.C. design affects high tension current consumption and if too small a fraction

of the developed a.v.c. voltage is used, current will be wasted when a local station is

tuned.

Bias for the output valve is usually obtained from a back-bias resistor in dry battery

operated receivers. Receivers have been made in which the voltage developed across

the oscillator grid leak has been used for this purpose (with suitable decoupling) but

if the A battery voltage falls more quickly than that of the B battery, the output valve

is operated in an underbiased condition and draws excessive B current.

Separate C batteries have also- been used, but the difficulty of discharging the C
battery at the proper rate has led to the popularity of back biasing, in which the voltage

remains approximately optimum throughout the B battery life.

When a back-bias resistor is used it should be effectively by-passed to audio fre-

quencies, otherwise a-f voltages developed across the resistor are applied to the plate

circuits of the i-f and perhaps oscillator valves. This may cause instability as a re-

ceiver is being tuned to a station.

Another advahtage of back biasing is that if B f is short circuited to the valve fila-

ments, the bias resistor restricts the current to an amount which will not damage the

valves. With a 500 ohm resistor and a 90 volt supply the current is 180 mA, whereas

even a four valve receiver normally draws 250 mA from its filament battery.

When a battery receiver is turned off, the B supply voltage does not disappear as

in the case of an a.c. operated receiver. The filament voltage being turned off stops

the valves from passing current but small leakage currents (for instance, through con-

densers) have merely to flow through another series leakage—that of the B supply

switch. Particularly in humid conditions, the resistance between switch contacts

may be only of the order of tens of megohms and the uninterrupted current which
flows can lead to electrolysis of fine wires and consequent open circuits.

Unless precautions are taken, the fine wire of the output transformer primary is

particularly susceptible to this trouble, leakage occurring between the primary (con-
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nected to B+) and the core (connected to chassis)^ and interwound coils with one
wire earthed and the other connected to the B supply also give trouble.

Output transformer electrolysis can be prevented by connecting the primary wind-
ing to the core and isolating the assembly from the chassis^ for instance in a pitch

filled container.

Interwound coils have a satisfactory life if they are baked to remove moisture and
then impregnated and flash-dipped in a moisture resisting wax or varnish.

In designing battery receivers it is important to check power output> sensitivity

and oscillator grid ctirrent With reduced voltages and with many valves. A large

number of valves is required because no tests are made by valve manufacturers at

voltages as low as those commonly employed by receiver designers as the “ end of

life point.

For battery converter problems see Sect. 3(vi).

(ii) Vibrator-operated receivers
Chapter 32 deals with the design of vibrator operated power supplies. Receivers

to operate with such supplies have some associated problems, mostly concerned with
the elimination of r-f and a-f interference from the vibrator unit.

Separation of all vibrator circuits from the receiver is essential if hash is to be satis-

factorily eliminated. If for instance various parts of the vibrator circuit are earthed

at different places in a receiver chassis, interference can occur which no amount of

filtering will remove. The correct method is to earth all vibrator by-passes and
earth returns at one point and connect the lead from the battery to the same point.

The same principles apply to a-f interference. It is assumed that adequate filter-

ing is used in the B supply so that interference from that som-ce is negligible. Even
under these conditions, vibrator noise can be troublesome and the first source is the

battery itself. Although the internal impedance of a battery is very low it is not

negligible, and the pulses of current drawn by the vibrator set up voltages across it

which arc applied to the filament of the a-f amplifier and result in noise from the loud-

speaker.

Fig. 35.18. Filament circuit of
vibrator-operated receiver.

Any output valve with 100 mA
filament current could be used in

place of the 154 (e.g. 3Q4, 354
or 3V4 with parallel filament

connections).

A cure is an iron-cored choke between the positive battery terminal and the fila-

ments of the valves, which arc normally connected in series-parallel. A large (500 pF)
condenser is usually required in addition to the choke, and receivers with high a-f

gain may need two condensers. A typical circuit is shown in Fig. 35.18. With the
reduced filament drain of 1.4 volt valves it is possible in some cases to do away with
the iron-cored choke and use a resistor. When used with a 6.0 volt battery the fila-

ment voltage for each valve should be 1.3 volts so that a dropping resistor of 21 ohms
would be required in place of the iron cored choke shown in Fig. 35.18. Where two
large condensers must be used in any case the resistor usually has suflicient impedance.
Even when the filtering (due to the electrolytic condensers and choke or resistor)

is adequate, serious buzz can still occur. In Fig. 35.18 two leads are taken from each
battery terminal, and the vibrator and filament circuits arc entirely separate. How-
ever it sometimes happens that two switches cannot be used and a common switch

section and negative bauery lead must be used. This will introduce some buzz
although the degree will depend on the a-f sensitivity and the value of the mutual
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impedance. An undesirable feature is that the interference may vary each time the

switch is operated and may become progressively worse with age as the contact re-

sistance of the switch increases.

If the a-f gain is high, even the common impedance of a fuse may cause trouble

and in some cases only the vibrator, circuit is fused for this reason.

The electrolytic condensers are also useful in preventing coupling between the

filament circuits of the various valves. However high gain receivers usually need
additional r-f by-passes on the filament string to prevent regeneration at the inter-

mediate frequency or to keep i-f voltages from the a-f end of the receiver.

One undesirable feature of the circuit of Fig. 35.18 is that if any one of the 1R5,
1S5 or 1T4 valves is removed from its socket, or if one filament becomes open cir-

cuited, two other valves will have excessive filament voltage applied. The additional

voltage is normally not enough to open circuit the other filaments but if the receiver

is left unattended in this condition the valves will deteriorate rapidly.

The resistors R 2 and R^ equalize the filament voltages on the different valves.

Since the filament string requires 100 mA and the cathode current of the 3S4 alone

is 8.8 mA under typical operating conditions, some adjustment to the voltage across

the filaments (in which the cathode currents flow) is necessary. However calculation

of the values required for the various valves is not straightforward since the cathode
current of each valve has alternative paths of different impedance. For instance in

Fig. 35.18 the 1R5 cathode current will flow partly in the negative filament lead and
partly in the positive, this latter current splitting into one component which flows

through the 1 S5 and another which flows through the 3S4. As a result the resistor

values are most readily determined experimentally, and with average valves in a

receiver and decade boxes connected where shunting resistors are needed, a few
minutes’ manipulation of the decade boxes will determine the correct values. A.V.C.
application will affect plate currents and hence filament voltages, and the resistor

values should be decided with an average input signal. By making slight compromises
it is often possible to do without one or more resistors, but if this is done conditions

should be checked with freshly charged and discharged batteries as well as at the rated

battery voltage.

A.V.C. design is complicated in vibrator receivers with series-parallel filament

circuits, but satisfactory solutions can usually be obtained by means of a.v.c. voltage

dividers returned to different potentials. For instance in Fig. 35.18, which might
be the filament circuit of a receiver with two i-f amplifiers, the diode load would be
returned to the 1S5 negative filament, i.e. to ground, and a.v.c. would be taken

directly to the grid of the 1T4 acting as the first i-f amplifier. This is possible be-

cause the filaments are at the same potential. However the 1R5 and second i-f

1T4 have their filaments more positive and would be biased 1.3 volts negative if

connected directly to the diode load. A solution would be to connect a two megohm
resistor from the top of the diode load to the 1R5 and 1T4 grids, and another two
megohm resistor from the grids to the positive side of the 1R5 filament. This would
remove the bias from the 1R5 and 1T4 and reduce the amount of a.v.c. to these valves

which would be desirable—see subsection (i) of this section.

The elimination of hash from a vibrator operated receiver usually involves wofk
on the power unit (Chapter 32) but some precautions in the receiver may be necessary.

A frequent source of interference which is difficult to trace is hash picked up by the

converter valve. A very small amount of interference in the B supply may modulate

the oscillator and be fed into the i-f atjiplifier with the local oscillator injection, or

interference on the converter filament may be troublesome. In each case the inter-

ference receives the total receiver amplification. A separate r-f choke is often used

for the converter filament to eliminate this trouble.

When tracing hash, a convenient method is to connect a shielded wire, with one
end bared, to the receiver’s aerial terminal through a capacitor. The bared end of

the wire is used as a probe and when in contact with various points in the receiver

rcuit indicates whether interference is present. The first points to check, of course.
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are the incoming leads from the vibrator tinit to the receiver and in general these

should be filtered imtil they are quite “ cold

To be sure of trouble-free production runs it is advisable to work on hash elimina-

tion until, with an aerial wrapped around the battery leads and battery, no inter-

ference can be heard at any frequency with the receiver operated at maximum gain
in a screened room.

Mechanical noise and vibration from the vibrator also present a problem. The
high frequency noise components can readily be minimized by felt or other sound-
absorbing material, and even the metal shielding box in which vibrators are often

used may be sufficient. However noise at the fundamental frequency of the vibrator

is more difficult to cure and much trouble can be avoided by using a very flexibly

mounted vibrator socket. Each new receiver usually presents different problems
in this respect.

(iii) Characteristics of dry batteries'*'

A knowledge of dry battery characteristics is essential in designing receivers which
arc to use the batteries to the best advantage. It is also helpful in obtaining maximum
battery life with a particular receiver.

The decrease in battery life caused by a receiver design which gives unsatisfactory

performance—or none—when the battery voltage falls below certain levels is best

illustrated in Fig. 35.19. If the average B current of a receiver is taken as 15 mA
it will be seen that the useful life of the battery is increased from 1.16 to 1.49 ampere
hours, an increase of 28%, by designing the receiver so that it will operate satis-

factorily when the output of the 90 volt B battery has fallen to 60 volts, instead of
becoming unusable when the output is 68 volts.

It will be noticed that as the current drain in Fig. 35.19 is reduced, the output rises

to a maximum and then falls. This is due to the fact that the batteries were dis-

charged for 2 hours each day so that with, a 10 mA drain for instance the test lasted

for 175 days. Tests with smaller drains take longer and the effects of shelf life be-
come more important than the decreased drain.

Fig. 35.19. Ampere-hour output versus discharge current for various end-point voltages
(Ref. 25).

* Information Uk«n from Ref. 25.
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Fig. 35.20 shows the importance of reducing battery drain to a minimum or alter-

natively of specifying batteries of as great a capacity as possible. As the drain is

reduced a progressively greater amount of the battery output is made available at a

high voltage, and as an extreme example, a 2.9 mA drain on the cell will give 83%
of the battery’s output (assuming that the cell can be used until discharged to 0.8

volt) at a voltage greater than 1.3, whereas a 187 mA drain gives only 16% of the bat-

tery’s output at 1.3 volts or more. The curves of Fig. 35.20 were taken on continu-

ous discharge, and with operation of say 4 hours a day the effects of shelf life would
modify the figures obtained.

Fig. 35.20. Working voltage of No. 6 size cells during discharge through various re-

sistances {Ref. 25).

The main interest of Fig. 35.21 is to the user of the receiver, as it shows the effects

of heavy battery usage in decreasing battery output. For a B drain of 15 mA and
8 hours of use each day, each cell will give 1.13 ampere-hours output, but with 2

hours daily usage the output rises to 1.48 ampere-hours. Thus the batteries will last

for about 50 days with 2 hours of use, but less than 10 days with 8 hours of use. The
effects of shelf life in Fig, 35.21 are clearly indicated at low current drain and with
decreasing hours of discharge per day.

An aspect of dry battery performance which is of particular importance to receiver

designers is the increase of internal resistance of each cell as it becomes discharged.

The resistance of a new cell can be ignored for radio purposes, as it varies from about
one third of an ohm for small B battery cells, to one fiftieth of an ohm for large A
battery cells. However as the battery ages, an impedance of the order of 20 ohms
per cell may develop and for a 90 volt battery this represents a series impedance of
1200 ohms.
Such impedances cause coupling between circuits, and in the case of an A battery

may cause instability due to coupling between different i-f stages or between i-f and
a-f stages. The remedy is an adequate by-pass (0.5 ^F may be necessary) across the

filament circuit, and the necessity for this should be tested with a discharged battery

during design. Impedance in the B supply circuit can cause trouble between almost
any pair of stages (including the oscillator) in the receiver. An electrolytic condenser
in parallel with a r-f by-pass (0.1 ^F) is commonly used to avoid this trouble.

The only completely satisfactory method of testing a receiver for performance with
discharged batteries is to use a set of batteries which has been used normally until

the voltage has fallen to the required level. Accelerated rates of discharge do not

R.D.H.—41
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Fig, 35.21. Ampere-hours output versus discharge current for various operating cycles

{Ref, 25).

produce such a high internal resistance. Noise will sometimes be encountered with
a discharged battery unless a large by-pass is connected in parallel with it.

The effect of temperature on dry cells is very marked. At high temperatures the
deterioration of unused cells is rapid and tests have shown that batteries stored for
one year at 104°F. have deteriorated more than similar batteries stored for five years
at 48°F. Small cells have a shorter shelf life than large ones stored under the same
conditions.

The reasons for the increased rate of deterioration at high temperatures are in-
creased moisture loss from the electrolyte, and increased chemical activity in the
battery. This latter effect is beneficial when the battery is actually in use and a
battery discharged in a comparatively short time at lOO'^F. has been found to give
140% of the output of a similar battery at 70^F. At 40'"F. the output fell to 48%
of the output at 70''F.

When testing batteries it is important to realise that there is no relationship be-
tween the current delivered by a dry cell on a short circuit amperage test and the
service capacity of the cell. On the other hand the working voltage of a dry cell does
decline progressively as the cell becomes exhausted, so that a voltage test under normal
load is a good indication of a battery’s condition. The voltmeter used should have a
resistance of not less than 100 ohms per volt for single cells or 1000 ohms per volt for
B batteries. The current drawn by lower sensitivity meters may lead to a lower
voltage indication than actually occurs in use.

In some types of portable receivers which can be used with dry batteries or an a.c.
power supply the dry batteries can be^charged during a.c. operation or while the re-
ceiver is not in use. This is claimed to increase the service obtainable from the dry
baneries although the degree of improvement depends on the conditions of use. It
is important that the charging current should not be excessive. Further information
is available in Refs. 56, 57, 69, 70, 71.
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SECTION 8 : CAR RADIO

(f) Interference suppression (it) Circuit considerations (Hi) Valve operating con-

ditions.

(i) Interference suppression
The main problem in car-radio design is the suppression of interference from the

car and from the power supply of the receiver. Ignition interference is the more
troublesome, and while there are methods of suppression which, apply in all cases any
particular installation is liable to present problems of its own.
One theory as to the mechanism by which interference is produced is that each

spark causes oscillatory currents in the ignition leads covering a wide band of fre-

quencies. The spectrum is propagated from the ignition lead which acts as an aerial,

and the receiver amplifies those frequencies to which it is tuned. See Ref. 10 for a

comprehensive survey of reports on the nature, measurements and suppression of

ignition interference.

Another possible mechanism has been described in Ref. 1, although objections to

it are brought forward in Ref. IOC. This conception of interference generation is

that the radiated field is an impulse which is short compared with the period of the

carrier frequency up to frequencies of hundreds of megacycles. Each burst of inter-

ference heard is thus the impulse response of the receiver and its aerial, so that the

interference is more dependent on the bandwidth of a receiver than on the frequency
to which it is tuned, although of course the signal received will vary in amplitude with

large variations in frequency.

In addition to ignition noise, interference is caused by the brushes on the generator

but this is readily removed by by-passing. Special suppression capacitors are avail-

able of 0.5 /xF capacitance, 200 volt working, encased in a metal can to which one
side of the capacitor is connected.

Methods of dealing with the majority of straightforward interference suppression

problems are given below (Ref. 60).

(a) Cut the high tension lead connecting the ignition coil to the centre of the dis-

tributor head as close as possible to the distributor head and screw the two ends of

the leads into a resistor suppressor. Suitable suppressors consisting of a carbon

resistor of 15 000 ohms with facilities for attaching the two leads are available com-
mercially.

(b) Connect a suppression capacitor to the point where the receiver low tension

cable is connected to the car’s low tension system, with the metal case clamped to the

chassis.

(c) Clamp the metal case of another suppression capacitor to the generator housing

and connect the lead to the generator armature-terminal. The capacitor must not

be connected to the generator field-terminal. In American cars the correct terminal

is usually the larger one.

In most English cars the armature terminal is not accessible on the generator and
the suppression capacitor should be connected in such cases to the “ D ” terminal

on the voltage distribution channel.

If trouble is still experienced the following points should be investigated.

(d) See that the distributor contacts and spark plug points are clean, in good con-

dition and correctly adjusted. Replacements may be needed.

(e) If the engine is rubber mounted a bond may be necessary between the engine

block and the chassis. This bond should be a piece of flexible copper braid not less

than 6 in. wide and as short as possible, although allowing for engine movement.
(f) See that the low tension leads do not come close to any of the high tension wiring.

In some cars it may be necessary to remove the low tension wires from channels pro-

vided for the spark plug leads.

(g) Make sure that there is a good connection between the ignition coil can and the

engine block.

(h) Bond all oil pipes, bowden cables, etc., to the bulkhead as they pass through to

the driving compartment.
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(i) Try the effect of bonding various parts of the bodywork to the bulkhead or

engine block with J in. copper braid. It sometimes happens that a large section of

metal^ for example a mudguard, is insulated by rubber or fabric beading, or even by
paint, from the rest of the body. Bonding of .such sections may eliminate inter-

ference.

(i) By-pass separately the various electrical components of the car, such as the horn,

ignition switch, windscreen wiper motor, petrol pump, head lights, dome light, park-

ing lights, petrol gauge, electric clock, etc.

In fitting the various units of the radio itself it is necessary to remove some paint

from the metal to make sure that the unit is electrically earthed.

Occasionally trouble is experienced from wheel and tyre static. ^ Graphite grease

in the wheel bearings, may be sufficient to effect a cure, but in some cases spring

contacts bearing on the wheel hub have been used.

(ii) Circuit considerations
The main requirements for a car radio are high sensitivity, high signal-to-noise

ratio, good a.v.c., high a-f output, compactness, the ability to withstand vibration,

and mechanical flexibility for installation purposes.

The first four items have almost standardized the design into the form of a receiver

with r-f, converter, i-f, a-f and output stages. Such a combination allows the re-

ceiver sensitivity to be limited only by the noise in the first stage—which is desirable.

The high over-all sensitivity (1 /xV input for 0.5 watt output is not uncommon)
causes high a.v.c. voltages to be developed with comparatively small inputs so that

strong a.v.c. action is available even when signals fade to very low levels. The a.v.c.

diode load is often returned to a source of bias for the r-f and i-f amplifiers so that

a delay of two or three volts is obtained and this flattens the a.v.c. characteristic even

more, after the delay has been overcome. The a-f sensitivity is adequate to allow

full output.

When full a.v.c. is applied to the r-f stage a check should be made from Scroggie’s

curves—Sect. 3(i) of this chapter- to see that the noise from the first valve does not

become comparable in size with that from the input circuit and so affect the signal-

to-noise ratio.

Fig. 35.22. Car-radio
aerial input circuit.

The design of the aerial input circuit is very important in a car radio, because of

the small effcaive height and physical size of the aerial itself. Different aerials may
be used with the receiver, but telescopic types with a capacitance of about 50 /x/xF

are commonly assumed. One of the most popular circuits is shown in Fig. 35.22.

L, is a choke consisting of a few spaced turns of thick wire, resonant at about 40 Mc/s.
It is used to minimize incoming ignition interference without seriously affecting the

desired signals. Lj is the aerial coil primary, which is arranged to resonate with the

aerial and the rest of the circuit outside the low frequency end of the required band.

However the resonance is kept as close to the band as possible without introducing

too much mistracking between the aerial and r-f circuits, in order to obtain the maxi-
mum possible gain at the low frequency end of the band.

The capacitor C, is from 50 to 100 /x/xF in a typical case, and provides capacitance

coupling to improve the gain at the high frequency end of the band. Ln is tapped at

from one qttarter to one third of the total number of turns from the cold end. Coup-
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ling between L* and L3 usually approaches 20%. The Q of L, must be as high as

possible and iron cores are commonly used. Q values in air as high as 250 at the maxi-
mum point in the band have been used^ and a gain of from 8 to 10 is obtainable over
the band with such a coil mounted in the chassis. Gain is measured with the output
of the signal generator connected through a 50 /x/iF capacitor to the aerial end of the

shielded input cable. Noise figures obtainable are of the order of equal noise and
power output when the input signal is from 0.3 to 1.0 /iV, 30% modulated.
A series trimming condenser (say 50-350 ^/xF) is sometimes used between the

spark coil and the aerial primary so that the aerial coil can still be tracked with the

r-f coil even when a high capacitance aerial is connected to the receiver.

Power supplies for car radios are vibrator operated, using either synchronous or
non-synchronous types. The non-synchronous system has the advantage of
keeping a constant output polarity when the input polarity is reversed, so that the

lack of uniformity between car manufacturers as to positive or negative grounding
of the battery becomes unimportant. Non-synchronous systems also have fewer
troubles from vibrator hash in the receiver and are generally assumed to be more
reliable in operation but of course they are more expensive, since a rectifier must be
provided, and consume more current if a hot cathode type of rectifier is vised.

In the elimination of interference either from the vibrator or from ignition noise

in a car radio, “ spark plates ” are often used. These are by-pass capacitors using the
chassis as one plate, a thin sheet of insulating material, preferably mica, as the di-

electric and tin-plate or brass as the other plate, the assembly being eyeletted together

with suitable insulating washers. Because components are soldered directly to the

top plate and the bottom plate is the chassis, the series inductance of such a capacitor

is very small. It has been recommended that incoming leads should be soldered to

one end of a spark plate and outgoing leads to the other end. Capacitances between
10 and 200 /x^iF are commonly made up in this way.
Because of the intense ignition interference field it is often necessary to filter all

leads coming into the receiver. Tone control leads and even loud speaker leads may
need by-passes or series chokes to eliminate interference.

The effects of vibration must be considered in car radio design. Reliable air

dielectric trimmers are more stable than compression mica types, but need to be
sealed after alignment. Large paper capacitors need to be held by means other than
their own leads, and smaller components must be mounted so that they cannot

vibrate on their leads. Older types of valves, such as G types and others of similar

size can give trouble through falling out of their sockets under the influence of vibra-

tion, particularly when mounted horizontally. For this reason and for the extreme
compactness which they allow, miniature valves are well suited for car radio designs.

(iii) Valve operating conditions
Valves in car radios are subjected to heater voltages outside both the top and bottom

limits specified by valve manufacturers. Extremes of perhaps 8.0 and 4.5 volts may
be encoimtered with the battery on charge and fully charged, and off charge and dis-

charged.

Excessively high heater voltages reduce valve life by evaporating the coating from
the cathode, and care should be taken to see that plate or screen dissipations do not

exceed valve manufacturers’ ratings under any anticipated working condition, par-

ticularly as the ambient temperature inside the car radio is likely to be very high at

times.

When heaters are operated at excessively high voltages it is possible for

control grids to rise to a temperature at which grid emission takes place. To reduce

the effects of this grid emission current, it is advisable to use the lowest convenient

values for output valve grid leaks and a.v.c. series resistors in car radios.

When the supply voltage is very low, the receiver loses sensitivity and power output

but remains usable so long as the oscillator operates. To guard against oscillator

stoppage a new design of receiver should be checked with a large number of valves

including some with low oscillator grid current under normal operating conditions.
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Since valves are only tested by manufacturers to the recommended voltage limits,

there is no guarantee of uniformity of operation between valves at voltages outside

those limits

SECTION 9 : MISCELLANEOUS FEATURES

(») Spurious responses («) Reduction of interference (iii) Contact potential biasing

(iv) Fuses (v) Tropic proofing (vi) Parasitic oscillations (vii) Printed circuits

(viii) Other miscellaneous features.

(i) Spurious responses
With a superheterodyne receiver, several types* of signal can be received which

do not originate in stations broadcasting on the frequency to which the receiver is

tuned. The signals are not necessarily objectionable of themselves, but owing to

the congested condition of the broadcasting band, almost any spurious signal will

interfere with a true signal. These spurious responses are due to several causes which
are listed below.

(a) Harmonics of a station operating at a lower frequency.

(b) Two stations broadcasting on frequencies separated by the intermediate

frequency of the receiver.

(c) A stadon broadcasting on the image frequency of a desired station.

(d) A combination of local oscillator harmonics with other signals or harmonics.

(e) Feedback of intermediate frequency harmonics.

(f) A station broadcasting on the intermediate frequency of the receiver.

Interference of type (a) will be received by any receiver of sufficient sensitivity

and cannot be minimized in the design of a receiver.

When type (b) interference is experienced, the two stations will be heard together

over two bands of frequencies centred on the frequencies of each of the stations.

The interference continues even when the local oscillator is stopped. Since it is

necessary for the two signals to be present at the grid of the frequency changer for

the interference to be troublesome, selectivity before this point is required to eliminate

it. Alternatively the intermediate frequency of the receiver can be altered to a fre-

quency at least 10 Kc/s removed from the difference frequency.

Type (c) interference can be cured by adequate signal frequency selectivity, and
is the main reason for this selectivity. Particularly in the short-wave range of dual

wave receivers is trouble experienced (although not always recognised) from this

source, and it is so prevalent that the signal frequency selectivity of a receiver is always

expressed as its image ratio.

Methods of calculating image ratio are given in Chapter 23 Sect. 4(ii) for coils

without capacitance coupling. To obtain the full calculated rejection, particularly

at the high frequency end of a band, it is necessary to reduce to a minimum all coup-

lings other than that by mutual inductance. Separation of circuits and earthing at

one point for each circuit will be found beneficial when high gain is used. Capacitance

coupling must be particularly avoided. Ref. 21 (pp. 225-237) gives circuits which
increase image rejection.

There are many possibilities of type (d) interference but it is not a major problem
in most receiver installations. Nevertheless it is advisable to restrict oscillator grid

current to a minimum, consistent with other requirements, to minimize this source

of interference.

Feedback of intermediate frequency harmonics can occur through B supply, a.v.c.

or other wiring, or by means of voltages induced into the converter input circuit

from the second detector, or any part of the a-f amplifier. The feedback may be

sufficient to cause actual instability or merely an annoying heterodyne on stations

adjacent in frequency to the harmonics of the i-f. Shielding and perhaps decoupling

or an r-f by-pass in the a-f circuit readily remove the trouble.
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Interference from a signal on or near the intermediate frequency continues when
the local oscillator is stopped and becomes progressively worse as the receiver tuning
approaches the intermediate frequency. It is seldom encountered in superheterod3mes
with a tuned r-f amplifier, but receivers with an untuned r-f amplifier or with none
usually have very poor i-f rejection at frequencies lower than 600 Kc/s.

A method of plotting interference signals is given in Ref. 21, Part 1, page 201.

An example of the estimation of the interference to be expected in a given set of con-
ditions will be found in Ref. 53.

(ii) Reduction of interference
There are two main methods of minimizing the effects of external noise on radio

reception. The first is by the use of noise limiters in the receiver (Chapter 16 Sect. 7
and Chapter 27 Sect. 5) and this method is equally applicable whether the noise is of
man-made or natural origin. The second method consists of using filters and noise-

reducing aerials and is only applicable to noise from man-made sources.

Most mains operated receivers receive appreciable r-f inputs from the supply lines,

and when noise is troublesome the' ratio of signal to noise is often much lower in the

mains than in an aerial. This occurs when the source of interference is connected to

the power supply and induces interference into the mains wiring. In such a case

filtering of the mains leads can give a substantial improvement in signal-to-noise ratio.

An electrostatic shield between primary and secondary windings of the power
transformer is the most common method of treatment. Methods of incorporating

such a shield in the power transformer are described in Chapter 5 page 233. The
alternative method (b) of winding the earthed low voltage filament between primary
and secondary, due to its inductance, is probably less effective than the normal
shield (a).

Fig. 35.23. Interference from power-
supply induces noise into input circuit

of receiver.

By-passing of the incoming mains leads to the chassis, with or without series in-

ductors, is often used to reduce interference. Fig. 35.23 shows that this method is of

limited use, depending on the impedance between the receiver chassis and ground.

Noise currents represented by arrows flow from mains to chassis and from chassis

to ground, thus setting up a noise voltage on the chassis relative to ground. This
voltage causes another noise current to flow through the primary of the aerial coil

and the capacitance of the aerial to ground, and thus a noise voltage is induced in the

aerial coil secondary and applied to the first valve of the receiver.

The fact that interference stops when the aerial is removed from the receiver is

not proof that the noise is picked up by the aerial. If the aerial were removed in

Fig. 35.23 the interference would stop because the path to ground through the aerial

primary would be removed, but the noise source is the supply mains.

Figure 35.23 indicates how improvements in noise reduction can be made. Firstly,

if the earth lead for the mains by-passes is separated from the receiver earth, the noise

potential between chassis and ground is eliminated. The separation needs to be more
than electrical, as if two wires were close to each other the noise currents in the filter

earth would induce noise currents in the receiver earth.

Secondly the Incoming noise currents can be considerably reduced by using a r-f

choke in series With the mains leads before the first by-pass to increase the impedance
of the path. This will reduce the noise voltage between chassis and ground, but
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increase the noise voltage between mains leads and ground, and the capacitance be-

tween mains and aerial leads may lead to increased noise from this source.

A third possibility is the use of a balanced aerial coil primary connected to the ends

of a symmetrical lead-in from the aerial. When the two ends of the primary are

balanced with respect to capacitance to chassis (a small trimmer can be used on either

side of the primary if found necessary to give the greatest noise reduction) then noise

ctirrents flowing from receiver chassis to ground through the aerial capacitance do

not give rise to noise voltages in the aerial coil secondary or the remainder of the re-

ceiver. An electrostatic shield can be used between primary and secondary as an

added precaution against electrostatic asymmetry between primary and secondary

windings.

The symmetrical lead-in can be terminated at the aerial end in another transformer

coupling it to the aerial, in a dipole, or aerial and counterpoise or the lead-in may be

merely a two wire feeder with one end extended to form the aerial. In any of these

cases additional noise reduction can be expected from the fact that the aerial proper

can be placed at some distance from the power supply mains or any other known
source of interference, e.g., it can be removed as far as possible from, and placed at

right angles to, tram lines.

Before proceeding with elaborate noise reduction methods it is advisable of course

to make sure that the receiver itself is not picking up noise directly. In strong fields

large voltages are induced into grid leads and under-chassis wiring, and complete

shielding of the receiver proper may reduce interference without other assistance,

or it may be essential if the full benefit of more elaborate methods is to be obtained.

In-built aerials on mains operated receivers usually work on the principle of pro-

viding an earth return for signals coming from the mains, in some cases as shown
in Fig. 35.23, and in other cases with a capacitance between mains and aerial terminal,

and the receiver chassis providing, through capacitance or direct connection, the

renim to ground. In the first case the requirement for the “ aerial **
is merely the

largest possible capacitance to ground, and a ground connection to the chassis should

reduce the signal input. In the second case an earth connection should improve
signal strength as the current through the coil will be increased.

Even when a mains-operated receiver is equipped with an in-built loop aerial,

some of the signal input is due to the capacitance effect of the loop as a whole. A
mains filter may improve the signal-to-noise ratio in such a case, but with the other

two types of in-built aerial a mains filter will reduce the signal and noise by the

same amount leaving the ratio unchanged.

(iii) Contact potential biasing
Electrochemical activity between the electrodes of a valve produces potential

differences without the application of external e.m.f *s. The effect is most noticeable

on grids and diode plates since their “ contact potential ” may be of the same order
as potentials applied from other sources. The effective bias depends on the surfaces

of the two electrodes and the impedance connected between the respective valve pins.

The control grid contact potential will vary with different types of valves, with
different valves of the same type and with age in a particular valve.

In practice, control grid and diode contact potentials arc found in indirectly-

heated valves to vary between—0.1 and— 1.1 volts with different types of valves, and
the contact potential of a particular valve may vary as much as 0.4 volt during life.

Because of this, the contact potential ofvalves has a restricted application as a source
of bias, but it can be satisfactory if its linutations are borne in mind.

The two types of contact potential bias are grid leak bias ” of a-f amplifiers and
“ diode bias ” of i-f and other amplifiers. Some valve types which are likely to

be used with grid leak bias e.g. Radiotron types, 6B6-G, 6SQ7-GT, and 6AV6,
are given a 100% production test for grid leak bias by Amalgamated Wireless Valve
Co., under conditions sufficiently severe to ensure that any change of characteristics

during valve life will not affect their performance. These t3rpes can be recommended
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for this type of service provided that the plate current is restricted to a maximum of

1 mA> the grid leak is 5 megohms or larger (2 megohms can be used with a small signal

input but distortion should be checked) and the output required is not greater than

25 V r.m.s. Under these conditions less distortion can be expected from grid leak

bias than from cathode bias (Ref. 43).

Pentode valves have more critical bias requirements when used as low distortion

resistance coupled a-f amplifiers and because of this are not so suitable for grid leak

biasing. However when used with a series screen resistor of high value and com-
paratively small a-f inputs they can be satisfactory, and remove some of the hum
problems from fairly low-level a-f amplifiers since there is no bias supply to be

filtered, and the cathode is at ground potential so that heater-cathode conductance

is not troublesome.

Diode biasing finds its main application in minimum cost 5 valve (4 valve plus

rectifier) receivers. A.V.C. is applied to the i-f and converter valves directly from
the diode plate of the second deteacr, the diode load and the cathode of the i-f am-
plifier being returned to ground. Under these conditions the contact potential of

the diode is the only bias applied to the i-f amplifier, and its screen voltage is adjusted

to keep plate and screen dissipations within tolerances. The converter may need
additional bias, obtained from a cathode resistor and by-pass, depending on the type

used.

A trouble which occasionally occurs with this circuit is that the diode bias is too

small, the i-f valve draws grid current, and its reduced input impedance damps the

i-f transformer sufficiently to cause a serious drop in sensitivity with small inputs.

As the input is increased, the additional i-f bias from the a.v.c. line restores the sensi-

tivity to normal so that over a small range of input signals the receiver output in-

creases much more rapidly than the input. A receiver with this defect may show
poor sensitivity for 50 mW output, but normal sensitivity for the larger signal re-

quired to give 0.5 watt output as recommended by the I.R.E. “ Standards on Radio
Receivers, 1948.**

Additional methods of using contact potential for bias are given in Ref. 44.

(iv) Fuses
Commercial A-M receivers rarely incorporate a fuse owing to the difficulties in-

volved in providing a satisfactory one. The peak current in the primary of the power
transformer when a receiver is switched on may be twenty times the average current

for a time not exceeding 0.01 sec. This occurs during normal operation, but on the

other hand a fault resulting in twice the normal primary current over a period of time

may lead to transformer breakdown.

Since a normal cartridge fuse will blow within 0.01 sec. with five to ten times its

rated current applied, a fuse of four times the rated current of a receiver would be the

smallest value which could be used. Such a fuse would probably not fail immediately,

even with a complete short circuit on the whole high tension winding of a receiver,

and would be almost useless.

Two types of fuse which can be used satisfactorily under such conditions have been
described (Ref. 30). The first consists of the normal glass cartridge and ends, con-
taining in series a small spring soldered under tension to a fine manganin resistance

wire by means of a blob of low temperature solder (e.g. Wood’s metal). A prolonged
overload produces enough heat in the resistance wire to melt the solder and allow

the fuse to clear, but the thermal inertia of the mass of solder protects the fuse against

short duration surges. With a severe overload the resistance wire clears almost

instantaneously. An advantage of this type of fuse is the low temperature required
for operation—of the order of 100°C compared with perhaps 900°C for a normal
type of fuse.

Another fuse has been made consisting of a high melting point nickel wire with
blobs of magnesium powder in a binding varnish supported on it. Once again the
thermal inertia of the blob allows short duration surges to occiu* without damage, but
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a prolonged overload raises the magnesium powder to ignition point (about 500°C)
and the fuse clears.

A different type of proteaion has been used in other types of receivers. This
consists of an insulated strip of metal with high heat conductivity which is included

in the power transformer during winding. One end of the strip projects outside the

winding and to this a small stirrup is soldered with very low melting point solder.

A spring engages in the stirrup under tension and the primary current to the whole
receiver passes through the assembly. Any overheating of the power transformer

melts the solder and the spring disconnects one side of the mains from the receiver.

Such a device might not protect a low impedance rectifier from damage if the input

condenser were to break down, but it could save the power transformer and would
certainly prevent a fire.

A heat-operated overload cut-out is described in Ref. 65.

See also Chapter 38 Sect. 12 for general information on fuses, and Table 55.

(v) Tropic proofing
Tropic proofing has been the subject of a large amount of investigation (Ref. 40).

However many treatments described are not applicable to commercial A-M receivers

—even if only because of expense—and in any case are not required for equipment
which, although in the tropics, is to operate inside a home.

For “ commercial tropic proofing ** the following points might be taken as a mini-

mum requirement :

—

(a) Good quality resistors, derated to dissipate no more than two thirds of the

manufacturer’s rating.

(b) Good quality paper capacitors, preferably sealed in glass, but at least moulded
in some non-hygroscopic composition, with particular care (non-cracking wax or

varnish sealing for instance) against ingress of moisture along leads. Voltage rating

to be at least twice that experienced under working conditions. Mica capacitors

to be used in positions critical to leakage e.g. a-f coupling capacitors, or a.v.c. by-pass

capacitors.

(c) Mica capacitors in tuned circuits to be of silvered mica type, flash-dipped in

non-hygroscopic wax or varnish.

(d) Trimmers to have air dielectric.

(e) Power transformer to be moisture proofed, preferably by baking and vacuum
impregnation with bitumen, or with a varnish which can be made to set satisfactorily

right through the winding (this must be checked). Failing vacuum impregnation,

pitch sealing can be used providing good penetration is obtained. Penetration is

assisted by baking the transformers, standing them on edge with the top of the wind-
ing just above the surface of the pitch inunediately after baking for perhaps half an
hoiu*, and then lowering the whole transformer below the surface in the same position

and leaving for another quaner hour. The transformers can then be drained.

(f) A-F transformers and chokes to be vacuum impregnated and to have the core

connected to the winding, the whole assembly being isolated from the chassis.

(g) Coils to be wound on moulded or ceramic formers and baked, impregnated
(preferably under vacuum) and flash dipped in non-hygroscopic wax.

(h) Very fine wire to be avoided ; 36A.W.G. is a suitable minimum size.

(i) Hook-up wire to be covered only with good quality rubber of low sulphur con-
tent, or P.V.C.

(j) All corrodible metals to be suitably treated, e.g. steel to be well and heavily

plated (and lacquered where possible), aluminium to be anodised if possible or chro-
mate dipped in such places as gang plates, brass to be plated. Die castings and readily

corrodible metals, such as zinc, to be avoided.

(k) Plywood to be urea-bonded.

(l) Good quality micarta to be used for lug strips, wavechangc switch wafers, etc.

Micarta to be baked and vacuum impregnated in non-hygroscopic compound where
possible.

(m) All fimgus-supporting media such as cloth and other organic materials to be
avoided as far as possible and fungus and moisture proofed if used.
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(n) Wiring to be arranged as far as possible to minimize the effects of leakage e.g.

B -h and a.v.c. not to be wired to adjacent lugs on a lug strip, etc.

(o) All-glass valve types to be used to avoid losses in moulded insulating material,

together with high quality valve sockets.

(p) Ceramic insulation to be used in the tuning gang if possible. Micarta—if used
—must be baked, vacuum impregnated in varnish and rebaked.
Additional improvements which can be incorporated include the use of ceramic

instead of micarta for such items as lug strips, wavechange switch, and valve sockets,

hermetic sealing for individual components (particularly transformers), hermetic
sealing for the complete equipment with silica gel used for dehydration, and the avoid-

ing of contact potentials in excess of a small fraction of a volt between contacting

metals. Platings of appropriate metals can be used to minimize potential differences

between adjacent metal surfaces.

See also Chapter 1 1 Sect. 7 for tropic proofing of coils.

(vi) Parasitic oscillations
The high slope of modern valves makes them particularly liable to generate parasitic

oscillations unless suitable precautions aie taken. In a radio receiver, a power output
stage employing a high slope valve is the most probable cause of trouble, which may
show up as a continuous “ frying *’ noise, as an irritating “ buzz ” perhaps only on
loud passages, or merely as reduced output with distortion.

Parasitic oscillations often occur at frequencies of the order of 100 Mc/s with leads

from valve sockets forming resonant circuits and with a feedback path provided by a

few micromicrofarads of capacitance between plate and grid circuits. In such a

case a suitable remedy is a non-inductive resistor (say 50 000 ohms, i watt, carbon)

wired directly to the grid pin. This increases the losses in the high frequency circuit

to such an extent that oscillation is not possible.

Because the placing of wires is liable to vary between receivers, oscillation may
occur only in some receivers of a production run, but it is normal practice to provide

a grid stopper in each set to avoid rejects. In extreme cases it may also be necessary

to use stoppers in screen grid or plate circuits, but the values must be much smaller

to avoid excessive d.c. voltage drop.

Valves other than high slope output valves can be troublesome, and in one instance

some of a production run of receivers having i-f amplifiers with bare tinned-copper

leads a few inches in length connecting the grid and plate pins to the i-f transformers

were found to be oscillating at a frequency in excess of 200 Mc/s. The trouble

showed up as poor i-f sensitivity with high noise level, and was cured by wiring the hot

side of the i-f trimmer directly to the valve socket, thereby including the inductance

of the lead to the transformer in the i-f tuned circuit.

The best test for parasitic oscillation in an a-f amplifier is to examine with an os-

cilloscope the output waveform with the amplifier driven from zero input to overload

at various frequencies. Oscillation may be shown as a thickening of the trace over

part or all of the cycle or by a higher frequency superimposed on the correct trace.

In the absence of an oscilloscope, unusual or varying plate current in an output valve

may be taken as an indication of oscillation particularly if the plate current can be

varied by moving the hand near the valve.

Additional details on parasitic oscillations are given in Ref. 52.

(vii) Printed circuits

Printed electronic circuits are no longer in the experimental stage. Introduced

into mass production early in 1945 in the tiny radio proximity fuze for mortar shells

developed by the National Bureau of Standards, printed circuits are now the subject

of intense interest on the part of manufacturers and research laboratories in this

country and abroad.

Circuits are defined as being “ printed ** when they are produced on an insulated

surface by any process. The methods of printing circuits fall into six main classi-

fications. (1) Painting. Conductor and resistor paints are applied separately by means
of a brush or a stencil bearing the electronic pattern. After drying, tiny capacitors

•Reprinted by permission of The Institute of Radio Engineers from Ref. 38.
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Fig. 35.24. Positive feedback circuits for eliminating cathode bypass capacitors

(Ref. 51).

and subminiature tubes are added to complete the unit. (2) Spraying. Molten
metal or paint is sprayed on to form the circuit conductors. Resistance paints may
also be sprayed. Included in this classification are an abrasive spraying process and
a die-casting method. (3) Chemical deposition. Chemical solutions are poured
onto a surface originally covered with a stencil A thin metallic film is precipitated

on the surface on the form of the desired electronic circuit. For conductors the film

is electroplated to increase its conductance. (4) Vacuum processes. Metallic con-

ductors and resistors are distilled onto the surface through a suitable stencil. (5)

Die-stamping. Conductors are punched out of metal foil by either hot or cold dies

and attached to an insulated panel. Resistors may also be stamped out of a specially

coated plastic film. (6) Dusting. Conducting powders are dusted onto a surface

through a stencil and fired. Powders are held on either with a binder or by an electro-

static method.

Methods employed have been painting, spraying, and die-stamping. Principal

advantages of printed circuits are uniformity of production, and the reduaion of size,

assembly and inspection time and cost, line rejects, and purchasing and stocking

problems.

Sec Ref. 37 for a description of the produaion of complete radio receivers by print-

ing techniques. See also Refs. 38, 39, 46, 47, 61, 62, 63, 64.

There are components which it is not practicable to produce by printing, e.g.,

electrolytic and other high value capacitors. In Ref. 51 details are given of circuit

techniques to eliminate such components without seriously affeaing performance.

Fig. 35.24A shows a conventional two-stage triode amplifier and Fig. 35.24B a

circuit with similar gain which does not use electrolytic capacitors. In Fig. 35.24B
the removal of the cathode by-passes decreases gain and results in an a-f voltage

appearing across each of the two cathode resistors. These voltages are in opposite

phase and by adjusting the positive feedback through Rf from the cathode circuit

of the second valve to the cathode dreuit of the first valve the gain of the amplifier

can be restored to the original level.

Fig. 35.24C shows a practical amplifier with a voltage gain of 80 and a bandwidth
(3 db down) of 250 Kc/s. Fig. 35.24D gives a single valve amplifier with a gain of

1000 and a bandwidth of 100 Kc/s. Two such valves can be used in a four stage

amplifier with a gain of one million and a volume of six cubic inches.



35.9 (vii) PRINTED CIRCUITS 1285

Fig. 35.25A shows a method of eliminating screen by-passes by using positive

feedback from the plate of a following valve, while Fig. 35.25B demonstrates a screen

regeneration circuit similar to the cathode regeneration circuit of Fig. 35.24B.

Circuits for high frequency compensation by means of positive feedback used in

place of compensating inductors are also given in Ref. 51.

An analysis of a-f circuits with “ cathode neutralization ** will be found in Ref. 54

Fig. 35.25. Positive feedback circuits for eliminating screen bypass capacitors

(Ref. 51).

(viii) Other miscellaneous features

Synthetic bass is described in Chapter 14 Sect. 3(viii) and its application in re-

ceivers in Chapter 15 Sect. 12(ii).

Tone control is covered in Chapter 16.

Whistle filters are covered in Chapter 16 Sect. 11.

SECTION 10 : REFERENCES
REFERENCES DEALING WITH INTERFERENCE AND NOISE
Cl) Eaglesfield, C, C. “ Motor-car ignition interference** W.E. 23.277 (Oct. 1946) 265.
(2) Blok, L. “ Jladlo interference ** Philips Tec. Rev. 3.8 (Aug. 1938) 235.
(3) Ebel, A. J.

** A note on the sources of spurious radiations in the field of two strong signals ** Proc.
I.R.E. 30.2 (Feb. 1942) 81.

(4) Hall, G. G. “ Design problems in automobile radio receivers ** A.W.A. Tec. Rev. 4.3 (Nov. 1939)
105.

(5) Moore, T. B. “ A.G C.-noise considerations in receiver desim ** Elect. 18.5 (May 1945) 116.

(6) Herold, B. W. ** An analysis of the signal-to-noise ratio of ultra-high-frequency receivers ** R.C.A.
Rev. 6.3 Gan. 1942) 302,

(7) North, D. O. “ The absolute sensitivity of radio receivers ** R.C.A. Rev 6.3 (Jan. 1942) 332.
(8) Friis, H. T. “ Noise figures of radio receivers *’ Proc. I.R.E. 32.7 Guly 1944) 419 ; correction 32.12

(Dec. 1944) 729 ; discussion 33.2 (Feb. 1945) 125.
(9) Ledward, T. A. “ Transformer screening, suggestions for improvement ** W.W. 50.1 Gan. 1944) 15.

(10) (A) Nethercot, W. “ Ignition interference ** W.W. 53.10 (Oct. 1947) 352
(B) Nethercot, W. “Ignition interference** W.W. 53,12 (Dec. 1947) 463.
(C) Nethercot, W. “ Car-i^tion interference’* W.W. 26.311 (Aug. 1949) 251.

(11) Fabini, E. G., and D. C. Johnson ** Signal to noise ratio in A-M receivers ** Proc. I.R.E. 36.12
rDec. 1948) 1461.

(12) Middleton, D. “ Reaification of a sinusoidally modulated carrier in the presence of noise ** Proc.
I.R.E. 36.12 (Dec. 1948) 1467.

(13) (A) Hamburger, G. L. “ Interference measurement, effect of receiver bandwidth ** W.E. 25.293
(Feb. 1948) 44.

(B) Hamburger, G. L. “ Interference measurement, effect of receiver bandwidth ** W.E. 25.294
(Mar. 1948) 89.

REFERENCES RELATING TO BANDSPREADING
(14) Moxon, L. A. “ Making the Most o Short Waves ** (1 W.W. 47.6 (June 1941) 148 ; (2) W.W.

47.7 Guly 1941) 180.
(15) ** A simple bandspread system for commerdal receivers ** A.R.T.S. and P. No. 112 (Aug. 1941) 1.

(16) “An economical bandspread system for communication receivers** A.R.T.S. and P. No. 115
(Oct. 1941) 1.

(17)
‘

* The padded sianal circuit ** A.R.T.S. and P. (1) No. 128 (Mar. 1943) 1 ; (2) No. 129 (May 1943) 1.

(18) Miller, J. M. ** Thermal drift in superheterodyne receivers ’* Elect. 10.11 (Nov. 1937) 24.
(19) Foster, D. E., and G. Mountjoy, “ Short-wave spread bands in automobile and home receivers

**

Proc. t.R.E. 30.5 (May 1942) 222.
(20) Woodbridge, F. H. “ Mndspreading, its effect on the tuning rate ** W.E. 42.204 (Sept. 1940) 394.

Additional references will be found in the Supplement commencing on page 1475.



1286 REFERENCES 35.10

GENERAL REFERENCES
(21) Sturley, K. R. ** Radio Receiver Design ** Parts 1 and 2 (Chapman and Hall, London, Part 1, 1943 ;

Part 2, 1945).
(22) Zepler, E. E. The Technique of Radio Design ** (Chapman and Hall, London, 1943, John Wiley

and Sons, New York, 1943).
(23) HaUer, C. E. “ Filament and heater characteristics ** Elect. 17.7 Quly 1944) 126.

Blanerman. A. S. ** Sensitivity limits in radio manufacturing ” Elea. 18.11 (Nov. 1945) 141.

Potter, N. M. ** Dry banery charaaeristics and applications ’*^Proc. I.R.E. (Aust.) 7.1 (Jan. 1946) 3.
“ Power Sensitivity of A-F Amplifier in Radio Receivers *’ R.C.A. Application Note No. 89 (March
16, 1938) 2.
** Problems of Series Filament Operation, 1.4 Volt Valves ** Rad^otronics No. 106 (Sept. 1940) 1.
** Operation of Fifty MlLliampere Tubes by the 117N7GT,** R.C.A. Application Note No. 109
(Nov. 13, 1940) 1.

(29'i ** Radio receiver design** Radiotronics (1) No. 117 (Jan. 1946) 13 ; (2) No. 118 (Mar. 1946) 30.

(30) Strafford, F. R. W. ** Mains transformer protection ** W W. 53.2 (Feb. 1947) 51 ; correction 53.3
(Mar. 1947) 94.

(31) ** An Inverse-Feedback Circuit for Resistance Coupled Amplifiers ** R.C.A. Application Note
No. 93 Gune 8, 1938).

(32) Toth, E. “High fidelity reproduction of music** Elea. 20.6 (June 1947) 108.

(33) Grisdale, G. L.^ and R. B. Armstrong, “ Tendencies in the design of the communications type of
receiver »• Jour. I.E.E. 93 (Pt. 3) 25 (Sept. 1946) 365.

(34) Green, A. L., and J. B Rudd, “ A general purpose communication receiver *’ A.W.A. Tech. Rev.
4.4 (Feb. 1940) 181.

(35) Dialiist, “ The warning winker ** W.W. 55.2 (Feb. 1949) 43.
(36) “ A.C./D.C. voltage dropping ** W.W. 52.7 (July 1946) 236.
(37) Sargrove, J. A. “ New methods of radio production** J. Brit. I.R.E. 7.1 (Jan. 1947) 2.

(38) Brunetti, C., and R. W. Curtis “Printed circuit techniques’* Proc. I.R.E. 36.1 (Jan. 1948) 121.

(39) Brunati, C. “ New Advances in Printed Circuits ** (Nauonal Bureau of Standards, U.S. Dept, of
Commerce, Miscellaneous Publication 192, Washington, 1948).

(40) Proskauer, R. and H. E. Smith “ Fimgus and moisture proteaion ’’ Elea. 18.5 (May 1945) 119.
(41) “ A.C./D.C. heater circuits *’ Philips Tec. Comm. No. 35, p. 1.

(42) Stanley, A. W. “ Series capacitor heater circuits ** W.W. 54.9 (Sept. 1948) 332 ; correspondence
54.10 (Oa. 1948) 385.

(43) “ Grid leak bias operation of high mu triode valves ** Radiotronics 94 (Jan. 1939) 3.

(44) Sterling, H. T. “ Diode contaa potential for negative bias ’* Elect. 20.10 (Oct. 1947) 164.

(45) MeProud, C G. “ Elements of residence radio systems ’* Audio Eng. (i) 32.9 (Sept. 1948) 22 i (ii)

32.10 (Oct. 1948) 21 ; (iii) 32.11 (Nov. 1948) 20 ; (iv) 32.12 (Dec. 1948) 22.

(46) Murray, A. F. “ Present status of printed circuit techniques ’* Tele-Tech, 6.12 (Dec. 1947) 29.
(47) Murray, A. F. “ Evolution of printed circuits for miniature tubes ’’ Tele-Tech, 6.6 (June K^7) 58.
(48) McLaughlin, J. L. A. “ Haerodyne eliminator ** Elea. 22.3 (March 1949).

(49) Jaffe, D. L. “ Intermediate frequency amplifier stability faaors ’* Radio 30.4 (April 1946) 26.

(50) Scroggie, M. G. “ The a.v.c. charaaeristic ** W.W. 44.18 (May 4, 1949) 427.
(51) Sulzer, P. G. “ Circuit techniques for miniaturization ’* Elea. 22.8 (Aug. 1949) 98.“* “ Cathode Ray ** “ Parasitic oscUlaUons ’* W.W. 55.6 (June 1949) 206

Russell, G. H. “ Intermediate frequency and the Copenhagen plan : new and serious interference
problem*’ W.W. 55.9 (Sept. 1949) 322.

(54) Miller, j. M. “ ^thc^e neutralization of video amplifiers’* P.I.R.E. 37.9 (Sept. 1949) 1070.
'* You Should Know About Batteries ’’ Vesta Battery Company Limited.
* Self-charging battery /a.c. portable ’’ Radio Electrical Weekly 28.26 (April 29, 1949).

, ,
* Australian self-chaxving battery/a.c portable ** Radio Electrical Weekly 29.6 (June 10, 1949) 13.

(58) Terlecki, R., and J. W. Whitehead “ 28 volts h.t. and l.t.’* Electronic Eng. 19.231 (May 1947) 157.

(59) Adams, P. H. “ Developments in dry batteries and associated electronic equipment ’’ Proc. I.R.E.
Aust. 12.6 Gune 1951) 167.

(60) Information supplied by Mr. T. M. Chambers of Amalgamated Wireless Australasia Ltd.
(61) Paers, R. G. “Printed circuit production and assembly techniques’* TV Eng. 1.11 (Nov.

1950) 20.

(62) Tewell, W. A. "Printed circuit design methods and assembly techniques’’ TV Eng. 3.2
(Feb. 1952) 10; 3.3 (March 1952) 19.

(52)
(53)

(55)
(56)
(57)

Additional references will be found in the 'Supplement commencing on page 1475.



CHAPTER 36

DESIGN OF F-M RECEIVERS

By E. Watkinson, A.S.T.C., A.MJ.E.(Aust.), S.M.I.R.E.(Aust.)

Section Page

1. F-M receivers 1287

2. F-M/A-M receivers 1294

3. References 1296

SECTION 1 : F-M RECEIVERS

(i) Comparison with A-M. (iV) Aerial and r~f design {in) Local oscillator design

{iv) I-F amplifier {v) F-M detection and-A-M rejection.

(i) Comparison with A-M
Many of the problems encountered in F-M receiver design are new, but the majority

are similar to those in A-M receivers and yield to similar treatment to that described

in Chapter 35.

The advantages conferred by F-M are not so great that an obviously improved
service will necessarily be available to the F-M listener unless suitable programme
material is broadcast, and unless the receiver design makes full use of the increased

dynamic range, frequency response and noise reduction which are possible with F-M.
To obtain the advantages of the noise reducing properties of frequency modulation

it is necessary to design the F-M receiver with considerable care. If this is not done
the receiver can destroy much of the improvement obtainable. In many applications

F-M does offer undeniable advantages over A-M but this is not true in every case.

It should not be assumed that F-M offers a cure-all for every type of noise problem,
and for some communication systems A-M may be superior to F-M (see Refs. 9

and 24).

The main differences between A-M and F-M receivers are due to the higher fre-

quencies used for the signal, local oscillator and intermediate frequencies, the need
for greater i-f bandwidth, the different type of detection required and the necessity

for some form of amplitude rejection. New techniques required for the higher

F-M signal frequency would be equally necessary for an A-M system operating on
the same frequency.

(ii) Aerial and r-f design
See also Chapter 22 (Aerials) and Chapter 23 (R-F Amplifiers).

(A) The inductance of a straight non-magnetic wire with a length much greater

than its diameter can be obtained (Ref. 1) from the approximate formula

L - 0.005 /[2.3 log,o (4 l/d - 0.75)] (1)

where L inductance in microhenrys,

/ ^ ^ length of wire in inches,

and d = diameter of wire in inches.

The inductance of one inch of 22 A.W.G. wire is thus 0.025 ^H, and its reactance

at 100 Mc/s is 16 ohms, so that when laying out circuits for use at v-h-f every lead

used must be considered as an inductance. This factor, and the reduced input ad-

mittance of valves at v-h-f, are responsible for most of the problems in F-M receiver

front-end design.
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(B) Since at 100 Mc/s one quarter wavelength is only about 30 inches, it is quite

possible to provide a tuned aerial system with F-M receivers. A type commonly
used with console receivers is made from 300 ohm ribbon type transmission line.

The usual arrangement is approximately half a wavelength long with the two wires

conneaed together at the ends and one side cut to take the feeder. The aerial is

tacked around the cabinet, on the back or inside, or it may be placed xinder floor

coverings.

Such aerials operate quite satisfactorily at distances up to fifteen or twenty miles

from a transmitter in favourable circumstances, but they are too big for mantel models.

However a “ mains aerial ** (or “ line antenna ”) consisting of a small capacitor

between one side of the mains and the hot end of an unbalanced aerial primary can

be used with comparable results.

For improved results in difflcult locations an outside aerial should be erected

as a matter of course, and in all cases it is advisable to investigate the effect of slight

changes in position or orientation of the aerial since they may make a large difference

to the signal strength. This is due to the fact that the dimensions of the waves are

comparable with those of houses, rooms and even people, so that reflections occur,

and standing waves exist which vary in amplitude with small changes in location.

When a receiver is operated with an inbuilt aerial on low-level signals this is strikingly

illustrated by signal strength variations being caused by reflection from people moving
in the vicinity of the receiver.

(C) Aerial coil design is greatly influenced by the input conductance of the first

valve, but in all cases it is necessary for the layout of the stage to be such as to include

as much as possible of the required timed circuit inductance in the coil. This pro-

hibits the use of switching within the tuned circuit, and since a typical aerial coil

secondary inductance might be 0.06 /iH (less than the inductance of two inches of

22 A.W.G. wire) a good system is to mount the secondary coil across the tuning con-

denser (if one is used) when no a.vx. is applied to the input stage. If a. . .c. is used an

assembly can be made of the tuning condenser, tuning coil and a.v.c. by-pass. In the

usual case in which a 300 ohm transmission line is used, the main function of the aerial

coil is impedance matching and no appreciable voltage gain is obtained. In some
cases there may even be a slight loss. See Ref. 14 for calculation of aerial coil con-

stants, although in the example a 75 ohm transmission line is used.

(D) The valve used in the first stage has a considerable effect upon the signal-

to-noise ratio of a receiver. Although the impedance* between the grid of the input

valve and ground might be as low as say 800 ohms in a typical case, reference to

Chapter 23 Sect. 6 shows that the equivalent noise resistance of the valve (probably

of the order of some few thousands of ohms) is effectively in series with the input

circuit and can thus be the most importance source of noise in the first stage.

Also the input impedance of the first valve controls the Q (and thus the gain and
selectivity) of the aerial coil. It is possible to increase this input impedance—or

even make it negative— by using an unbypassed cathode resistor in the r-f stage, but

inductance in the cathode circuit and inter-electrode and electrode-to-ground capacit-

ances, which are not accurately known, make it difficult to calculate the value of re-

sistor required. A convenient experimental procedure is to couple a signal generator

to the aerial primary and to measure the voltage on the grid of the r-f valve with the

heater open-circuited. When power is applied to the heater, the voltage on the grid

of the valve will fall owing to its reduced (hot-cathode) input impedance. A suit-

able value of unbypassed cathode resistor will reduce this drop to negligible pro-

portions.

The effect of the resistor on changes in input capacitance with changing a.v.c.

voltage (see Chapter 26 Sea. 7(ii) also Figs. 23.15 and 23.16) should be checked before

the value of the resistor is finalized.

(E) The main problem with r-f stages is instability, and apart from the causes

experienced at lower frequencies, impedances common to the input and output of the

*See Chapter 2 Sect. 8 for valve admittances.



36.1 (ii) AERIAL AND R-F DESIGN 1289

stage become particularly important. These impedances are usually inductances

and at 100 Mc/s the inductance of the rotor shaft of the gang condenser becomes
sufficiently important in some cases to determine the maximum gain that can be ob-
tained from a r-f stage. This is one reason for* the use of permeability-tuned signal

frequency circuits, or of loaded resonant lines with a movable short-circuiting bar

(Ref. 2). Other couplings can be avoided to a large extent by returning all leads from
the input circuit to one point and leads from the output circuit to a different point.

If two cathode leads are available in the r-f valve they should be used for this purpose.

Coupling from output to input of the r-f amplifier can be caused by inadequate
internal shielding due to an impedance between the screen grid and the cathode.

This is usually due to the inductance of the leads in the screen by-pass capacitor, but
this inductance can be put to good effect by series tuning it to the operating frequency.

By using a small (100-500 ft/xF) mica capacitor with leads as short as possible, perhaps

i in. in all, much better by-passing is obtained than with larger capacitors. The
actual frequency of series resonance is not particularly critical. In the case of penta-

grid converters of the 6BE6 type satisfactory by-passing is particularly important to

prevent undesired impedances from appearing in the oscillator circuit.

Owing to the impedance' at signal frequencies of the B-h and filament leads it may
happen that more than one B-f- by-pass is necessary. Hot spots may occur in the

tuning range, and self-resonant by-passes (100-500 /x^F mica) should be tried at

various points in B+ , a.v.c. and heater wiring.

A stage gain of 10 can usually be obtained from a r-f stage without undue trouble,

and higher gain (at least up to 15) is possible, particularly when there is no coupling

between grid and plate circuits in the rotor shaft of a gang condenser.

(iii) Local oscillator design
See also Chapter 24.

Local oscillator stability is important in a F-M receiver because much of the noise-

reducing ability of the receiver depends on the centring of the signal on the dis-

criminator characteristic. Detuning in excess of about 25 Kc/s can noticeably affect

noise reduaion and audio distortion (Ref. 11). On the other hand even a technical

user of a F-M receiver can make tuning errors of this order. It is necessary therefore

for the local oscillator stability to be of the order of 25 Kc/s in 100 Mc/s, i.e. 2i parts

in 10 000, if the receiver performance is to be unaffected.

This requirement is not easy to meet and an average figure for an uncompensated
oscillator is more like 8 parts in 10 000. By keeping heat sources away from the

oscillator circuit and introducing compensation after all possible precartions have
been taken, a long and short term stability of 2 parts in 10 000 is possible.

Additional oscillator stability can be obtained by using automatic frequency control

if the local oscillator is a separate valve, and if suitable control voltages can be ob-

tained from the detector circuit (Refs. 10 and 21). Improvements in oscillator stabil-

ity of five to ten times are possible, but care must be taken to see that the a.f.c. will

allow the receiver to tune from a strong local station to a weak one in an adjacent

channel.

Some designs have used permeabiliiy-tuned-oscillator circuits to eliminate the

temperature instability of a tuning condenser (Ref. 11). Harmonic operation has

also been used and gives a reduction in frequency shift due to capacitance variations

when a larger tuning capacitor is used to time to the lower oscillator frequency.

Harmonic operation has the added advantage of greatly increasing the separation

between the oscillator and signal frequencies and it thus improves oscillator frequency

stability in cases where pulling is experienced between oscillator and signal frequency

circuits.

For other methods of frequency stabilization see Chapter 24 Sect. 5.

Grid-tuned and plate-tuned oscillators are not commonly used in the F-M band
because the feedback winding becomes comparable in size with the timed winding.
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This leads to tracking troubles and the possibility of an oscillator changing from grid

tuning to plate tuning or vice versa in a particular band.

Both Colpitts and Hartley circuits are used) the Hartley (Fig. 24.4B) probably be-

cause it is widely used on the broadcast band with 6SA7 type converters. However
unless the receiver has only one waveband, switching of the cathode lead is necessary

which introduces undesirable impedance between the cathode and the tap on the coil

and may lead to parasitic oscillation. Added to this the Hartley circuit is in any case

more prone to parasitic oscillation than the Colpitts, and is also liable to change over

to a Colpitts type using valve interelectrode capacitances to give a tapping point in

the oscillator circuit.

Because of this, the Colpitts oscillator is

popular in F-M receivers, and a convenient

arrangement for a two band receiver is shown
in Fig. 36.1 (from Ref. 16). The inductance

of the choke Li is small enough to be negli-

gible on the broadcast band so that it is only

necessary to switch one connection to the

oscillator circuit to change from the F-M to

the broadcast band. The ratio of internal

capacitances between screen grid and cathode

and between oscillator grid and cathode de-

termines the amount of feedback, and, if

desired, external capacitances can be added to

modify the feedback and increase the grid

current, as shown (Ci and Cg) dotted on the

circuit. However, these capacitors also have

an effect on the signal frequency circuit and sensitivity and signal-to-noise ratio should

be checked at the same time as the oscillator grid current. It may be necessary to

compromise between maximum sensitivity, maximum signal-to-noise ratio and maxi-

Fig. 36.1. Simplified switching

from Colpitts high frequency os-

cillator to Hartley medium wave
oscillator.

mum oscillator grid current.

The chokes Lj and comprise the two remaining sections of a tri filar choke made
by twisting together three lengths of enamelled 28 A.W.G. copper wire and then
winding 15 turns, closely-spaced, on a 9/32 in. former, i in. long. The sections

Lj and Lg introduce impedance between the heater of the oscillator valve and ground
so that variations in heater-cathode capacitance do not appear across a part of the tuned
circuit. This is a recommended precaution against microphony and may improve
frequency stability during the heating period (about five minutes) of the mixer.

Care is needed in the local oscillator design to avoid microphony and modulation
hum since any a-f variation in oscillator frequency results in an equivalent output
from the frequency discriminator. A check on modulation hum produced by the
local oscillator can be obtained by comparing the hum in the receiver output when
intermediate frequency and signal frequency inputs are fed into the converter grid.

(iv) I-F amplifier
^e also Chapter 2o.

When the maximum Q allowable by bandwidth considerations is used in a F-M
transformer the gain obtained with the types of valves currently used approaches
the maximum gain possible without an undesirable amount of regeneration. Usually
there are three valves amplifying at the intermediate frequency and the over-all gain
is greater than 10 000 times, so that regeneration problems are common.
A convenient method of tracing regeneration is described in Ref. 1. It consists

of feeding the i-f signal to the hot side of the plate circuit of the second last i-f ampli-
fier by means of a very small capacitor (3 /x/xF*or less), retrimming the circuit, and
converting the detector to an A-M t5rpe by open-circuiting one diode and replacing
it with an appropriate capacitor to keep the circuit aligned. When A-M signals are
fed into the amplifier the output will be due to the generator and to any regenerative
effects from earlier stages which may be present. If the receiver output is decreased
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by short-circuiting the input of the second last i-f amplifier regeneration exists and
various parts of the receiver can be short-circuited to trace it.

The method has the advantage of making it possible to deal with regenerative

signals alone in the first stage instead of regenerative plus desired signals as when
tracing regeneration by more conventional means. In addition the A’-M signal genera-
tor can be set to various frequencies in the passband of the i-f amplifier tc trace re-

generation which may be more severe at some frequency other than the centre of the

pass-band.

When regeneration occurs due to plate-to-grid capacitance in a single valve the
circuit of Fig. 36.2A (Ref. 5) provides economical neutralization as illustrated in

Fig. 36.2B. Phase shifts and stray inductances complicate the circuit sufficiently

to make the calculation of C„ difficult but an average value is about 3000 fifiF and
correct neutralizing is obtained when, using the tracing method just outlined, no
change in output occurs as the input transformer is tuned through resonance by Cj.

Fig. 36,2. Circuit for i-f amplifier neutralization (A) Actual circuit (B) Capacitance
rearranged to show bridge {Ref. 5).

Series resonance can be obtained in i-f by-passes by allowing half-inch leads

with typical 0.01 /iF paper capacitors. Larger values may give less by-passing and
once the self-resonant frequency is passed the effective series impedance increases

more rapidly than the frequency at which the by-pass is used.

The i-f amplifier design can be responsible for poor noise rejection on the pan of

the receiver unless adequate stability is provided against the effects of time, tempera-

ture, moisture and varying signal strength. The detuning of one or more i-f tuned
circuits from the centre point of the discriminator characteristic will result in de-

creased noise rejection whether or not a limiter is used (Ref. 3).

Stability versus time characteristics are usually satisfactory when good trim-

mers arc used, but compression type mica trimmers may give trouble, particularly

when the effects of vibration in transit between factory and the user*s home are con-

sidered.

The effects of temperature and humidity can be offset by suitable impregna-
tion methods for coils and the use of low temperature coefficient condensers to tune

the transformers. Silvered-mica types are satisfactory as are most air-dielectric

trimmers.

Frequency instability with varying signal inputs applies to individual circuits

rather than to the i-f amplifier as a whole and can be caused by a decrease in regenera-

tion as gain is reduced by a.v.c. application or by valve input capacitance changes due
to a.v.c. applied to i-f amplifiers or to sudden changes in the amplitude of the applied

signal in the case of limiters. One method of overcoming the latter trouble is to use

resistance coupling between the last i-f amplifier and the limiter (Ref. 21), although
this can only be done at the expense of gain and selectivity.

When impulse noise is present the detuning with each pulse may result in phase

distortion of the signal which will no longer be centred on a symmetrical pass-band.

The noise itself will also be heard and under extreme conditions the effect of a limiter

can be to increase noise, as the increase due to mistuning more than offsets any other

effect of the limiter (Ref. 3).

In the absence of noise, detuning due to a.v.c, application decreases the amplitude

rejection of the receiver and mav increase nhase distortion.
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On the other hand, some detiming due to a.v.c. might be preferable to the amount of

detuning caused by overloading in the grid circuits on strong signals. Resistance-

capacitance networks having suitable time constants are often used to provide ad-

ditional self bias when the signal strength is high. This system is usually preferred

to normal a.v.c. application.

To minimize detiming effects the i-f amplifier must be non-regenerative and the

capacitors on the secondary—'at least—of limiter input i-f transformers should be

increased as much as the consequent reduction in gain will allow. If the primary can

conveniently be wound with a different number of turns from the secondary the prim-

ary inductance may be increased when the secondary inductance is reduced and gain

will be unchanged if remains constant. This should not be carried to

the point where detuning of the primary circuit becomes noticeable either when valves

are changed or due to differences in wiring capacitances between different chassis.

In addition, an undue increase in can cause the grid-to-plate gain to become
excessive, resulting in instability.

The same precautions can be taken with the input circuits of stages to which a.v.c.

is applied and in addition an unbypassed cathode resistor can be used to reduce input

capacitance changes. Figures 23.15 and 23.16 show the effect of varying values of

unbypassed cathode resistors on the change in input capacitance of typie 6AC7 and
6AB7 valves. For type 6BA6 a common value of resistor is 68 ohms.

(v) F-M detection and A-M re}ection
There are three main methods of performing the functions of F-M detection and

A-M rejection in commercial F-M receivers, the limiter-discriminator combination,

the ratio detector and the locked oscillator. See Chapter 27 Seel. 2 for design details

and Ref. 8 (from which some of the following information is taken) for a consideration

of the capabilities of each. • The effect of the type of detector used on over-all re-

ceiver performance can be summarized as follows.

(a) Assuming reasonably high a-f sensitivity, the use of a ratio detector can save

one valve from the number required for a receiver using a limiter and discriminator

or a locked oscillator.

(b) The downward A-M handling capability of the ratio detector is less than that

of the other two types. For the ratio detector an average figure is about 60% for

medium and large inputs whereas the other types rapidly approach 100% once their

threshold input is passed. Serious distortion occurs in a ratio detector if the down-
ward amplitude modulation is excessive since this stops the diodes from conducting

(sec Chapter 27 Sect. 2).

(c) The ratio detector gives some A-M rejection at very small inputs whereas the

limiter discriminator combination has a threshold (the beginning of limiting) below
which there is no A-M rejection. The locked oscillator also has a threshold—the

input required to lock the oscillator. As a result, interstation noise levels on a re-

ceiver using a ratio detector are noticeably low for a given sensitivity.

For medium and high inputs all three types reduce amplitude modulation to a small

percentage of the original, with the proviso in the case of the ratio detector that the

downward amplitude modulation must not exceed about 60%.
An amplitude modulated signal tuned to the mid-point of a balanced discriminator

will not give any a-f output, and in such a case the A-M rejection of the discriminator

alone is 100%. However, if the signal is not centred on the discriminator character-

istic there will be some a-f output.

Even 100% A-M rejection will not remove noise from a F-M carrier. If the carrier

is considered as a rotating vector and at a particular instant a noise carrier of twice

the amplitude and with a 180° phase difference is added to it, the resulting carrier

will be unchanged in amplitude but rotated through 180° by the noise. Thus, phase

modulation (and so equivalent frequency modulation) of the desired carrier has oc-

curred and noise must appear in the output of the detector. Since the amplitude is

unchanged there will be no limiting. In practice, both amplitude and frequency

modulation of a desired carrier occur, and although the receiver may have 100% A-M
rejection the effect of the frequency modulation cannot be eliminated.
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(d) The output of a ratio detector is proportional to the average amplitude of its

input so that some form of a.v.c. is desirable. With the other two types output is

almost independent of input above the threshold level, although some form of a.v.c.

is often used to prevent overloading of i-f stages and the consequent detuning.

(e) With each type there is a side timing response when the signal is tuned to the

skirt of the i-f selectivity curve. However in the case of the ratio detector this is at

a much lower level than the main response and tuning is not a great deal more difficult

than with an A-M receiver.

The limiter discriminator circuit gives distorted side responses at a level at

least equal to the correct timing position and tuning is not easy for non-technical

users, unless a suitable tuning indicator is incorporated in the receiver.

The locked oscillator circuit may produce severe distortion as the signal crosses

the locking threshold in the side tuning positions, or stations may tune with a definite

“ plop ** as the oscillator locks.

If a.f.c. is used it is possible to arrange for the receiver to be pulled rapidly through
the side responses by the a.f.c., thus minimizing their effect.

In general, the saving of a valve and the desirable timing characteristic of the ratio

detector make it attractive. However more care is needed in design to obtain correct

balance between the two diode circuits for maximum noise rejection, and the limited

downward modulation handling capability means that the selectivity of the i-f am-
plifier must be closely controlled in production. If this is not done, excessive selec-

tivity due to decreased coupling may introduce more amplitude modulation than can
be handled by the ratio deteaor (even without the possible addition of noise) result-

ing in severe distortion.

The standard de-emphasis characteristic required has a falling characteristic

with increasing frequency and is equivalent to that provided by a simple circuit having
a time constant of 75 microseconds. The components used to filter i-f voltages

from the detector circuit are given suitable values to provide this de-emphasis. Fig.

15.1 gives the standard curve.

Valves designed especially for limiting and F-M detection are available, namely
the gated beam discriminator type 6BN6 and the Philips “ (^-detector ** type EQ80.

In the 6BN6 two grids are operated in a quadrature phase relationship at centre

frequency and the phase of one grid voltage is caused to vary with respect to the other

about the quadrature point as the frequency is varied. The quadrature voltage is

developed by space charge coupling to a special grid to which a parallel tuned circuit

is connected. Limiting is obtained by controlling the current of an electron beam by
an apertured slot located in the beam in a region of high current density.

Typical performance of the 6BN6 (Refs. 25, 26) is that with a F-M intermediate

frequency of 10.7 Mc/s the output voltage for 75 Kc/s deviation is about 4.5 volts

r.m.s. Maximum A-M rejection with 30% A-M and 30% F-M modulation applied

simultaneously is about 35 db. The A-M rejection with respect to signal input varies

but at least 20 db of A-M rejection is obtained with 1 volt input and from 15 to 30 db
at signals above 1.25 volt r.m.s. An a-f output of 3.7 volts with less than 1% distor-

tion can be obtained using accelerator and plate supply voltages of 60 and 80 volts.

Higher voltages and correspondingly higher plate loads will give an a-f output up
to 15 volts r.m.s. for 75 Kc/s deviation which is sufficient to drive the output valve

directly.

The EQ80 (Ref. 27, from which the following information is taken) contains seven
grids of which the second, fourth and sixth grids are screen grids and the seventh is

a suppressor grid. To each of the control grids a voltage of at least 8 V r.m.s. is applied
from an i-f transformer. The mean value of the anode current is a function of the
phase shift between the two control voltages whilst the phase shift is a function of
the frequency deviation. Both functions are approximately linear when the phase
shift has a sweep between 60° and 120°.

The amplitude of the anode current is not dependent upon the magnitude of the
control voltages (provided they are greater than 8 V) so that the valve also acts as a

limiter. The ^-detector gives an a-f output of about 20 to 25 volts. The first grid
can be arranged to cut off the cathode current if the control voltages are not large

enough, so that intersution noise is suppressed.
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SECTION 2 : F-M/A-M RECEIVERS

(i) R-F section (it) 1-F amplifier (Hi) General considerations.

(i) R-F section
The valve complement and other major features of a combination F-M/A-M re-

ceiver are determined by the F-M requirements almost exclusively, and the A-M
receiver operates with a suitable selection of the parts already in use.

There are of course some additions, and the A-M tuning device is one. The two
tuning systems may use separate gang condensers or separate permeability tuning

arrangements or a combination of the two. There are two well-known systems of

tuning the two bands with one control, one using a tuning condenser with A-M and
F-M sections on the same rotor shaft, and the other with a cam on the rotor shaft of

a normal A-M type gang, the cam operating slugs in the F-M coils.

On the F-M band, tuning should be accurate within about 20 Kc/s in a band of

20 Mc/s—one part in one thousand which is comparable with a required A-M setting

accuracy of about 1 Kc/s in a band of about* 1000 Kc/s. Thus a tuning rate which is

satisfactory for the A-M broadcast band should be suitable for the F-M band.

Much of the ingenuity in combined F-M/A-M design is directed towards the

elimination of switching, particularly in hot circuits. This is not so much to save the

cost of the switching but to avoid the losses in leads to switch contacts and in the

additional stray capacitances which are introduced.

One example of this can be seen in Fig. 36.1 where one switch section is saved by
converting the oscillator from a Hartley on p-m oipolc

A-M to a Colpitts on the F-M band.

Fig. 36.3 (taken from Ref. 10) shows a

system of combining short wave A-M input

with F-M band input without switching

and without undue loading of one circuit

by the other.

Untuned r-f amplification also saves

switching, and choke coupling can conveni-

ently be used or a mixture of choke feed for

the r-f amplifier on the F-M band and re-

sistance feed on the A-^ -band. In this

case there is of course a considerable loss in Fig. 36.3. Combined F-M band

image rejection compared with that obt^jf- A-M short wave band input

able with tuned r-f amplification, ^ circuit (Ref. 10).

Other systems which have been used include a circuit in which the r-f stage is used
only on the F-M band with an A-M loop switched to the converter grid for A-M
reception, and a more complicated one (Ref. 4) in which the F-M signal is convened
by a 12BE6 to the 10.7 Mc/s intermediate frequency and is then amplified by a second
12BE6 operating as an i-f amplifier. On A-M the second 12BE6 becomes the con-
verter by comparatively simple switching, and an A-M loop is connected to its grid

while the F-M second i-f amplifier becomes the single A-M i-f amplifier. The first

12BE6 is not used in A-M reception.

(ii) I-F amplifier
As in the r-f section of the receiver, it is important to avoid switching hot circuits

in the i-f amplifier, and the fixed tuning and large frequency difference between
10.7 Mc/s and 45S Kc/s fortunately makes a simj^e series connection of the two i-Fs

quite satisfactory (see Chapter 26 Sect. 3),

One trouble experienced with this system is that when operating on A-M, spurious

responses (e.g. oscillator harmonics) can set up large signals across the 10.7 Mc/s
tuned circuits and may overload later i-f amplifiers, interfere with a.v.c. arrangements
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Converter I-F Ampliftcr Pot>o- Detector Driver Potio - Detector

Fig, 36.4. Combined F-M A~M i-f channel using one A-M i-f amplifier and two F-M
i~f amplifiers.

or cause other trouble depending on the circuit of the subsequent sections of the re-

ceiver. To minimize this trouble it is common practice to switch the converter output
to the appropriate (10.7 Mc/s or 455 Kc/s) winding. In such a case the secondary
and all other i-f windings (except the output windings) would be series connected.

Separate converters, each connected only to its own i-f, have also been used. This
eliminates the spurious response trouble, allows very simple switching between bands
(only the converter B supply need be switched) and allows more flexibility in the F-M
oscillator design.

When using a ratio detector, two i-f amplifiers are needed, and with a limiter-

discriminator combination an extra valve is required. As against this the i-f amplifier

for an A-M receiver needs only one valve, particularly if of the high slope type com-
monly used as F-M i-f amplifiers.

One method of obtaining an extra F-M i-f amplifier was mentioned in sub-section (i)

the case in which the A-M converter was switched to carry out this function. How-
ever, the more usual arrangement is shown in Fig. 36.4 for the case of ratio detector

F-M receiver. A combined detector of the triple-diode-triode type could be used to

save one valve, but the main point is that the last A-M i-f is not connected in series

with the F-M winding, to avoid the necessity for switching a high level i-f circuit.

F-M detection can be carried out by tuning the F-M signal to the skirt of the i-f

response and applying the resultant amplitude and frequency modulated wave to a

diode. The amount of A-M introduced can be high (see Fig. 26.6) so that a few times

greater detection sensitivity is available than from a conventional discriminator.

This is obtained at the expense of distortion, the degree of which is dependent on the

degree of non-linearity of the i-f skirt characteristic, and the circuit also gives two
tuning points. Tuning must be for minimum distortion which is not necessarily

obtained at the same tuning point as maximum volume or maximum signal-to-noise

ratio. An additional disadvantage is that the circuit has no inherent amplitude re-

jection properties, as has a discriminator, although a limiter could be used.

(iii) General considerations
The problem of providing comparable a-f output on F-M and A-M has different

aspects depending on the type of detection used in each case

With a ratio detector the a-f output is approximately proportional to the r-f input

so that some form of a.v.c. is needed, as with an A-M diode detector. The direct

voltage generated by the detector provides an excessive amount of control when
applied to the grid of the i-f amplifier unless high a-f gain is provided or unless delay

is used. The circuit of Fig. 27.38B can be used for delay if a diode is available.
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However “ partial limiting ** as discussed in Chapter 27 Sea. 2(iv)C provides a

satisfactory a.v.c. characteristic and at the same time removes the need for any other

means of A-M deteaion since if suitable constants are used this is carried out satis-

faaorily in the control grid circuit of the driver of the ratio detector. The direa
voltage available from this circuit can also be used as an a.v.c. voltage for previous

stages (on A-M or F-M).

If about one third of the a-f voltage developed in the “ partial limiter ** grid circuit

is uspd on A-Mj and the full ratio detector output on F-M, similar a-f output will be
obtained from the receiver over a range of input signals with each system.

A small disaiminator bandwidth (some commercial designs have a width of only

200 Kc/s) will inaease the a-f output, which would allow a larger fraaion of the

A-M output to be used, and inaease the output available from small signals with

each system.

In the case of a limiter-discriminator combination having A-M taken from the

input to the limiter stage, the a-f output is high and almost constant on F-M but

is much less with small inputs on A-M. A poor A-M a.v.c. characteristic which
allows the a-f output to increase rapidly can provide approximately eoual F-M
and A-M output when reasonably large A-M signals are received.
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SECTION 1 : A-M RECEIVERS

(f) Introduction (ii) Definitions (Hi) Equipment required (iv) Measurements
and operating conditions (r) Measurements (vi) Performance tests.

(i) Introduction
Few of the results of measurements made on radio receivers can be expressed as the

difference between an ideal receiver and the receiver under test. For this reason it

is desirable to adopt standard methods of measuring the performance characteristics

of receivers and of presenting the results of those measurements. When this is done
direct comparisons between receivers are possible, whereas if for instance one manu-
facturer expresses noise as the percentage of output voltage remaining when the 400
c/s 30% modulation is removed from the modulated carrier required to give standard

output, and another follows the English R.M.A.* recommendation and expresses it

as the unmodulated r-f input carrier for which the output is equal to the output given

by a 10% modulation of that carrier at 1500 c/s, then it is not easy to form any opinion

of the relative merits of receivers measured under the two systems.

Unfortunately there is no standard international method of measuring receiver

performance and the two series of tests due to the American LR.E. (Ref. 1) and the

English R.M.A.* (Ref. 2) differ in important details. The main requirements of the

two testing specifications are given in this chapter.

(ii) Definitions
(A) Standard input voltages (I.R.E.) “ Four standard input voltages are speci-

fied for the purpose of certain tests, as follows :

(1) A “ distant-signal volttge” is taken as 86 decibels below one volt, or 50 micro-

volts.

(2) A “ mean-signal voltage **
is taken as 46 decibels below one volt, or 5000 micro-

volts.

(3) A “ local-signal volugc ” is taken as 20 decibels below one volt, or 100 000
microvolts.

(4) A “ strong-signal voltage ** is taken as one volt.

(B) Antenna sensitivity-test input (I.R.E.) “ The sensitivity input is the least

sipial-input voltage of a specified carrier frequency,, modulated 30 per cent at 400
cycles and applied to the receiver through a standard dummy antenna, which results

*Thi8 standard is now obsolete and it is understood that a new R.I.C. standard is in course of pre-
iration. References to the old standard have been included where it appears that they convey useAil
formation or follow current practice.
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in normal test output when all controls are adjusted for greatest sensitivity. It is

expressed in decibels below 1 volt, or in microvolts.**

(C) Normal test output (I.R.E.) For receivers capable of delivering at least

1 watt maximum undistorted output, the normal test output is an audio-frequency

power of 0.5 watt delivered to a standard dummy load.

For receivers capable of delivering 0.1 but less than 1 watt maximum undistorted

output, the normal test output is 0.05 watt audio-frequency power delivered to a

standard dummy load. When this value is, used, it should be so specified. Other-

wise, the 0.5-watt value is assumed.

For receivers capable of delivering less than 0. 1 watt maximum undistorted output,

the normal test output is 0.005 watt audio-frequency power delivered to a standard

dummy load. When this value is used, it should be so specified.

For automobile receivers, normal test output is 1.0 watt audio-frequency power
delivered to a standard dummy load.**

The English R.M.A. recommends a standard output of 50 milliwatts measured
across a non-inductive resistance connected in place of the speaker voice-coil and with

an impedance equal to the modulus of the voice-coil impedance at 400 c/s.

A level of 1 mW has been suggested (Ref. 3) for communication receivers intended

for phone operation or for connection to a land line. An alternative of 0.1 mW is

suggested in Ref. 4 for special conditions.

The use of 500 mW for large receivers has the advantage of decreasing the effects

of hum and noise on the standard output, but when simple a.v.c. is used the sensi-

tivity may be affected by the a.v.c. before the standard output is reached, so that

sensitivity and the a.v.c. characteristic both affect the results obtained.

(D) Maximum undistorted output (I.R.E.) “ The so-called maximum imdis-

torted output is arbitrarily taken as the least power output which contains, under
given operating conditions, a total power at harmonic frequencies equal to 1 per cent

of the apparent power at the fundamental frequency. This corresponds to a root-

sum-square total voltage at harmonic frequencies equal to 10 per cent of the root-

sum-square voltage at the fundamental frequency, if measured across a pure resist-

ance. (The root-sum-squarc voltage of a complex wave is the square root of the sum
of the squares of the component voltages.)**

(E) Bandwidth (I.R.E.) “ As applied to the selectivity of a radio receiver, the band-
width is the width of a selectivity graph at a specified level on the scale of ordinates.*’

(F) Standard antenna (I.R.E.) “ A standard antenna is taken as an open single-

wire antenna (including the lead-in wire) having an effective height of 4 meters.**

(iii) Equipment required
(A) Standard signal generator (English R.M.A.) '' Signal generators shall

give readings of microvolts to ± 10% up to 10 megacycles per sec. and to ± 25%
above 10 megacycles. Their frequency calibration shall be within 1% or within
10 kc. whichever is the greater and incremental frequencies shall be within 0.5 kc ;

the modulation shall be accurate to within 1/10 of the nominal percentage.”

I.R.E. recommendations include the following three points :
—

(1) At broadcast frequencies an output voltage indication accuracy within 10%
is usually adequate. At higher frequencies an accuracy of indication within 25% is

satisfactory.

(2) A frequency indication accuracy of 1% is generally sufficient, but for selectivity

or interfering-signal tests the radio frequency should be adjustable in small incre-

ments about the desired frequencies and adjustment and indication to within 0.1

per cent of the carrier frequency are desirable.

(3) Frequency modulation should be kept as low as possible. The maximum
permissible frequency modulation in cycles is given by (50 -|- 100)w, in which /c
is the carrier frequency expressed in megacycles and m is the modulation factor.

Built-in 400 c/s modulation facilities arc usually provided, at least for 30% modu-
lation and sometimes for varying depths. The 400 c/s source should have low dis-

tonion (not greater than 1 %). It is desirable for modulation depths between 0 and
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90®o to be available and- modulation distortion should be small. There should be
provision for the connection of an external a-f generator so that the modulation fre-

quency can be varied between the limits of 30 and 10 000 c/s.

The r-f output should be variable at least between one microvolt and one volt,

but a maximum output of two volts is useful.

A smooth, backlash-free drive is necessary, with a movement slow enough and
scale large enough for small increments of frequency to be accurately recorded when
selectivity curves are being taken.

Fig, 37.1. Standard
dummy antenna and method
of connection {from Ref. 1).

(B) Standard dummy antenna (I.R.E.) “ The elements of the standard dummy
antenna are capacitors (C, and Cf) of 200 and 400 micromicrofarads, respectively,

an inductor L of 20 microhenrys, and a resistor R of 400 ohms, connected as shown
in F’g. 37.1 . The effective values of Ry L, and C should be within 10^!(, of the nominal
values. The stray capacitance between any two points must be so small as to be
negligible at operating frequencies, and the dummy antenna must be so devised as

to avoid coupling to other equipment. If the output impedance of the attenuator of
the signal generator is not negligible with respect to that of the dummy antenna,

this impedance should be deducted from the respective constants thereof.

The leads used in connecting the standard-signal generator through the dummy
antenna to the receiver should be so short as to introduce negligible voltage drop.

They should be shielded to reduce external fields.”

(C) Output-power-measuring device (I.R.E.) “ The standard dummy load

is a pure resistance which should be of sufficient power capacity to carry the maximum
power output of the receiver without change in its resistance. If provided with taps,

these should be sufficiently numerous to allow adjustment to w ithin 10‘\, of the proper
value. The precise value of the resistance of each step should be known.

Dry-recti fier-iype voltmeters, vacuum-tube voltmeters, or thermocouple-type

ammeters are suitable for measuring the power delivered to the standard dummy
load. They may read root-sum-square values and be calibrated in current, voltage,

power, or directly in decibels, the former units being more commonly used. While
dry-recti fier-type voltmeters are subject to temperature and frequency errors these

are usually not of sufficient magnitude to affect the measurements seriously, so long

as distortion is not high.”

(D) Audio-frequency generator The output of the a-f generator should be
sufficient to modulate the r-f signal generator to lOO^’,, from 30 to 10 000 c/s, and to

drive the output valve of the receiver to full output when connected to its grid circuit.

The maximum harmonic distortion should not exceed U’,,.

(E) Audio-frequency attenuator An attenuator is desirable which gives known
a-f output voltages continuously variable between 1 V and 1 mV when supplied with

a 1 V (or larger) input. Commercial types are available with an output range of 1 V
to 1 /LtV. The calibration should be accurate (or the correction Imown) over the

range of frequencies to be used.

(F) Wave analyser A wave analyser is required to measure the relative magni-

tudes of harmonics and inter-modulation products. The I.R.E. requirements for

such an instrument are “ the accuracy of measurement of each frequency should be

within of the indicated harmonic amplitude, and sufficient selectivity should be
available to prevent adjacent harmonics at any measured frequency from influencing

the results. In this type of analysis it is, of course, necessary that the signal-generator

harmonics be small in comparison with the harmonic distortion being measured.”
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A distortion-factor meter can be used to measure total distortion* i.e. the re-

ceiver output at all frequencies except the fundamental of the signal source. It is

worth noting that the English R.M.A. definition of ** distortion factor is

where n represents the order of an individual harmonic. This expressionf loads the

higher harmonics in proportion to their order.

An I.R.E. recommendation is If an instrument is used which makes a lumped
measurement of all distortion, by elimination of the fundamental, a high-pass filter

should be used, in order to eliminate hum and similar low-frequency noise from the

result.**

(G) Meters. Meters are required to cover the range of voltages and currents to

be measured. Valve voltmeters are useful for measuring small a.c. voltages and
currents and for making measurements in which a minimum of circuit loading is

necessary (e.g. a.v.c. bias voltages).

(H) l^idpment for acoustical tests A number of I.R.E. and English R.M.A.
tests are of an acoustical nature. For information on the equipment required and the

testing conditions. Refs. 1 and 2 should be consulted.

(iv) Measurements and operating conditions
(A) Output measurements The I.R.E. requirement is that output measure-

ments are to be made in terms of the power delivered to a standard dummy load, which
is a pure resistance of a value equal to the 400 c/s impedance of the loudspeaker

to be used with the receiver. Where an output transformer is connected between
the radio receiver and the loudspeaker, the output transformer is to be treated as part

of the radio receiver.

There are special requirements when power output is to be measured in the presence

of background noise. If the background noise power is smaller than the output

power being measured, the incremental reading of output power may be used. With
a thermocouple output meter the incremental output power is equal to the observed

total power minus the observed noise power. If another type of output meter is used,

a calibration should be made in terms of incremental power.

If the background noise is greater than the output power being measured, it is

desirable to use a band-pass filter tuned to the test audio frequency to remove the

background noise wholly or partially from the output meter. This filter should be
connected between the load and the output meter.

Alternatively an electrodynamometer with its field synchronously excited from the

original source of modulation can be used.

(B) Summary of additional I.R.E. requirements ** The operating voltage

applied to a radio receiver should be held constant at the specified value during

measurements of receiver characteristics. Certain receiver characteristics may be
desired at other than normal test voltage, or over a range of operating voltages, in

which case a statement of the voltages used should be included in the test data. In

any case, tests should be made to check whether the receiver operates satisfactorily

over the full range of operating voltage that is liable to be encountered in practice.

A.C., A.C./D.C., or D.C. receivers should be tested with 117 volts r.m.s. A.C. or

117 volts D.C. applied, unless some other operating voltage is stated.

Automobile receivers should be tested with 6.6 volts at the receiver-banery terminals.

The voltage should be obtained from a battery being charged at the required rate

and not by the use of a dropping resistor. 32-volt farm-lighting-plant receivers are

tested with 36 volts.

*Tottl harmonic distortion, see Chapter 14 Sect. 2 (iv) p. 609.
tThis is the same as the Weighted Distortion Factor described in Chapter 14 Sect. 2(v) p. 610.



37.1 (iv) MEASUREMENTS AND OPERATING CONDITIONS 1301

Other battery-operated receivers are tested with batteries of the type and voltage

specified. The batteries used should not have abnormally high internal resistance.

The valves used should be selected to have the rated values of those characteristics

which most affect the performance of the receiver.”

(C) Summary of English R.M.A. requirements The receiver is to operate

in its cabinet for at least half an hour before tests begin.

All batteries are to be at their normal operating voltages. The internal resistance

of the H.T. battery is to be increased by adding, in the H.T. negative lead, a resistance

equal to 1 ohm per cell. Care should be taken to see that the added resistance does
not affect the grid bias.

Where the receiver carries a mains tapping device and a number of marked ranges,

the applied voltage should fall in the middle of one of these ranges, the midpoint being
calculated as a geometric mean.

(v) Measurements
Tests are applied to receivers for various reasons ; as an aid to design, to compare

different designs, to compare a mass-produced receiver with a laboratory prototype

and as a preliminary to repairs. Appropriate tests should be selected from the follow-

ing sections to suit the required object, or perhaps the available equipment. An
arbitrary distinction has been drawn between measurements (carried out with volt-

meters and ammeters) and tests, which in general need more equipment.
For normal voltage and current measurements receivers and amplifiers should

be operated without input or output, and bias-controlling volume controls should

be turned to maximum.
If all voltages are to be checked it is necessary to use a high impedance meter

(20 000 ohm/volt or more) but most important checks can be made with 1000 ohm/
volt meters. In any case allowance must be made for meter resistance in all high
impedance circuits and it is useful to know the actual value of resistance for any
particular range in use.

Measurements of grid bias should normally be made either across the cathode bias

resistor (if any), or between the cathode and the earthy end of the grid resistor. This
will give the grid-cathode voltage unless current is flowing in the grid resistor. The
latter may be checked by short-circuiting the grid resistor with a suitable current

meter in the plate circuit, and noting any change in reading.

There are two methods which can be used to determine plate and screen voltages

when high values of series resistors are used. The first is the direct method, noting

the reading on a high impedance voltmeter and making allowance for the meter re-

sistance. If a suitable two range voltmeter is available, the method described by
Lafferty may be used to determine the correct voltage— see Chapter 4 Sect. 7(iii)

pages 163-164, and fcqns, (10) and (11). Alternatively, the series resistor in the volt-

meter may be shunted by an external resistor of equal value, with a switch to remove
the shunt when required. This gives a scale ratio of 2, and enables eqn. (11) on page
164 to be used. The shunt resistor may well take the form of a decade box, accurately

adjusted to the internal voltmeter resistance. Other methods of making allowance

for meter resistance may introduce serious errors.

The second method of measuring plate and screen voltages, which may be called

the indirect method, is to measure the voltage from B 4- to cathode and also the ctirrent

to the electrode. The value of the series resistor should then be measured, and the

voltage drop across it may be calculated by Ohm’s Law.
An example of the error which may be introduced by other methods is given below.

Suppose that a 20 000 ohm/volt meter on the 25 volt range is used to measure the

bias voltage (from grid to cathode) on an output valve which has back bias and a 0.5

megohm grid resistor.

Although the meter resistance is equal to the resistance of the grid leak so that half

of the bias voltage appears across the meter, only one half of the generated bias voltage

is applied to the grid of the valve, its plate current is increased, and a larger voltage is

developed across the back-biasing resistor. The indicated bias voltage is thus more
than half the working bias voltage.
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voltages and currents are being me;asured to check valve electrode dissipation

or component ratings it may be necessary to modify receiver operating conditions to

obtain the worst conditions for the component in question. For example tuning a

strong signal with a back-biased receiver will decrease the bias on the output valve

and may cause the plate dissipation to exceed the limit. The effect of component
tolerances must also be taken into account.

A measurement of, say, oscillator grid current at low voltages as part of a type test

in a battery receiver at low voltages would not be considered finished until many
valves had been measured to determine the average and minimum values, or unless

valves with bogie and limit characteristics were available.

The maximum temperature rise allowed in radio power transformers by R.M.A.
specification M4-541 is 65°C (core or windings whichever is greater) when operated

continuously with the specified load, at the specified frequency, under standard con-

ditions and at a voltage 10% above that of the standard line voltage.

The standard conditions arc set out in M4-546 and require a specially constructed

asbestos box. The core temperature is measured with an all-glass mercury bulb

thermometer brought into good contact with the surface of the core by means of

glazier’s putty.

The temperature of the primary and secondary windings are determined by the

resistance method using the following formula : (A.I.E.E. Rule 13-207)

t = reference temperature of winding
T '-= temperature of winding to be calculated

r = resistance at reference temperature t

R = observed resistance at temperature T

r - - (234.5 + t) - 234.5.
r

The observed resistance R is to be measured within one minute from the com-
pletion of the test run, that of the highest voltage secondary winding being measured
first and that of the primary winding being measured second.

The temperature rise of the transformer is determined by subtracting the tem-
perature of the ambient air within the enclosure at the end of the test from the tem-
perature of the core or windings (whichever is highest) at the end of the tests.

In determining the ultimate temperature of the core and windings, the operation

of the transformer is continued until temperatures within the enclosure show constancy

for three successive readings at intervals of at least 15 minutes.

An ambient temperature of 40°C is maintained within the enclosure throughout

the test.

(vi) Performance tests

(A) Sensitivity

All measurements, including sensitivity, which are made with the signal generator

output applied to the aerial terminal of a receiver require a standard dummy antenna
to be connected between the two, except that in the case of a receiver designed for

use with a special aerial, a dummy aerial is required with constants giving an im-
pedance characteristic similar to the special aerial. The sensitivity is expressed as

the input required to give standard output from the receiver. The input referred to

is the open circuit voltage from the signal generator, modulated 30% at 400 c/s.

For purposes of recording results sensitivity is usually measured at or near the three

tracking points on each wave range, but when curves are to be drawn additional points

are required.

With sensitive receivers noise forms a large part (or all) of the output in sensitivity

measurements, and alternative methods of measurement which specify the input
required to give a minimum signal-to-noise ratio are becoming increasingly popular.
One method is to specify the input required to give equal signal and noise outputs
i.e. when the modulation is switched off the output power is halved. A signal-to-

noise ratio of 15 db is more commonly used for communication work in England, this

ratio being taken as providing satisfactory intelligibility.
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When the signal-to-noise ratio method of measurement is used for all types of re-

ceivers it is necessary to make provision for insensitive receivers by defining sensitivity

as the input requir^ to give a certain signal-to-noise ratio, or the input required to

give standard output, whichever is the greater.

Sensitivity measurements on telegraphy receivers arc carried out by adjusting the
beat note to the peak of the a-f response.

To check the gain of individual stages in a receiver, a measurement is made of the

input to successive grids required to give standard output from the receiver. The
generator is coupled to the receiver by means of a large capacitor (say 0.1 ^F)
and the normal connections to the grid are not disturbed.

Measurements made in this way are liable to errors at high frequencies and when
regeneration is present. At high frequencies the inductance of the generator output
leads and the input capacitance of the stage being measured may seriously affect the
results.

During measurement, regenerative effects may be eliminated by the low impedance
of the signal generator connected between grid and ground but when the gain from
the previous grid is measured the regeneration will re-appear so that the apparent
gain of the earlier stage is its true gain multiplied by the gain due to regeneration in

the subsequent stage.

The regeneration may be from causes such as feedback due to the plate-grid capacit-

ance of an i-f amplifier, or in the case of a converter it may be due to oscillator voltages

on the signal grid. For the latter reason, measurements of conversion gain and r-f

gain (or aerial coil gain if no r-f stage is used), particvilarly at high frequencies, should
be treated with reserve unless it is known that these effects were not present.

(B) Selectivity

Selectivity measurements are made with the object of determining the frequency
separation necessary to eliminate interference between a desired signal and a stronger

undesired signal.

It is not possible to specify one selectivity test the results of which will be a measure
of the interference to be expected, because there are several ways in which interfer-

ence can occur.

These are :

—

(1) Because of inadequate selectivity the two modulated carriers may both be pre-
sent at the second detector, and although no noticeable interaction occurs between
the signals, they are both heard-

(2) The desired carrier may be modulated by the modulating frequencies of the
undesired carrier (cross-modulation).

(3) A reduction of the a-f output from the desired carrier may be caused by a.v.c.

voltages developed by the undesired carrier, or by demodulation by the undesired
carrier.

(4) When the frequency separation between adjacent carriers is an audible frequency
a continuous heterodyne is heard. This effect is very noticeable in receivers with a
good high frequency response as they are capable of reproducing frequencies of 9
or 10 Kc/s by which medium wave broadcasting stations are separated.

(5) Intermodulation may occur between two stations of which the frequency differ-

ence or frequency sum is the same (or nearly the same) as the frequency of a desired
station. An intermodulation product can then interfere with a desired signal.

(6) Distortion in the receiver may produce harmonics of an undesired signal which
interfere with a desired signal,

(7) “ Monkey chatter ” may occur due to the sidebands of the undesired carrier

being detected, with frequency inversion, as sidebands of the desired carrier. For
example, if the desired carrier is separated by 20 Kc/s from the imdesired carrier,

which is lower in frequency and which is modulated by frequencies of 7 and 12 Kc/s,
the higher sidebands of the undesired carrier become respectively 13 and 8 Kc/s
lower sidebands of the desired signal.

Sturley (Ref. 3) points out a less commonly recognised extension of this effea.
The presence of small percentages of a-f harmonics may greatly extend the carrier
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frequency separation across which monkey chatter may occur. For example, sup-

pose a strong local station on 1000 Kc/s induces 1 volt 50% modulated at 7 Kc/s in

the aerial of a receiver timed to 1030 Kc/s. If there is a fourth harmonic sideband

percentage of 0.1% the amplitude of the upper frequency harmonic sideband (1024

Kc/s) is 500 ftV. A station on 1030 Kc/s would thus have added to it a 6 Kc/s
sideband of ample power to cause over-modulation at low signal levels.

An investigation into the poor agreement between selectivity as measured by the

one or two signal generator methods and actual performance on the air is detailed in

Ref. 13.

The I.R.E. recommendation for a single signal selectivity test is that the receiver

be tuned to the test frequency as in the sensitivity test. The signal generator is then

detuned each side of resonance, the radio-frequency input voltage which results in

normal test output is observed, and its ratio to the sensitivity-test input is computed.
If this test is made at only one frequency in superheterodyne receivers it is recom-
mended that this be 1000 Kc/s.

When the selectivity of the a.v.c. circuit is the same as that of the signal circuit

no special precautions are necessary. However if there is any appreciable difference

between the two sclectivities it is recommended that the a.v.c. voltage be maintained

at the value obtained at centre frequency. This method provides an indication of the

circuit selectivity rather than of discrimination against interference.

Errors may occur in very selective receivers because the receiver output is the

result of applying a band of frequencies (carrier and upper and lower sidebands) to

a sloping characteristic. To avoid this effect an unmodulated carrier can be used and
diode current in the second detector circuit taken as the output indication.

Another point which may give trouble is that with very sensitive receivers the

majority of the standard output at full sensitivity is noise. A different signal-to-

noise ratio at standard output will be experienced when tuning towards a strong

carrier and a faulty reading will be obtained. To overcome this a reference input

is often selected to give a good signal-to-noise ratio while still leaving the a.v.c. in-

operative—10 is a suitable input in many cases.

Two-signal tests are specified by the I.R.E for cross-talk, whistle and blocking

interference. The signal generators are preferably connected in series but parallel

connection is possible with special dummy aerials. The radio receiver is tuned to the

desired signal at one of the standard test frequencies and at one of the standard input

voltages. The receiver volume control is adjusted to give normal test output when
the signal is modulated 30% at 400 c/s, after which the modulation is switched off.

An interfering-signal input voltage is applied to the receiver, in addition to the

desired signal which remains unchanged. The interfering signal is modulated 30%
at 400 c/s. The interfering signal is tuned through a wide frequency range and the

interference-test input voltage which gives interference-test output at 400 c/s (30 db
below standard output) is observed wherever its value is less than one volt. Read-
ings are not taken for carrier spacings so close that beat note interference is more
severe than cross-talk interference.

Such a test is the only type of selectivity test which shows correctly the selectivity

curve, at reduced sensitivity, of a receiver having a.v.c. It is also the only method
by which the selectivity of a receiver having automatic selectivity control can be
tested direedy.

The interfering signal may also reduce the desired-signal output by a.v.c. action

or overloading. Blocking interference tests can be carried out for this effect (as

specified by the I.R.E.) by modulating the desired signal and measuring the change
in output with varying signal strength and frequency of the unmodulated signal.

The results of blocking signal tests can be plotted on the same sheet as the results

of the two-signal cross-talk tests.

The two-signal whistle interference test specified by the I.R.E. indicates the greatest

interference input permitted without the output exceeding the equivalent of approxi-
mately 1% modulation of the desired signal. If the desired signal is modulated 30%,
the permitted interference output power is 0.001 of the desired-modulation output
power.
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The signals are the same as for the cross-talk test, except that the interfering signal

is unmodulated. The interfering signal is tuned through a wide frequency range> and
the interference-test input voltage, which gives interference-test output at 400 c/s,

is observed wherever its value is less than one volt. No reading is made with the
desired and undesired signals Separated by 400 c/s.

The English R.M.A. selectivity test is similar to the I.R.E. cross-talk interference

test but a 400 c/s bandpass filter is used between receiver and output meter to elimin-
ate the effect of the heterodyne between carriers. The desired signal is 1 mV, 30%
modulated at 400 c/s and the receiver volume control is adjusted to give one quarter
of the rated maximum output. Modulation is removed from the desired signal and
the input required to give an output 40 db below the previous output is noted for

various off-tune frequencies of the 400 c/s 30% modulated undesired carrier.

In Ref. 40 a test for r-f intermodulation is given. A “ wanted ** signal 30 db above
1 fjiV is applied to a receiver, the sensitivity control is adjusted for standard output
(a.v.c. switched off) and the signal is then removed.
Two interfering signals are then applied to the receiver with a frequency difference

or frequency sum equal to the frequency of the wanted signal. The interfering

signals are each 110 db above 1 /xV and neither is of such a frequency as to give an
appreciable output when applied alone. Under these conditions the receiver is not
to produce an output exceeding the standard output.

When this test is used care should be taken to see that intermodulation does not
occur outside the receiver, for instance in measuring diode circuits of signal generators.

A test for r-f harmonic generation in the receiver is also given in Ref. 40. Stan-
dard output is obtained from a wanted signal as above, and then the wanted signal

is replaced by an unwanted signal of half the frequency and at a level of 116 db above

1 /xV. The output from the receiver should not exceed the standard output. The
effect of signal generator harmonics must not be overlooked when this test is being
performed.

Sturley (Ref. 3) gives additional tests whereby the effects of heterodyne whistles,

monkey chatter and a receiver whistle filter can all be shown on a set of curves.

(C) Electric fidelity (frequency response)

The electric fidelity test specified by the I.R.E. shows the manner in,which the

electric output of a receiver depends on the frequency of the a-f modulation. The
radiation characteristics of the loud speaker are not taken into consideration and this

minimizes the value of the test.

30% modulation of a 1000 Kc/s 5000 /xV signal is used, and the receiver is tuned
to it in the following manner. Firstly the receiver is tuned to the carrier, with 400 c/s

modulation, and then the modulating frequency is increased until the receiver output

has fallen to one fifth. The receiver tuning is then readjusted slightly for minimum
output.

The receiver output is measured in terms of current or voltage in a standard dummy
load, or in terms of the voltage across or of the current in the voice coil of the loud

speaker. In the latter case, the loud speaker should be located in its baffle or cabinet,

with the receiver chassis in place. The data should include a statement of which load

is used. The receiver volume control is adjusted to give normal test output. The
modulation frequency is then varied continuously from 30 to 10 000 cycles while

maintaining 30% modulation and the output variation is observed.

If the electric- fidelity curve has decided peaks, there is abnormal tendency towards

overloading, and the observations may have to be repeated with less output.

It is frequently unnecessary to make or plot these observations below — 20 db, but

further observations may be desirable, particularly if a large amount of negative feed-

back is used.

Suitable precautions must be taken to prevent hum or noise, if present, from
affecting the accuracy of the results.

If electric-fidelity varies appreciably with the signal frequency, the input level,

the volume or tone control settings or any other parameter, additional tests should be

made to show the effect of these changes.
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(D) Harmonic distortion (I.R.E0

This test is intended to evaluate the spurious a-f harmonics which appear in the

electric output of the radio receiver during normal operation. Care should be taken
to avoid appreciable harmonic distortion occurring in any part of the signal-generating

equipment^ or in the output-measuring circuit. The required harmonic-measuring
equipment in the output circuit should not appreciably affect the output load con-

ditions. This equipment may measure each harmonic individually or may measure
all harmonics collectively. The proper tuning of the receiver is important in making
distortion tests.

No one complete set of conditions can be prescribed for this test, because har-

monic distortion depends on so many details of radio receiver design and operating

conditions. Harmonic distortion is caused by overloading and many other pheno-
mena, and is present under various operating conditions, especially at high degrees

of modulation. The following series of tests is intended to show the effect of operating

parameters on distortion.

Variation of output. The receiver is tuned to 1000 kilocycles and a ** mean-
signal ’* input, modulated 30% at 400 cycles, is applied. The distortion is noted
as the output of the receiver is varied by means of the volume control.

Variation of modulation. With a mean-signal ” 1000-kilocycle, 400-cycle-

modulated input, the modulation is varied from 10 to 100% and the distortion ob-
served. The output is maintained at normal test output by the volume control for

this test, or as near this value as possible.

Variation of input signal leveL With a 1000-kilocycle signal, modulated at

400 cycles, the distortion at normal test output is noted as the input signal voltage is

varied. This test is to be performed at both 30% and 80% modulation. It is usually

sufficient to take distortion at the standard input levels which fill within the limits

of the receiver. When a standard-signal level exceeds the limit of the receiver, a

measurement should be made at that limit.

Variation of modulation frequency. To disclose the effect of the modulation
frequency on distortion, tests on variation of output and variation of modulation

should be repeated at several modulation frequencies throughout the a-f range. The
maximum modulation frequency at which harmonic distortion can be meastured is

one-half the maximum frequency which can produce any appreciable output.

The harmonic distortion is measured across a standard dummy load and may be
measured as either root-sum-square total harmonic distortion or each harmonic may
be measured separately. It is expressed as the ratio of the harmonic voltage to the

fundamental voltage either in per cent or decibels.

Intermodulation measurements. Owing to the lack of signal generators

suitable for r-f intermodulation work, these measurements arc normally carried out

only on the a-f end of radio receivers. Sec Sect. 3(ii)A of this chapter for details.

(E) iViaximum undistorted output (I.R.E.)
“ This test is intended to indicate the maximum power output which the receiver

will deliver under given conditions, before appreciable overloading or other forms

of distortion occur. The maximum undistorted output may be determined under
given conditions by observing the total harmonic distortion, and continuously in-

creasing the output from zero up to the least value which contains a total harmonic
distortion of 10% (root-sum-squarc voltage). This value is designated the maximum
undistorted output imder the given conditions.

The data should include a statement of the operating conditions, including which
condition was varied in order to increase the output during this test. It is suggested

that the volume control of the radio receiver be varied, the other conditions being

unchanged during a single test and being chosen as suggested for the harmonic-

distortion test. Freedom from distortion depends on the r-f input voltage and on
the frequency and percentage of modulation.

It is understood that there is no sharp dividing line between appreciable and negli-

gible distortion. The figure of 10% has been chosen somewhat arbitrarily as a

reasonable basis for the definition of maximum undistorted output as affected by all

operations in the receiver.”
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(F) Automatic volume control

The I.R.E. recommendation is to tune the receiver to a mean-signal input voltage

400 c/s 30% modulated at 1000 Kc/s and to adjust the volume control so that with
one volt input to the receiver the output is one half of the maximum power output.

The output is then read as the input is varied from one microvolt to one volt.

A disadvantage of this method is that the output readings for low inputs^ from which
much valuable information can be obtained, are carried out at very low levels (perhaps
below 1 mW) and hum in the receiver output may be troublesome.

Scroggie (Ref. 6) suggests beginning the a.v.c. curve with the volume control set

at maximum and with the minimum input. Output readings are taken with in-

creasing input until the output reaches one quarter of the maximum. It is then re-

duced to one tenth of this value by means of the volume control and the input is further

increased. This procedure is repeated imtil the maximum input is applied to the

receiver. The sections of the curve are made continuous by the use of appropriate

multiplying factors. This method has many advantages—Chapter 27 Sect. 3(xiv).

Useful information can also be obtained from a noise curve plotted on the same
sheet. The same procedure is adopted as for drawing the a.v.c. curve but the input

carrier is unmodulated.

Other information sometimes added to a.v.c. curves includes graphs of distortion,

a.v.c. bias voltage and electrode current and dissipation for the controlled valves vs.

input voltage, and it may be useful to draw a horizontal line across the a.v.c. curve

(when drawn by Scroggie’s method) at a level representing the nominal output of the

receiver. Alternatively the maximum output of the receiver may be plotted.

When the converter valve has a.v.c. applied to it, detuning of the signal may occur

as the signal input is varied. This should be remedied by retuning the receiver with
each input level change if necessary.

(G) Noise
The I.R.E. recommendation is that noise should be expressed as the equivalent-

noise-sideband-input (ensi). An unmodulated input carrier of suitable strength,

E. is applied to the receiver, and the noise output power Pn is measured on a R.M.S.-
reading instrument. A 400 c/s bandpass filter is connected between receiver and
output meter, the carrier is 30% modulated at 400 c/s and the signal power output

P, is measured. Then
ensi = 0.3 E,\PJP,,

E, should be at least three times and preferably ten times greater than the computed
noise voltage.

Excessive low frequency hum components may usually be filtered out by the use

of a 300 cycle high-pass filter without materially affecting the random-noise output.

An alternative method of specifying noise is by comparing the signal-to-noise ratio

of a particular receiver with that of an ideal receiver, the difference being called the

noise factor of the receiver in question. Ignoring any noise external to the receiving

system, the only source of noise which is inseparable from an incoming signal is the

thermal agiution noise due to the radiation resistance of the antenna. Thus a signal-

to-noise ratio has its highest possible value when the noise due to the antenna radiation

resistance is the only noise soiu-ce in a receiving system.

Where a signal voltage fion* is induced into an antenna of radiation resistance Rant>

maximum signal power is delivered to a receiver with an input resistance of Rant*

This maximum power available from the antenna is

4Ran*

Similarly the noise from the antenna available to the receiver is

(enou.y 4KrJFR,„e
V 2 / ^

Rant 4Ra.l
KTAF,
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where K ^ Boltzmann’s constant ^ 1.38 x 10**^ joulc/degree Kelvin
T ^ absolute temperature in degrees Kelvin

F - bandwidth of system in cycles per second,

and the signal to noise power ratio of an ideal system is

^ nnt

AKTAFR,„, ‘

The noise factor of an ideal receiver can thus be defined as the number of times
by which the available signal power from the aerial must exceed KTAF in order to

give unity ratio of available signal to noise power.

The noise requirement for such an ideal receiver is that it must contain no internal

sources of noise. It must also present an infinite impedance to the antenna so that

there will be no loss of signal voltage. If for instance the input impedance of the

receiver weie to match the antenna impedance the voltage available to the receiver

would be one half of the signal voltage induced into the antenna and this would be

developed across one half of the antenna impedance due to the parallel connection

of the antenna and the matching input ciicuit. Substitution of these factors in the

expression above shows that in such a case the maximum noise factor obtainable is

2, i.e. 3 db
Since the requirement for maximum power transfer is that the input impedance

of the receiver should be equal to the antenna impedance, it is evident that the con-

ditions for maximum gain are in general different from those for minimum noise.

The best noise figure in practical receivers is obtained when the input impedance is

intermediate between an open circuit and an impedance match with the antenna
system.

When noise calculations are being made the value T 290°K is commonly used
as this gives KT the convenient value of 4 x 10 However, the effective tem-
perature of the radiation resistance is subject to wide variations, and is affected by the

surroundings with which the antenna can exchange energy by radiation. For in-

stance, the noise temperature of a highly directional micro-wave radar antenna pointed

at the depths of space may be only slightly above absolute zero. On the other hand
a directional 7 metre antenna pointed at parts of the Milky Way may have an effective

temperature much higher than ambient.

The noise factor of a receiver can be obtained by using a signal generator or a noise

diode (see below). With a signal generator, difficulty is experienced in that the

characteristic of the detector in the receiver may affect the ratio of signal power to

noise power. If the detector is a true power sensitive device such as a thermocouple

no error occurs, but with normal detectors error is introduced to a degree dependent
on the variation between the assumed and the actual detection characteristic.

On the other hand, if the signal generator is replaced by a noise diode, detector

distortion can be ignored since the noise from the diode has the same spectrum as

the noise from the antenna.

The signal generator method is to apply the generator output to the receiver through

a resistor Rant and to adjust the output until the indication at the receiver detector

is twice that from noise alone. The noise factor is then obtained by calculation from
the formula

noise factor F = —
where voltage output of signal generator.

Alternatively the anode current of a temperature limited diode (noise diode) can

be used as a noise source. The diode is connected with suitable d.c. isolation across

the receiver input, which is also shunted by a resistor equal in value to Rant» The
d.c. anode current of the diode is then increased until the noise output of the receiver

alone is doubled, and under these conditions the noise factor of the receiver is

. ^ ^ 2eI,AFR\nt
noise factor F = iKYlFR~

where e = charge on an electron = 1.59 x coulombs
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and I b
~ diode plate current in amperes,

therefore noise factor F = 20 I tRant at 290°K.

A comparison of the two noise factor formulae shows a second advantage of the

noise diode method, viz. : the receiver bandwidth need not be known.
Additional information on noise factors will be found in Refs. 7, 8 and 9.

(H) Hum
Hum is a low pitched composite tone which may include a component at any

integral multiple of the a-c power supply frequency. It may be due to the loud-

speaker itself, to the a-f stages or to the r-f stages.

When the field winding of a speaker is used for filtering, hum may appear in the

voice coil even although some neutralizing is accomplished by connecting a hum-
bucking coil in series with the voice coil. The I.R.E. recommendation is that this

type of hum “ should be measured in terms of the hum current through the loud-

speaker voice coil itself, rather than in terms of the voltage across the loudspeaker,

and the total hum calculated using this current and the loudspeaker voice coil im-
pedance. The loudspeaker is connected in the normal manner to the radio receiver

when the observations are made. The current measuring equipment should intro-

duce into the voice coil an impedance which is negligible as compared with the voice

coil impedance. In the case of a loudspeaker having a field coil carrying hum current,

this procedure evaluates the combined effect of hum originating in the radio receiver

itself and hum induced in the voice coil from the field coil, with due regard to their

phase relations.**

Hum from the a-f stage of the receiver should be measured
(a) with the volume control at minimum,
(b) with the volume control left at that setting which would produce normal test

output with mean-signal input, but with the intermediate-frequency-ampli-

fier circuits inactivated, as by-passing the last i-f plate to ground,

(c) with the volume control at full volume and the i-f system inactivated.
** In the case of phonograph combinations, a-f hum should also be measured with

the phonograph pick-up connected to the a-f amplifier under the following conditions :

(a) with the phonograph motor de-energized, the pick-up on the rest, and the

volume control at minimum
(b) same as (a) but with the volume control at maximum
(c) with the volume control adjusted, while reproducing the outside 1000 cycle

band on R.M.A. Frequency Test Record No. 1 to give normal test output,

the needle then lifted not more than J inch above the record, with the motor
still running.**

** Hum modulation is produced by hum sources which modulate a carrier being
received, and its intensity generally increases with increasing carrier voltage.

The hum-modulation test is intended to evaluate the hum components introduced
in a radio receiver by hum disturbances modulating the received carrier. In order

to measure hum modulation, as distinguished from a-f hum, the former is accentuated

by the adjustments of the receiver. The receiver is tuned in the normal manner
to each of the four standard input voltages at 1000 kilocycles. If the receiver has

a tone control, it should be set in the “ high ** position. The volume control is first

adjusted to give the normal test output with the given signal voltage modulated 30
at 400 cycles and the modulation is then reduced to zero. The hum is measured
with the load and output-measuring equipment connected as in the electric- fidelity

test, and is expressed in terms of reduction in decibels below standard test output.**

Hum distortion can also occur. It is identified as sidebands of frequencies

differing from the audio frequency of modulation by an amount equal to the frequency
of the hum disturbance causing the 'distortion.

A typical design likely to introduce hum distortion is one in which the plate of the

output valve is fed directly from the rectifier output (assuming a condenser-input
filter). No specific test procedure for measuring this effect is given by the I.R.E.
or R.M.A. but owing to its unpleasant effects it should be eliminated if this is possible.
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Acoustical measurement of hum output is desirable but difficult by available

methods. The results of the electric measurement must be interpreted with reference

to electric- and acoustical-fidelity curves and the characteristics of audition.

(I) Frequency shift (I.R.E.)
“ This test is intended to show the variation in the frequency of the oscillator of a

superheterodyne receiver. The tests are normally performed with the receiver timed

to a frequency in the middle of each tuning range of the receiver. If observations

under the worst conditions are desired, the receiver should be timed to the highest

frequency of each range.
“ The variation of frequency is observed with the aid of a beat note obtained be-

tween the oscillator under test and another oscillator of constant frequency. For
example, the frequency of the beat note may be observed by comparison with a cali-

brated a-f oscillator.

“ (a) The frequency varies with time during the warming-up period of the receiver

.... The time is measured from switching on the receiver but observations are

ordinarily started one minute later.

“ (b) The frequency varies with power-supply voltage in a manner that depends
on the rate of variation of this voltage. The major change occurs almost instantly

following a change of the power voltage. Therefore the test is performed as quickly

as possible to minimize other effects. In the case of operation from a 115-volt power
line, the line voltage is varied at least between 105 and 130 volts and the resultant

frequency shift is observed. The amount of frequency shift is expressed in cycles

per 1 per cent change of power voltage, as an average value over the specified range of

power-line voltage.

“ (c) If the receiver has automatic gain control, the variation of signal-input voltage

affects the oscillator frequency indirectly by way of the control circuit. The frequency

shift with variation of signal-input voltage is observed after the receiver has been in

operation a sufficient length of time to reach temperature stability.**

(J) Spurious response (I.R.E.)
“ With the radio receiver tuned to each of the test frequencies, the signal generator

should be continuously varied over a wide frequency range to discover if the receiver

is simultaneously resonant at frequencies other than thd test frequency. These other

resonant frequencies are called spurious-response frequencies and are most often

found in superheterodyne receivers. Each spurious-response frequency is noted and

the spurious-response sensitivity-test input is measured as in the sensitivity test,

provided it is smaller than 1 volt. Its ratio to the desired-signal sensitivity-test input

may be computed, and is called the spurious-response ratio.**

“ Care should be taken that the harmonic output of the signal generator is attenu-

ated sufficiently not to affect the observation of the spurious response of the receiver.**

Image response. “ A superheterodyne receiver is generally responsive, to two

frequencies whose difference from the local-oscillator frequency is equal to the inter-

meffiate frequency. One of these (usually the lower) is th6 desired-signal frequency,

and the other is called the image frequency. This is a special case of spurious-

response frequency, and is tested as such. Its observed characteristics arc referred

to as ‘ image-sensitivity test input * and ‘ image ratio.*
**

Intermediate-frequency response. “ Another special case ot a spurious-

response frequency in a superheterodyne receiver is that due to the sensitivity to an

intermediate-frequency signal input. The test procedure is the same as for other

spurious responses, and the observed characteristics are referred to as the intcrmediatc-

frequency-response sensitivity and the intermediate-frequcncy-rcsponse ratio.**

(K) Noise audibiUty (I.R.E.)
“ The actual audibility of random noise, hum, and miscellaneous noise is best

determined by a listening test. Such observations are not capable of precision, but

are fimdamentally sound, as distinguished from less direct electrical observations.

The completely assembled and operating radio receiver is placed in a quiet room, md
an experienced observer with normal hearing notes the greatest distance at which

the noise is audible under stated conditions. The distance is used to express the

audibility of the noise. The room is preferably large, or treated to minimize rever-
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beration. This method takes into account noise produced both by loudspeaker
radiation and by mechanical vibration of parts. A brief description of the sound
heard is useful, in addition to the audibility observation. Obviously, this method
is suited only for observing a small amount of noise, audible for only a short distance.

The noise-audibility test is intended to evaluate collectively random noise and hum
imder operating conditions. The radio receiver is tuned in the normal manner to

each of the four standard input voltages at 1000 kilocycles. If the receiver has a tone
control, it is set in the ‘ high * position. The volume control is adjusted to give
normal test output with the signal modulated 30% at 400 cycles, and then the modu-
lation is reduced to zero. The audibility of the remaining noise is then observed.
The residual noise audibility is likewise observed, with no signal and with the volume
control set at minimum.**

(L) Radiation from local oscillator (I.R.E.)
“ A local oscillator, such as is employed in a superheterodyne receiver, may radiate

sufficient power to cause interference in other radio receivers operating in the same
neighbourhood. Such radiation may be caused by coupling to the antenna, power
line, or other external leads, or by incomplete shielding of the oscillator and the cir-

cuits coupled thereto.

The receiver is conneaed to its proper antenna, and the electric- and magnetic-
field intensity in the neighbourhood is observed by any of the known methods. There
is no simple form for expressing the results. (The recommendation for local oscillator

radiation in F-M receivers is that results are to be expressed in field intensity as a

function of distance from the receiver under test. Observations are made at least

at the middle frequency of each tuning band, and preferably at the extreme frequencies

of each band.**

(M) Microphony
Tviicrophony troubles are of two main types, audio frequency only and those in-

volving radio frequencies. A convenient test to apply for the first type—which might
be due to feedback between the speaker and a pick-up mounted in the same cabinet

for instance—is to feed the receiver into a diunmy load with an output meter across

it, and excite the speaker, mounted in its normal position by means of a variable a-f

oscillator.

The pick-up is allowed to stand on a stationary record and a tendency to micro-

phony is indicated by appreciable output across the dummy load at any particular

frequency. When the voltage across the dummy load equals the voltage across the

speaker, microphony would occur (assuming equal speaker and dummy load im-

pedance at the frequency concerned). Another speaker can be used instead of a

dummy load if desired, so long as no sound from this speaker reaches the receiver.

This test has the advantage of indicating the margin available in a particular model

before sustained microphony will be experienced. It can also be used for types of

microphony involving radio frequencies, but owing to the increased number of pos-

sible variables it loses some of its advantages. Tests outlined in (O) 1 below may
be used for r-f microphony.

(N) Phonograph combinations (I.R.E.)
** In addition to the above tests on radio receivers, there are several special tests

which reveal useful information on the operation of the phonograph portion of com-

bination receivers ... In addition to hum, the following characteristics should be

measured :

(1) Electric fidelity

(2) Rumble
(3) Maximum output

(4)
“ Wow ** or flutter.

Definitions of these characteristics, with methods of measurements, are given below.

(1) Fidelity. The fidelity of a ‘phonograph reproducer corresponds to the a-f

fidelity described in Sect. l(vi)C of this chapter except that RMA Frequency Test

Record No. 1 is used instead of a modulated carrier. This RMA Frequency Test

Record No. 1 contains, on side A, a gliding frequency from 10 000 to 30 cycles for
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usual nominal level testing. Side B contains five 1000-cycle bands, recorded at

0, 2y 4, 6 and 8 decibels above the 1000-cycle reference on side A, and a gliding fre-

quency 6 to 8 decibels above side A in the range between 3000 and 30 cycles for

checking pickup tracking at various levels.

In making the fidelity test, side A is used, and the output is first set at standard

output using the outside 1000-cycle band. Readings of output are then made at all

announced frequencies, including the 1000-cycle bands at start and finish.

Suitable correction usually must be made for noise resulting from needle scratch

to provide accurate data above 1000 cycles.

(2) Rumble. Rumble is a low-frequency tone or series of random pulses gener-

ated at the phonograph pickup as a result of vibrations of the record player. It is

generally a maximum when the needle is near the outside of a 12-inch record.

Rumble is measured with the load and output-measuring equipment connected

as in the electric-fidelity test, except that a low-pass filter is used with a sharp cutoff

at 300 cycles. The measuring equipment should have low wave-form error.

Side A of the test record is also used in this test. The volume control is adjusted

to give normal test output while reproducing the outside 1000-cycle band and with
the low-pass filter disconnected. The filter is then reconnected and measurements
made of rumble components while the needle is in the region between the 1000-cycle

tone and the 10 000-cycle tone.

In some cases, a particular rumble frequency may predominate, resulting from motor
vibration or pickup-arm resonance. Measurements of such a frequency may be
accomplished by means of a tuned filter or harmonic analyzer.

(3) Maximum output. The maximum audio output on phonograph may be less

than that obtained on radio, because of the absence of automatic-gain-control voltage

which normally causes a rise in plate and screen voltages in the audio amplifier.

The test is made by reproducing the 1000-cycle tone on side A of the test record

and adjusting the volume control to produce maximum output. The measuring
equipment used must give an accurate indication of root-sum-square independent
of wave form.

(4) ‘ Wow * or flutter. ‘ Wow ’ or flutter is caused by minute imperfections

in the motor and/or transmission means used to drive the phonograph turntable ;

and, if present to an appreciable extent, may noticeably impair the quality of repro-

duction. It is usually evident when a steady note is being reproduced, such as the

1000-cycle band, and evidences itself as a cyclic variation in pitch ; hence the name
‘ wow.* While there is no great distinction between ‘ wow ’ and flutter, the former

is usually applied to very low cyclic variation, the latter to the more rapid type.
‘ Wow ’ or flutter is measured as a percentage of root-mean-square deviation in

frequency of a tone to the average frequency. Special equipment is required to

make such a measurement, this equipment being capable of responding uniformly to

all flutter rates up to 200 cycles, and of measuring to a precision of 0.02% flutter.

Care should be exercised to insure that the method of measurement permits normal
conditions to exist as when playing a commercial pressing.**

(O) Miscellaneous

(1) Tuning tests

Some receivers which perform well when tuned to a station exhibit undesirable

characteristics while being timed. A test which shows up most of these effects is

to tune in unmodulated signals of varying strengths up to the maximum liable to be
encountered in service, moving the tuning control slowly and also as rapidly as pos-

sible. The volume control should be at its maximum setting, and the test should be
repeated at the high and low frequency end of each wave range, and also with modu-
lated signals.

Faults which are liable to be discovered are squeaks as the receiver is tuned rapidly

throqgh the sidebands of a signal, flutter on short-waves (and sometimes medium-
waves) with slow tuning, microphony, or a rapid variation in the tuning rate near the

carrier frequency on short waves due to varying electrode potentials or capacitances

affecting the oscillator frequency. This should not be taken as a complete list of

possible faults and any unusual effect should be investigated.
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Other tests should be made with different aerial lengths (including very short

aerials^ and none) and signals tuned in all sections of the tuning range. Regeneration
at the low frequency end of the broadcast band, particularly when a short aerial is

placed as closely as possible to the second detector, and oscillation on the short-wave
band with no aerial are possibilities in this case.

(2) Dry battery receiver tests

A set of batteries which has been discharged by normal use to a required low voltage

should be used to test battery receivers at least for sensitivity, power output, stability

and oscillator grid current (using a valve on the low limit of oscillator mutual con-
ductance).

The requirement that the batteries should be discharged by normal use is necessary
since rapid discharge gives a lower value of internal resistance. To simulate a dis-

charged battery by means of added resistance, fresh heavy duty batteries can be tapped
and the following table (Ref. 21) used.

Resistance Required to Simulate Discharged Radio “ B ” Batteries.

Volts per 22i volt section

Resistance per 22i volt section

Farm type batteries Portable type batteries

22i 0 ohms 45 ohms
20 10 ohms 60 ohms
17 50 ohms 110 ohms
15 110 ohms 175 ohms
12 250 ohms 330 ohms

The following points are important. First, only fresh heavy-duty batteries should

be used, their resistance being negligible. Second, if intermediate voltage taps are

used the added resistance must be distributed between the taps in proportion to their

respective voltages. Third, voltage readings should be taken only under load and
across the battery cable terminals to include the voltage drop of the load current

through the added resistances.

Battery end-of-Iife tests can be carried out in accordance with R.M.A. (U.S.A.)

specifications M4-431 and M4-432 at 1.1 volts per cell for the A battery and 17, 15

and 12 volts per 22 i volt section for the B battery.

The lowest filament voltages used for testing battery valves by valve manufacturers

are 1.1 volts for 1.4 volt valves and 1.7 volts for 2 volt valves. Below these voltages,

performance may not be consistent.

(3) Interference tests

A suitable test for vibrator operation is to wrap a short lead around the battery cable

and battery, connect one end of the lead to the aerial terminal of the receiver and check
for interference throughout the tuning range of the receiver at maximum sensitivity.

In a well designed receiver no interference will be heard.

Car-radio interference tests can be arranged using appropriate parts from the igni-

tion system of a car, but such tests give no guarantee of interference-free reception

from the receiver installed in a car.

The R.M.A. Standard REC-11 reads as follows

Chassis Pickup of Vehicular Receivers.

Vehicular receivers shall be considered as complying with the principles of good
engineering practice if, when installed according to the manufacturers’ instructions

and using materials supplied by the manufacturer, there is no perceptible chassis

pick-up with any setting of the user controls.

“ Chassis pick-up ” is defined as the interference arriving in the vehicular receiver

other than through the antenna.
“ Perceptible ” is defined as the difference in the noise output of the receiver with

the engine running and with it stopped.
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Testing for chassis pickup shall be done by replacing the antenna of the installed

receiver by an antenna equivalent} adequately shielded and grounded ; the antenna

trimmer of the receiver shall be tuned for resonance at the normal aligning frequencies ;

and observation made of any perceptible noise output.

(4) Distortion

Causes of distortion may be present in a receiver and remain undetected in spite of

reasonably thorough testing with instruments. One such type of distortion occurs

with insufficient capacitance by-passing a.v.c. lines^ Which results in low frequency
intermodulation or perhaps hum modulation in a back-biased receiver. Another
may be due to simultaneous high modulation levels and high signal strengths, and
another may be the hum distortion mentioned in (H) above which is easily missed.

Because of this, testing is not completed until critical listening to broadcasting stations

over a period of time has shown that such faults are not present.

(P) Acoustical tests

Refs. 1, 2 and 5 should be consulted.

SECTION 2 : F-M RECEIVERS

(i) Definitions (li) Testing apparatus (iii) Test procedures and operating con-

ditions (iv) Receiver adjustments (v) Performance tests.

Ci) Definitions
The information presented in this section, except where otherwise stated, is taken

from the “ Methods of Testing Frequency-Modulation Broadcast Receivers, 1947,**

Standard on Radio Receivers (Ref. 12), published by the Institute of Radio Engineers.

Additional F-M information is available from the ** Standards of Good Engineering
Practice Concerning FM Broadcast Stations ** published by the Federal Communica-
tions Commission in 1945.

(A) The three standard test frequencies are 88, 98 and 108 Mc/s. When only

one frequency is used for testing it should be 98 Mc/s.

(B) The five standard input values may be expressed in terms of available power
or of input voltage. The available power is that delivered by a generator to a matched
load and is equal to E*/4R where E is the equivalent open-circuit voltage of the genera-

tor and R is the internal resistance of the generator (including the dummy-antenna
resistance).

Five standard input values are specified, the voltage and power figures being equiva-

lent when the receiver has an input impedance of 300 ohms and R is 300 ohms.
(a) Standard Input Powers

(1) 130 decibels below 1 watt

(2) 110 decibels below 1 watt

(3) 90 decibels below 1 watt

(4) 50 decibels below 1 watt

(5) 30 decibels below 1 watt

(b) Standard Input Voltages

(1) 11 microvolts

(2) 110 microvolts

(3) 1100 microvolts

(4) 110 OCX) microvolts

(5) 1.1 volts.

(c) The standard mean-signal input is either 90 decibels below 1 watt, or 1100
microvolts.

(C) The standard test modulation is a deviation at 400 c/s of 22^ Kc/s (30%
of maximum deviation).



37.2 (i) DEFINITIONS 1315

(D) The standard test output is as set out from the I.R.E. Standards for A-M
Receivers in Sect. l(ii)C of this chapter.

(E) The maximum undistorted output is as set out from the I.R.E. Standards

for A-M Receivers in Sect. l(ii)D of this chapter.

(F) The standard 300-ohm antenna comprises a pair of resistors, one connected

in series with each terminal of the signal generator, of such value that the total im-
pedance between terminals, including the signal generator, is 300 ohms (Fig. 37.2).

Fig. 37.2. Standard v-h-f
dummy antenna and method
of connection {from Ref.

12).

FIG. 37.2

(G) The standard pre-emphasis characteristic has a rising response with
modulating frequency, equivalent to that provided by a single circuit in the modulating
source having a time constant of 75 microseconds. The characteristic may be ob-
tained by taking the voltage across an inductor and a resistor connected in series and
fed with constant current. The inductance in henries is 0.000 075 times the resistance

in ohms.

(H) The standard de-emphasis characteristic has a falling response with
modulation frequency, the inverse of the standard pre-emphasis characteristic, equiva-

lent to that provided by a simple circuit having a time constant of 75 microseconds.

The characteristic may be obtained by taking the voltage across a capacitor and a

resistor connected in parallel and fed with constant current. The capacitance in

farads is equal to 13 333 divided by the resistance in ohms. The standard de-emphasis
characteristic is usually incorporated in the audio circuits of the receiver.

(ii) Testing apparatus
(A) “ A frequency-modulated signal generator is required for testing fre-

quency-modulation radio receivers.

The signal generator should cover at least the carrier-frequency range from 88 to

108 megacycles. It preferably also covers the intermediate-frequency range and fre-

quency ranges required for spurious-response tests.

The generator output should be controlled by a calibrated attenuator, and the out-

put should be adjustable over a range of at least 1 microvolt to 100 000 microvolts,

and preferably from 0.1 microvolt to 1.1 volts. Balanced output terminals should

be provided for the radio-frequency ranges, and single-sided output terminals for the

intermediate-frequency range. It may be desirable to provide single-sided output

terminals for the radio-frequency range also All of these terminals should be pro-

vided at the end of a flexible cable.

The output meter of the signal generator should indicate the open-circuit voltage

at the terminals, and the internal impedance should be stated.

The generator should be capable of being frequency-modulated at rates from 30
to at least 15 000 cycles per second, and at deviations from zero to at least rated system

deviation and preferably to twice that value. It should be provided with a deviation

indicator reading from not more than 5 kilocycles up to the maximum deviation.

The modulation circuit of the generator should be provided with a standard pre-

emphasis network. A switch should be provided for cutting this pre-emphasis net-

work in or out of the generator circuit at will.

The generator should provide a frequency-modulated signal at 400 cycles up to

maximum rated system deviation with less than 2%, and preferably less than 1%
(root-sum-square) distortion. Amplitude modulation resulting from the frequency

modulation should be kept to a minimum.
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The frequency and amplitude modulation of the output voltage due to power-
upply ripple should be negligible, in comparison with the effects under observation.

The proper connection of a balanced-output signal generator for testing a balanced
eceiver is shown in Fig. 37.2.”

(B) Audio-output and distortion-measuring devices are the same as those

‘equired for the testing of amplitude modulation receivers. See Sect, l(iii) of this

:hapter.

(C) Two-signal tests are carried out using two signal generators and dummy
mtennas of twice the standard 300 ohms value with each generator as shown in Fig.

37.3. The output terminals of the two dummy antennas are then connected in parallel

and to the input terminals of the receiver. With this connection the impedance
connected across the receiver input terminals is the normal value and the open-circuit

signal voltages are half the values indicated by each generator.

(D) A standard-signal generator for amplitude-suppression testing should
be capable of simultaneous 400 c/s amplitude modulation and 1000 c/s frequency
modulation with preferably less than 1% of incidental frequency modulation in the

amplitude modulation process. Alternatively two signal generators may be used,

connected as described above, but precautions must be taken that the beat note be-

tween the two carriers does not influence the undesired output and that the amplitude
modulated generator is free of incidental frequency modulation.

Fig. 37.3. Standard v-h-f dummy antenna for two-signal test and method of connection

{from Ref. 12).

(iii) Test procedures and operating conditions
(A) Input measurements are made through a standard 300-ohm dummy antenna

on receivers designed for a balanced antenna. If only a single-sided signal-generator

output is available, one terminal of the input circuit of the receiver is connected to

the grounded terminal of the generator output circuit, and the correct value of dununy
antenna resistance must be used.

There are two simple tests for unbalance, the balanced receiver input coil can be

reversed, or the power-line connection for either the receiver or the signal generator

is moved to a different outlet. Any change in the sensitivity observed on alternating

these connections indicates an error due to unbalance.

(B) Output measurements are made as described in Sect. l(iv)A of this chapter.

(C) Operating conditions are similar to those in Sect. l(iv)B of this chapter.

(iv) Receiver adjustments
The tuning control is adjusted until the desired a-f output is obtained either

with the least possible r-f input power or with the lowest possible setting of the volume
control. This is an approximate adjustment.

A receiver for frequency-modulated waves is timed accurately to a desired signal

by first tuning it approximately and then adjusting the tuning controls until either

the undesired noise is a minimum or the harmonic distortion of the demodulated
desired signal is a minimum. In many receivers these two tuning positions coincide.
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When they do not coincide it should be stated whether the tuning is for minimum
noise or for minimum distortion.

A simple method of tuning for minimum distortion in many receivers is by observ-
ing the audio wave form on a cathode ray oscilloscope while increasing the deviation
somewhat beyond 100%.
The tone control is adjusted to give maximum modulation-frequency output

imless otherwise specified.

(v) Performance tests

(A) Sensitivity

There are three sensitivity values of general interest in relation to frequency-
modulation receivers. Each gives information as to the usefulness of the receiver,

and in expressing results the type of sensitivity should be specified.

The maximum sensitivity is measured with the signal generator connected to

the receiver through the dummy antenna. The receiver controls are adjusted for

greatest sensitivity, and the output of the generator, which is modulated 30% (22

i

Kc/s) at 400 c/s, is adjusted to obtain standard test output from the receiver.

When the tuning for minimum noise does not coincide with that for minimum
distortion, the above test and the following test should be repeated with the receiver

tuned for minimum noise.

The maximum-deviation sensitivity is measured by applying to the receiver

a strong signal-input modulated 100% (75 Kc/s) at 400 c/s, tuning the receiver for

minimum distortion and adjusting the receiver volume control to give standard out-

put. The output distortion should be observed and the signal input reduced, keeping
the indicated receiver output constant by readjusting the volume control if necessary,

until the output distortion increases to 10%, or until the input is below that required

for standard output. The signal input at which the distortion reaches 10% is the

maximum-deviation sensitivity input and is expressed in decibels below 1 watt or in

microvolts.

The deviation sensitivity is measured with the receiver v^olume control at maxi-
mum and with the standard mean-signal input (1100 /xV) applied. The generator

is modulated at 400 c/s and the deviation adjusted to the value which gives standard

test output. The value of deviation required is the deviation sensitivity, and it is

expressed in Kc/s or as a percentage of rated system deviation.

The quieting-signal sensitivity is measured by applying a signal of mean value,

30% modulated at 400 c/s, to the receiver with the volume control adjusted to give a

convenient output below audio overload. The modulation should then be switched

off and the signal intensity reduced to the least value which will produce a 30 db
rise in indicated output with standard test modulation as compared with the indicated

output with the unmodulated carrier. The results are expressed in decibels below

1 watt, or in microvolts.

(B) Co-channel interference
This test is intended to show the effect of an interfering signal of the same fre-

quency as the desired signal, and includes the inherent effect of the detector, the

limiter and the automatic volume control.

Two signal generators are required, only one of which need be capable of frequency

modulation. The outputs of both are applied simultaneously to the receiver under

test at the mean carrier frequency of 98 Mc/s.

With the desired signal frequency having standard test modulation and an intensity

equal to one of the standard input values, the a-f output of the receiver is adjusted

by means of the volume control to the standard test output.

The modulation of the desired signal is then removed, keeping the intensity of its

carrier unchanged, the interfering signal, frequency-modulated 30% at 400 c/s, is

turned on and the output of the receiver read as the level of the interfering signal is

increased from zero to 1 volt or more.

The result of the test includes the effeas of both the cross-talk and the beat-note

components of the interference. If the results are desired for the cross-talk only,

a 400 c/s filter is used in the output.
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The co-channel interference characteristic may be expressed as the interfering-

signal input, in decibels below the desired-signal input, which produces an output

30 decibels below the standard test output

(C) Masking interference
The masking effect of an unmodulated interfering signal is obtained by a test similar

to that for the co-channel interference but with the desired signal 30% modulated at

400 c/s and with the interfering signal unmodulated. The output signal is noted
as the level of the interfering signal is increased from zero.

(D) Selectivity

Test conditions are similar to those described for the co-channel interference test

[(B) above] except that the interfering signal generator is separated in frequency
from the desired signal by one standard channel separation.

The desired signal, unmodulated, is applied at the lowest value of standard input

and the output of the receiver is recorded as the level of the interfering signal, fre-

quency modulated 30% at 400 c/s, is varied from zero to a value capable of producing

standard test output. This procedure is repeated for all values of standard test input.

The measurements are then repeated with the interfering signal generator separated

from the desired signal by twice the standard channel separation.

The adjacent-channel and second-channel interference may be expressed as the

interfering signal input which produces an output 30 decibels below the standard

test output.

(E) Amplitude-modulation suppression
This test measures the suppression of amplitude modulation which may be present

in a frequency modulated signal. It is carried out at the standard mean carrier fre-

quency. The frequency modulation is at a 1000 c/s rate with a deviation of 30%
of maximum system deviation. The standard mean input-signal value having this

moduladon is applied to the receiver in the usual manner. The volume control is

adjusted to produce standard output. The input signal is then amplitude-modulated
at 400 c/s and 30% modulation. The intensity of the imdesired output of the re-

ceiver is measured by filtering out the 1000 c/s frequency.

The amplitude suppression is the ratio of the undesired output to standard test

output expressed in decibels. In order to determine the variation of amplitude-
modulation suppression with input, the test is repeated with the other standard input-

signal values.

(F) Electric fidelity (frequency response)

Methods similar to those for A-M receivers [Sect. l(vi)C of this chapter] are used
at the standard mean carrier frequency and with a standard mean signal input. The
standard pre-emphasis characteristic is employed in the standard-signal generator

and the modulating voltage is to be maintained constant at that value which provides

a modulation of 30% of maximum rated system deviation when the modulation fre-

quency is 400 c/s.

(G) Harmonic distortion

The tests are similar to those used for A-M receivers [Sect. l(vi)D of this chapter]

but variation of input signal testing is recommended with 30% and 100% of maximum
rated system deviation. In addition there is a deviation distortion test.

The maximum-deviation distortion test is the measurement of the distortion

due to inadequate bandwidth and/or inadequate amplitude-modulation rejection.

It is measured at 98 Mc/s with the signal generator conneaed to the receiver through

the 300-ohm dummy antenna. Distortion at standard test output is measured at

full system deviation over the range from maximum sensitivity levels to 30 decibels

below 1 watt.

(H) Maximum undistorted output
As for A-M receivers—Sect. l(vi)E of this chapter.

(I) Automatic-volume-control characteristic

This test is similar, except for carrier frequency, to the I.R.E. test for A-M receivers

— Sect. lCvi)F of this chapter.
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(J) Spurious responses
The testing of F-M receivers for spurious responses is carried out in a similar

manner to that specified for the timing ofA-M receivers— Sect. l(vi)J of this chapter.
However spurious response sensitivity test inputs Up to 1.1 volts are recorded and an
additional intermediate frequency response test is specified.

The procedure is to inject the intermediate-frequency test input signal^ amplitude
modulated 30%, between the two antenna terminals of the receiver, connected in
parallel, and ground, through a standard 300-ohm dummy antenna. The frequency
of the test signal is adjusted for maximum receiver output.

(K) Hum
Hum in F-M receivers has similar characteristics to hum in A-M receivers, and is

measured in the same way—See Sect. l(vi)H of this chapter.

(L) Noise audibility

The noise audibility test for F-M receivers is the same as that for A-M receivers

—

Sect. l(vi)K of this chapter.

(M) Tuning characteristic test

The tuning characteristic shows the variation in audio output of the receiver as it

is timed through a signal. This characteristic is of importance in frequency-modula-
tion receivers since they may have spurious output responses adjacent to the correct

tuning point. The effect is usually more easily measured by variation of the signal-

generator frequency than by variation of receiver tuning, since the signal generator

usually has better frequency control and calibration than the receiver.

The receiver is tuned to the mean carrier frequency for each standard input signal

value with standard test modulation and the volume control adjusted to standard out-

put. The output is then measured as the signal is detuned to each side of the carrier

frequency. A tuning curve is plotted for each signal input value (Fig. 37.4')

A -Input po««r OOdactbcIi bclov i wott
S-Input power 110 decibels below I wott

C - Input p^etr 90 deabels below I wott

0- Input power 50 decibels below I wott
C-* Input power 30 decibels below I wott

FIG. 37.4

Fig. 37.4. Tuning characteristics {from Ref. 12).

(N) Frequency drift

This test is carried out in the same way as that for frequency shift in A-M receiver^

—Sect. l(vi)I of this chapter— except that it is to be performed at the standard signal

carrier frequency.

(O) Low-frequency instability

This test is intended to evaluate the limiting conditions for unstable operation of

the receivei as affected by low frequency feed-back which may be electrical or acoustical

in nature, and which may involve both carrier frequency and audio frequency and
the audio-frequency circuits. At any given frequency, the variables employed to

induce instability are the signal-input power, the tuning control, th^ manual volume
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control and tone control^ the modulation frequency and degree of modulation> and>

in battery receivers, the age and condition of the batteries. All parts of the receiver,

including the loudspeaker, are mounted in their normal relations.

The test is performed at the standard test frequencies. The receiver is tuned to a

modulated test signal, after which the modulation is switched off. The conditions

most conducive to the detection of any tendency to instability are found by trial. It

is suggested that the frequency of the signal be varied manually over a range of about
100 Kc/s above and below the normal test frequency as the test input power is varied

from zero to a maximum of 0.01 watt. An observation is made of the maximum
signal-input power at which any imstable operation appears. The maximum of

such input power is also recorded if less than 0.01 watt.

(P) Radiation from local oscillator

Tests are made in a manner similar to that for the A-M receiver tests—Sect. l(vi)L

of this chapter. Observations are made with the receiver tuned to each of the stan-

dard test frequencies. Results are expressed in field' intensity as a function of dis-

tance from the receiver under test.

(Q) Mistuning
The degree of mistuning is represented by the total signal output distortion re-

sulting when the receiver is adjusted to a frequency other than the desired signal fre-

quency. The measurement is made by setting the signal generator to standard input

voltages successively, modulating the signal generator to 75 kc deviation at standard

test output. The signal generator is then adjusted off tune by successive increments,

the voliune control is adjusted for standard test output, and the towl distortion in

per cent (or db) is measured. For each value of input signal a curve is plotted, having

as abscissa the frequency difference of detuning, and as ordinate the distortion ex-

pressed in per cent, or db. Distortion components will comprise all frequencies pre-

sent except the fundamental frequency of the modulating tone. In these tests the

signal generator is adjusted off tune on each side of the signal frequency.

The standard measurement will comprise setting the signal generator on each side

of the signal frequency and noting the amount of mistuning that will produce 10%
distortion, expressing the degree of mistuning as the average of the measured plus and
minus frequency excursions. The signal input for this test shall be the standard

mean signal input (1100 microvolts).

This mistuning test should be correlated with the frequency drift test—Sect. 2(v)N.

(R) Downward modulation
This test will define the ability of the receiver to withstand the effects of downward

amplitude modulation. In this test it is assumed that the principal forms of dis-

tortion are caused by the downward component of modulation.

The test is made at the standard mean-carrier frequency (98 megacycles). Fre-

quency modulation is impressed at a 400-cycle modulation rate at 30% of maximum
rated system deviation and the volume control is adjusted for standard output. The
input signal is then simultaneously amplitude modulated at a 100-cycle rate. By
means of a band cut-off filter, the 100-cycle modulation is eliminated in the receiver

output. The amplitude modulation is then increased until the total distortion reaches

10%. The percentage modulation at this point is the downward modulation capa-

bility of the receiver. The test is made at all values of standard input signal voltages.

(S) Open field method ofmeasurement ofspurious radiation from frequency
modulation and television broadcast receivers

See I.R.E. Standard (Ref. 41).
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SECTION 3 : AUDIO FREQUENCY AMPLIFIERS

(i) Equipment and measurements (si) Tests,

(i) Equipment and measurements
The equipment already specified for testing the a-fend of a radio receiver is sufficient

for the testing of a-f amplifiers. There are however additional tests commonly used
in the design of a-f amplifiers and these tests need more instruments.

Intermodulation testing requires at least another a-f signal generator^ and equip-
ment is available (Refs. 19, 22 and 27) which is specifically designed for the purpose.
The technique of square-wave testing (Refs. 16 and 20) also needs an appropriate
generator as do similar techniques using other wave shapes (Ref. 18).

Measurements of voltage, current, dissipation and heating differ if at all only in

the higher values found in high-power a-f amplifiers and the appropriate parts of

Section 1 of this chapter are applicable.

(0) Tests
The American R.M.A. Standard SE-lOl-A on Amplifiers for Sound Equipment

gives details of tests for noise level, amplifier gain, amplifier frequency response,

distortion and power output. The following conditions of measurement apply to

each of the tests mentioned.
“ The amplifier shall be operated at its rated power supply voltage and frequency.

When a range of line voltage values is indicated for specified power input terminals,

the arithmetic mean of the voltages specified for this range shall be applied except

when R.M.A. standard M3-217* applies. The frequency of the power supply shall

be within ± 2% of the lowest frequency specified. The rms harmonic voltage of

the power supply voltage shall not exceed 10%.
Manufacturers of amplifiers designed to work from crystal microphones or other

capacitive devices and photocells, may provide additional ratings based on the stated

source impedance applicable to condition of use.

“ The input and output shall be terminatedf in pure resistance equivalent to the

rating impedance 'within ± 5%. Grounding of the circuits and chassis shall be as

normally used.
“ The gain control shall be adjusted to give a maximum gain ** (except when

measuring noise and frequency response when it is set to give maximum noise and to

reduce the gain 6 db below maximum respectively) and any other controls shall be

adjusted to give the most nearly uniform frequency response.
“ The measurements shall be made after the amplifier has been operated for not

less than one hour at an output 6 db less than the rated output at 400 cps, and at a

room temperature of not less than 20°C.”

The vacuum tubes used shall be selected to have the rated values of those charac-

teristics which particularly affect the amplifier charaaeristic under test.

(A) Amplider diatordon
Definition (R.M.A. standard SE-lOl-A) :

—“ Amplifier distortion is the difference

between the harmonic content of the voltage at the output terminals and that of the

input voltage expressed as a percentage of the total rms output voltage
"

Additional test conditions arc

“ Three distortion measurements shall be made with signals having frequencies

of 100, 400 and 5000 cps applied to the input terminals. The harmonic content of

these signals shall inappreciably affect the distortion of the amplifier.

“ A distortion factor meter shall be used that is capable of filtering out or suppress-

ing the fundamental frequency with respect to its hamonics by at least 60 db, without

affecting the phase or amplitude of the generated distortion.*’

*R.M.A. Standard M3-217 tutes “ When no meant for adapting an electric radio receiver to the line

voltage it provided, it thall be ttandard to adjutt the tecondary voltages to that the filamentt and heatert

of tuDM are tupplied with rated voltage when a line voltage of 117 volts is applied to the receivers."

tThe input u effectively a low-impedance generator in series with a resistance equal to the rating

source impedance. See rig. 19.3.
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If the amplitude of individual harmonics is measured and the distortion is smalU

the percentage of total harmonic distortion is given approximately by

D ^ V(H,%)‘ + (//,%)> + . . .

where Ht = second harmonic percentage, etc.

with an error not exceeding 1% ifD does not exceed 10%—see Chapter 14 Sect. 2(iv).

A knowledge of the manner in which distortion decreases as output is reduced is

desirable. Amplifiers with a large amount of feedback usually have very little dis-

tortion imtil the output is almost a maximum, but a class B amplifier may even give

increased distortion with decreased output.

A simple test which can be used as an indication of freedom from distortion at

low levels is the plotting of a linearity curve, i.e. a graph of input voltage against

output voltage. Over the range of output for which the curve is a straight line the

amplifier can be assumed to have a low distortion level. However in many cases the

graph is curved almost from the zero point.

Intermoduladon measurements are made with two signals applied to an am-
plifier through a suitable mixing network (e.g. bridge), either from separate a-f oscilla-

tors or from a combined unit designed for intermodulation testing. The usual

procedure is for one frequency to be low (40, 60, 100, 150 or 400 c/s are used) and
for the other to be high (1000, 2000, 4000, 7000 or 12 000 c/s). One test is carried

out with the low frequency approximately at the low frequency limit of the amplifier

and another at 100 or 150 c/s. The low frequency signal is usually made four times

larger than the high frequency signal, although a 1 : 1 ratio is also used. The low

frequency test will show distortion due to transformer saturation and the latter will

be more representative of normal operation.

Distortion is mainly dependent on the peak voltage output so that an amplifier

delivering at the same time two output voltages of 4 units and 1 unit (total output

voltage = 5 units) would have distortion equivalent to a power output of 5* whereas

the true output would be only 4* -f 1 *, Because of this, the indicated output power
is multiplied by 25/17 when intermodulatipn tests are carried out under the con-

ditions above.

The intermodulation produas from the two signals can be measured separately

or collectively. If they are measured separately and the lower frequency is fi and the

higher /*, then the intermodulation products to be investigated—considering /* as

the carrier-are (/, - A), (A + A), (A - 2A), (A + 2A), (A “ 3A), (A + 3A), . . .

The intermodulation distortion percentage referred to A> based on the r.m.s. sum, is

- /I + /i)* + - i/1 -h Eft + «/i)^ + (g/. - a/i H- + ^fi)* ....
En

If the r.m.s. sum of the intermodulation products is measured collectively a high-

pass filter can be used to separate the low and high frequencies and their respective

intermodulation products. The modulated high frequency is then rectified and
passed through a low pass filter, the remainder being low frequency components
previously modulating the high frequency signal. Descriptions and circuits of equip-

ment of this type will be found in Refs. 19, 22, 23 and 27.

The peak sum modulation method is described in Chapter 14 Sect. 3(v).

Le Bel’s Oscillographic method is described in Chapter 14 Sect. 3(vi).

Another method of measurement is to keep a constant difference frequency
(say 400 c/s) between the outputs of two a-f generators and determine the magnitude
of the difference frequency as the generators are tuned through the a-f range of the
amplifier (Ref. 28)—sec Chapter 14 Sect. 3(iii).

For an indication of the distortion tolerable under different conditions, reference

should be made to Chapter 14 Sect. 2(iii). Intermodulation distortion is covered
in Chapter 14 Sect. 3 and References (B).

Hum distordon may be overlooked if the individual distortion components are

measured separately. It is due to intermodulation between signal and hum frequencies

and with a 50 c/s power supply (100 c/s hum) and a 1000 c/s signal, hum distonion
products will be found at 900 and 1 100 c/s and also as sidebands to the harmonics
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of the signal. Hum modulation is most likely to be experienced at full output in an
amplifier in which the filtering of the plate supply to the output valves is inadequate.

(B) Amplifier Power Output
Definition (R.M.A. standard SE-lOl-A) :—“ Amplifier power output is the maxi-

mum rms power output (including distortion) at rated distonion which the amplifier
will deliver into its rated load under normal operating conditions.*'

An additional requirement is that “ The power output shall be measured using an
indicator which measures rms values, such as thermally actuated meters, simultan-
eously with the distortion ....**

During design it is helpful to measure power output over a range of frequencies
as it may decrease at both low and high frequencies. When bass and treble boosts
are available to the user it is particularly important for the power output to be main-
tained over the range of frequencies to which the boosting applies. At high fre-

quencies the response may be falling and the degree of overloading may not be ap-
parent because the amplitude of the harmonics may be appreciably decreased, for

instance by a capacitor across the primary of the output transformer. It is in such a

case that the value of intermodulation measurements becomes apparent.
When measuring amplifier power output and other characteristics it is advisable to

connect an oscilloscope across the output terminals so that the presence of parasitic

oscillations can be detected.

(C) Amplifier Gain
Definition (R.M.A. standard SE-lOl-A) : Amplifier gain is the ratio expressed

in db of the power delivered to the load, to the power which would be delivered to

the same load if the amplifier were replaced by an ideal transformer which matches
both the load and source impedances.’*

Additional test requirements are
“ The gain shall be measured at a frequency of 400 cycles per second and at an out-

put 3 db less than the rated power output. The harmonic content of the input signal

shall inappreciably affect the gain of the amplifier.
“ The gain shall be measured using input and output meters and associated measur-

ing equipment that does not affect the frequency response or gain of the amplifier.**

(D) Amplifier Frequency Response
Definition (R.M!A. standard SE-lOl-A) :—The amplifier frequency response is

the variation of gain as a function of frequency over the range specified, expressed

in db relative to the gain at 400 cycles per second.”

Additional test requirements are
“ Any automatic limiting or dynamic range control in the amplifier shall be dis-

connected during this test.

“ The frequencies for testing shall be obtained from a sotirce whose rms harmonic
voltage does not exceed 5% of the fundamental voltage at any point in the frequency

range of measurement.
“ Measurements shall be made with the input voltage adjusted at each frequency

to produce output levels of 3 db and 10 db respectively below rated power output.*
“ The input and output meters and associated measuring equipment shall not

discriminate as to frequency over the frequency range of measurement.”
The frequency response of an amplifier is usually measured in terms of the output

voltage across a resistive load. If feedback from the output stage is used it is advisable

also to check the response with the normal loudspeaker load and with the minimum
and maximum loads liable to be used.

In all cases the signal input must be small enough for the input-output charadteristic

to be linear over the frequency range being investigated. The frequency response

may vary with output level at the low frequency end of the range and more than one

curve may be necessary for this reason.

The effect of any controls which alter the frequency response should be shown by
suitable curves.

*Frequency response is also sometimes measured at levels of 30 and 60 db below rated power output.
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Square wave testing is used to obtain a rapid indication of frequency response

(or phase shift) during design and in production. Two test frequencies can be used,

one low enough for some low frequency attenuation or phase shift to be present at the

fundamental frequency and the other high enough for some of the harmonics in the

square wave to be attenuated. .In production testing, limits for the wave shape can

be indicated on a blank in front of the screen of the oscilloscope. Peaks in response

are indicated (the approximate frequency of the peak being readily determined)
as well as the degree of damping of the transient response and parasitic oscillation

(Refs. 16 and 20).

Details are given in Ref. 18 of a technique in which stepped sine waves are used in

a similar manner.

(E) Noise Level
Definition (R.M.A. standard SE-lOl-A). (This is proposed as an interim standard

for the measurement of steady state noise, and of pulse noise waves having a peak
factor (ratio of peak to rms) approximating the maximum obtainable in speech) :

—

“ Noise level is the level of any noise signals appearing at the output terminals with

no signal applied to the input.
“ The weighted noise level is the noise level weighted in accordance with the 70

decibel equal loudness contour of the human ear and expressed in dbm, i.e. decibels

referred to a level of 1 milliwatt.”

An additional testing requirement is “ The measuring amplifier shall be one whose
audio frequency response is weighted with the 70 db equal-loudness contour of the

human ear in accordance with Curve B of the ASA Specification Z24.3-1944 (Sound
level Meters for Measurement of Noise and Other Sounds) with a standard VU meter
as defined by ASA Specification C 16.5- 1942 (American Recommended Practice for

Volume Measurements of Electrical Speech and Program Waves) as an indicator.

“ Illustrative : A properly weighted amplifier may be obtained by applying an

RC network with a 1 millisecond time constant to an amplifier having frequency re-

sponse of i 1 db from 50 to 15 000 cycles. This will give an attenuation of 1 db
at 300 cycles, 5.7 db at 100 cycles and 9 db at 60 cycles.”

(F) Microphony
High gain, high output a-f amplifiers may be subject to microphony under some

conditions of use. A test similar to the one described in Sect. l(vi)M of this chapter

enables variations between microphonic tendencies between different amplifiers to

be checked reliably.

(G) Stability

In amplifiers without feedback the most probable type of instability is parasitic

oscillation. This can best be observed on an oscilloscope while the signal input is

varied from zero past the overload point at various frequencies (including very low

and very high).

Varying load impedances and high mains voltages may also cause trouble and the

test should be repeated at least for design purposes with the highest power supply

voltage liable to be encountered in the field and with a range of load impedances vary-

ing from an open circuit through capacitive and inductive loads to a short circuit.

The plate dissipation of the output valves in AB or B class amplifiers should be ob-

served during tests with the load impedance smaller than specified as it may become
excessive. On occasions, variation in input impedance can provoke trouble and all

possible types of pickup and microphone inputs should be tried. Square wave,

instead of sine wave, excitation may induce parasitic oscillation.

(H) Feedback
Probably the most important feedback test is that for stability and the tests under

(G) should be adequate, although instability experienced may be due to causes other

than parasitic oscillation. For example an amplifier with voltage feedback from the

output stage may oscillate when operated with open-circuited output, due to excessive

feedback.

The output impedance is liable to be variable with frequency in a feedback amplifier.

It can be estimated by varying the output impedance and noting the change in voltage
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across it (Ref. 26). However a variation in output impedance alters the amount of
feedback and thus the impedance being measured. A more accurate determination
can be made by connecting the correct load and driving source to the amplifier (it is

only necessary to complete the input circuit if feedback is applied to the input stage,

see Chapter 7 Sect. 2(vi)A) then connecting an a-f oscillator through a high impedance
to the amplifier output and measuring the current flowing into the output circuit and
the voltage across it. The impedance of the load in parallel with the output im-
pedance of the amplifier is then obtainable and since the load is known the output
impedance can be calculated. If output impedance is important it is desirable to

make a measurement at least at the speaker resonant frequency as well as at mid-
frequencies.

Another useful feedback test is a measurement of gain reduction vs. frequency.
Such a curve is readily plotted and draws attention to any points at which the feed-

back may become positive. The shape of this curve is similar to an inverted output-
impedance curve.

SECTION 4 : 2VIEASUREMENTS ON COILS

(i) Measurement of coefficient of coupling (ii) Measurement of primary resonant

frequencies of aerial and r-f coils (Hi) Measurement of distributed capacitance across

coils.

(i) Measurement of coefficient of coupling
The measurement of the coefficient of coupling, has been covered in Chapter 26

Sect, 4(ii)E and (iii)B.

(ii) Measurement of primary resonant frequencies of aerial and
r-f coils

The usual methods of measuring primary resonant frequencies are either

(a) connecting a valve voltmeter across the secondary circuit, which is tuned

to a much higher frequency than that to be measured (or a much lower fre-

quency in the case of low impedance primaries), and feeding in a signal from
the signal generator. The primary resonant frequency shows up by a sharp

increase in the voltage across the valve voltmeter as the generator is tuned

through this frequency. The secondary detuning is readily effected by
rotating the rotor of the gang condenser, say, half-way across the band, or

(b) connecting the valve voltmeter straight across the primary winding, finding

the resonant frequency, and then finding the true primary frequency by
calculation after allowing for the input capacitance of the valve voltmeter,

which can be measured on a Q meter or found by other means.

(ill) Measurement of distributed capacitance across coils

The distributed capacitance across a coil can be found with the use of a Q meter,

following the methods given in most Q meter instruction books, as summarized below.

Approximate method (± 2

This is suitable for large inductors only

1. Connect the inductor under test to the coil (L) terminals of the Q meter.

2. Set the tuning capacitor to about 200 /x/zF (Q) and adjust the oscillator fre-

quency for resonance.

3. Note the oscillator frequency /i.

4. Change the oscillator to a frequency exactly twice f^.

5. Set the tuning capacitor to a new value Cg for resonance
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6. The distributed capacitance Cq may then be calculated,

Co = (C, - 4C,)/3 mmF. (1)

If it is not convenient to use a frequency ratio of 2 : 1, the niore general expressions

for determining distributed capacitance are :

„ (C. - C,) - C, (a' - 1)
C» =

where a = (/j/A).

The true inductance is given by

_ 25 330
~ + C.)

/ being expressed in Mc/s
Ca and Co in fifJtF.

(3)

NaUiral resonant frequency of inductor ^ /„ = /2Vl + (C2/C0). (4)

Accurate method (accuracy about ± 4%)
This method involves measuring the natural resonant frequency of the inductor.

1 . Connect the induaor to the coil (L) terminals of the Q meter, set the Q circuit

timing capacitor to about 400 /i/xF and adjust the oscillator frequency for resonance.

Call the frequency fi and the tuning capacitance Cj.

2, Replace the inductor under test by a shielded coil having an inductance about

1/25 of that of the induaor under test.

3.

Set the oscillator to a frequency about 10 times fi, and adjust the Q circuit tuning

capacitor for resonance.

4. Connea the induaor under test to the coil (L) terminals of the Q meter, in

parallel with the shielded coil, taking care to avoid coupling between the two coils.

Then adjust the Q circuit tuning capacitance for resonance, observing whether the

capacitance has to be increased or deaeased from its previous setting. If the capacit-

ance has to be increased, increase the oscillator frequency by an appreciable amount
(10 to 20%). If the capacitance has to be decreased, decrease the oscillator frequency.

5. Disconnea the inductor under test and adjust the Q circuit tuning capacitance

to resonance at the new frequency, repeating the procedure of (4) above, changing
the oscillator frequency by smaller increments as it approaches the resonant frequency

of the indiiaor under test, until the frequency reaches a value at which the Q tuning

capacitance is imchanged when the inductor under test is conneaed or disconneaed.
The corresponding oscillator frequency is c^led /o.

6.

The distributed capacitance, Co, of the inductor may then be calculated :

_ Cl

IjT - 1

or by the close approximation

Co ^ ^ • Cl.
Jo

(5)

(6)

The accuracy of this measurement depends on the inductance of the coil remaining
constant over the two frequencies. This is reasonably accurate for commonly used

coils, although it may not hold for coils having iron cores.

This method often requires a considerable amount of trial and error. As a starting

point it is helpful to measure L (this is not the true inductance of course) and make
a guess at the value of Cq. The natural resonant frequency /„ can then be calculated

to give a rough guide for starting more accurate measurements.
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SECTION 1 : UNITS

(i) General physical units (iV) Electrical and magnetic units (m) Photometric

units (iv) Temperature.

(i) General physical units

TABLE 1 : UNITS

Quantity English Metric

Length 1 mil = 0.001 inch = 0.00254 cm
1 inch = 1000 mils = 2.54 cm
1 foot = 12 inches = 30.48 cm
1 yard = 3 feet = 0.9144 m
1 mile = 1760 yards = 1.6093 Km
1.152 miles = 1 nautical mile

= 1.853 Km
60 naut. miles = 1 degree = 111.100

Km

1 mm = 39.37 mils

1 cm = 0.3937 inches
= 0.0328 foot

1 m = 1.094 yards
= 3.272 feet

1 Km = 0.6214 mile

1 micron = 10~* metre
= 0.0001 cm
= 10 000 Angstroms

1 Angstrom (A®) = 10"^® metre
= 10~* cm
= 0.0001 micron

Area 1 mil* = 6.452 X 10-^® m*
1 circ. mil* = 0.7854 x 10~* in*

= 5.067 X 10-1® m*
1 in* = 6.452 cm*t
1 ft* = 144 in* = 0.0929 m*
1 yd* = 9 ft* - 0.8361 m*

1 cm* = 0.1550 in*

= 0.001 076 ft*

1 m* = 10.76 ft*

Volume 1 in’ = 16.39 cm>t = 0.01639 litres
**

1 ft* = 1728 in* = 28.32 litres

1 cm* = 0.061 02 in*

1 litre = 61.02 in*

Mass (Avoirdupois)

1 grain = 0.0648 grams

1 dram = 1.772 grams

1 ounce = 16 drams = 28.35 grams

1 pound = 16 ounces
= 7000 grains

= 453.6 grams

112 pounds = 1 hundredweight

= 50.800 Kg
1 ton = 20 cwt = 1016.1 Kg

1 gram = 15.432 grains

= 0.035 27 ounce
= 0.002 205 lb

1 Kg = 2.205 lb

1000 Kg = 0.9842 ton
= 1 metric ton

(Continued on page 1330)

*1 circular mil is the area of a circle 0.001 inch dian^ter.

•f cm* = sq. cm = square centimetres (similarly for other symbols).

cm* = cub. cm = cubic centimetres.

*1 litre = 2.202 lb of fresh water at 62 °F
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Quantity English Metric

Force 1 pound weight = 4.448 x 10* dynes 1 dyne = 0.2248 x 10“* pound
1 poundal — 1.382 x 10* dynes weight

= 0.001 0197 gm weight

1 gram weight = 980.62 dynes}

Intensity 1 atmosphere = 760 mm mercury at 1 dyne/cm*
of 0°C = 0.9869 X 10“* atmosphere

Pressure = 1.0132 X 10* dynes/ 1 mm mercury at 0 °C
cm* = 1.333 X 10*

1 Ib/ft* = 478.8 dynes/cm* dynes/cm*
1 Ib/in* = 0.6894 x 10* dynes/cm* = 1 .359 gms/cm*
1 ton/ft* = 1.072 X 10* dynes/cm*
1 inch of mercury at 0 °C
= 3.386 X 10* dynes/cm*
= 34.53 gms/cm*

= 1.316 X 10~* atmosphere

Angles 1 degree (r) - 0.017 4533 radian

1 radian = 57° 17' 44.806"

= 57° 17.7468' = 57.295 780°

1 quadrant = 90° = 7r/2 = 1.571

radians

1 revolution = 360° — lit — 6.283

radians

}The internationally accepted value of gravitational acceleration at latitude 45°

and sea level.
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(ii) Electrical and magnetic units
There are several systems of units in common use, but they may be divided into three

clearly distinguished groups :

1 . Unrationalized byatema, including

(a) Absolutet e.g.s.* electrostatic system.

(b) Absolutet e.g.s.* electromagnetic system.

(c) Absolutet m.k.s. (metre-kilogram-second) system. Otherwise known as

the Giorgi S3rstem.

2. Rationalized ayatema including

(a) Rationalized m.k.s. system (Giorgi).

3. Practical ayatema
The common practical system includes the volt, ampere, coulomb, ohm, farad,

henry and watt.

All fundamental physical relationships are normally worked out in one of the un-
rationalized systems, and the final result may be converted into practical units for

general use.

Rationalized systems have been developed to simplify certain calculations. They
may be used as alternatives to unrationalized systems.

The m.k.s. system is increasing in popularity because neither the e.g.s. electrostatic

system nor the c.g.s. electromagnetic system is convenient for use with all problems,
and the combined use of the two systems has been generally adopted in the past.

Another reason for its popularity is that it includes many of the practical units, the

second, joule, watt, coulomb, ampere, volt, ohm, mho, farad and henry. The ration-

alized m.k.s. system has been standardized by the American I.R.E. (January 1948).

The Giorgi m.k.s. system absolute system was adopted by the International Elec-

trotechnical Commission fl.E.C.) in Bruxelles, June 1935 (sec Proceedings of National
Academy of Sciences Vol. 21 No. 10 pp. 579-583, October 1935 ; reprinted by
Harvard University, Publications from the Graduate School of Engineering 1935-36

No. 167). See also A. E. Kennelly “ I.E.C. adopts MKS System of Units,** Elec-

trical Engineering 54.12 (Dec. 1935) 1373. See also References below.

In any one sequence of calculations it is essential to retain the same system through-

out. The final result may then, if desired, be converted to any other system. Table 2

should enable any engineer to convert from one quantity in any system to any other

of the major systems.

REFERENCES TO MKS SYSTEM
Carr, H. L. A. “ The M.K.S. or Giorgi system of units—the case for iu adoption ** Proc. I.E.E. Part I

97.107

(Sept. 1950) 235.

RawcUffe, G. H. The rationalization of electrical units and its effect on the M.K.S. System Proc.
I.B.B. Part I 97.107 (Sept. 1950) 241.

Marriott, H., and A. L. Cullen “ The rationalization of electrical theory and units ” Proc. I.E.E. Part I

97.107

(Sept. 1950) 245.

Bradshaw, E. ** Rationalized M.K.S. units in electrical engineering education *’ Proc. I.E.E. Part I

97.107

(Sept. 1950) 252.

A brief description of all systems including the m.k.s. is mven in “ Applied Electronics (Massa-
chusetts Institute of Technology ; John Wiley & Sons Inc. New York ; Chapman & Hall Ltd., Lon-
don, 1943) Appendix B.

*c.g.s. centimetre-gramme-Becond.

tAn absolute system is one which includes length, mass and time in its fundamental dimensions.
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TABLE 2 : THE PRINCIPAL ELECTRICAL AND MAGNETIC UNITS

Quantity
Practical

(English) Giorgi MKS
C.G.S.

Electrostatic

C.G.S.
Electromagnetic

Length 1 foot, 1 inch 1 metre 1 centimetre 1 centimetre

Mass 1 pound 1 kilogram 1 gram 1 gram

Force 1 pound
weight

1 dyne-five

= 1 newton
1 dyne 1 dyne

Time 1 second 1 second 1 second

Work, Energy 1 joule 1 erg 1 erg

Power 1 watt 1 erg/second 1 erg/second

Charge 1 coulomb 1 statcoulomb 1 abcoulomb

Current 1 ampere 1 statampere 1 abampere

Electromotive

force

1 volt 1 statvolt 1 abvolt

Resistance

Resistivity

1 ohm
1 ohm/cm cube or 1 ohm-

centimetre

1 statohm 1 abohm

Conductance
Conductivity

1 siemens = 1 mho
1 mho/cm cube

1 statmho 1 abmho

Capacitance 1 farad 1 statfarad 1 abfarad

Inductance 1 heriry 1 stathenry 1 abhenry

MKS
unrationalized

MKS
rationalized

Flux (<!>) 1 line = 1

maxwell
1 line = 1

maxwell1 weber 1 weber

Flux density (B) 1 line/sq in 1 weber/sq
metre

1 weber/sq
metre

1 gauss

Magnetizing

force (H)

1 ampere-tum
/in

1 praoersted 1 ampere-turn
/metre

1 oersted

Magnetomotive
force (F)

1 ampere-nmi 1 pragilbert 1 ampere-tum 1 gilbert

Reluctance 1 pragilbert/

weber
1 ampere-tum/

weber
1 gilbert/

maxwell

Permeability of

free space

(/Xo)

10”^ henry/
metre (or 10“’

weber/sq
metre/praoer-

sted)

47r X 10“’

henry/metre
1 abhenry/cm
(or 1 gauss/
oersted)
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RELATIONSHIPS BETWEEN UNITS

1 metre = 100 centimetres 1 centimetre = 1/100 metre

1 kilogram = 1000 grams 1 gram = 1/1000 kilogram

1 newton = 10® dynes 1 dyne = 10“® newton

1 joule = 10’ ergs 1 erg — 10“’ joule

1 watt — 10’ ergs/second 1 erg/second = 10“’ watt

1 coulomb = 3 X 10® statcoulombs =0.1 abcoulomb
1 statcoulomb = 3.33 x 10'^^ abcoulomb 1 abcoulomb = 3 x 10^® statcoulombs

1 ampere = 3 x 10® statamperes = 0.1 abampere
1 statampere = 3.33 x 10““ abampere 1 abampere = 3 x 10^® statamperes

1 volt = 3.33 / 10“^ statvolt = 10® abvolts

1 statvolt = 3 X 10^® abvolts — 300 volts 1 abvolt = 3.33 x 10““ statvolt

1 ohm = 1.11 X 10““ statohm = 10® abohms
1 statohm =9 x 10*® abohms 1 abohm = 1.11 x 10“** statohm

1 mho = 9 > 10® statmhos = 10“® abmho
1 statmho = 1.11 x 10 ** abmho 1 abmho = 9 x 10*® statmhos

1 farad = 9 x 10“ statfarads = 10“® abfarad

1 statfarad = 1.11 x 10“** abfarad 1 abfarad = 9 x 10*® statfarads

= 1.11 X 10“** farad 1 — 0.9 statfarad

1 henry = 1.11 x 10“** stathenry = 10® abhenrys

1 stathenry = 9 x 10*® abhenrys 1 abhenry = 1.11 x 10“** stathenrys

1 weber = 10* maxwells = 10* lines 1 maxwell = 10“* weber

1 weber/sq metre = 10^ gauss 1 gauss = 10“* weber/sq metre

1 praoersted = 10“ ® oersted 1 oersted = 10* praocrsted

1 ampere-tum/inch = 0.495 oersted = 495 praoersteds

1 ampere-turn/metre = 0.01257 oersted = 12.57 praoersteds

1 ampere-tum = 1 .257 gilberts 1 gilbert = 0.796 ampere-tum

1 pragilbert = 0.1 gilbert 1 gilbert = 10 pragilberts

1 ampere-turn = 12.57 pragilberts 1 pragilbert = 0.0796 ampere-turn

1 pragilbert/weber = 10“ ® gilbert/maj^well = 0.0796 amperc-tum/weber
1 ampere-tum/weber = 1.257 x 10“ * gilbert/maxwell
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(iii) Photometric units

TABLE 3 : PHOTOMETRIC UNITS

Quantity Symbol Unit
1

Relationship

Luminous Flux F
Lumen

.

1 lumen = i x flux emitted by one
4rr

candle
Light Intensity I Candle Flux emitted by 1 candle — 47p lumens
Illumination E Footcandle = lumens/ft*

Phot = cm candle = lumens/cm*
Lux = metre candle = lumens/m*

Relationship between units of illumination

Unit Foot-candle Phot Lux

1 Foot-candle 1 0.001076 10.76

1 Phot 929 1 10*

1 Lux 0.0929 10-* 1

(Iv) Temperature

TABLE 4 : TEMPERATURE
Freezing point of water ^

(normal pressure) J

Boiling point of water \
(normal pressure) J

1 Fahrenheit degree

1 Centigrade* degree

Temperature in °C

Temperature in °F
Temperature in °K
Absolute temperature

Temperature in °C
Absolute Zero

= 32
^ Fahrenheit

== 0 °
Centigrade*

— 273.16° Kelvin (Absolute)

= 212° Fahrenheit
= 100° Centigrade*
= 373.16° Kelvin (Absolute)

= - Centigrade* degree

= 0.5556 Centigrade* degree
= 0.5556 Kelvin degree
= 1.800 Fahrenheit degree
= 1.0 Kelvin degree

= - C°F - 32)
9

= 1.8 (°C) *+ 32

= (°C) + 273.16

= (°K) - 273.16
= 0°K
= -273.16°C
= - 459.68 °F

*The Ninth General Conference on Weights and Measures held in Paris in October. 1948> decided
to abandon the designation Centigrade and use Celsius (International Temperature Scale) instead.
For most practical purposes the two scales may be regarded as identical.
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SECTION 2 : COLOUR CODES
(f ) Colour code for fixed composition resistors (ii) Colour code for fixed wire-

wound resistors (w) Table of RM.A. colour code markings for resistors {iv) Colour
code for moulded mica capacitors (v) Colour code for ceramic dielectric capadtors
(w) Colour code for i-f tranrformers (vii) Colour code for a-f transformers and output
transformers (wii) Colour code for power transformers (ix) Colour code for loud-
speakers (x) Colour code for chassis wiring (xi) Colour code for battery cables {xn)
Colour code for metallized paper capacitors.

(i) Colour code for fixed composition resistors
(A) R.MA. Standards GEN-101, REC-116, July 1948.

In fixed composition resistors with axial leads the nominal resistance value is in-
dicated by bands of colour of equal width around the body of the resistor (Fig. 38.1).

Band A indicates the first significant figure.

Band B indicates the second significant figure.

Band C indicates the decimal multiplier.

Band D, if any, indicates the tolerance limits about the nominal resistance value.

FKi. 36.2

Fig. 38.1. R.M.A. colour code for fixed composition resistors {axial leads).

Fig. 38.2. R.M.A. colour code for fixed composition resistors {radial leads).

TABLE 5 : COLOUR CODE

Colour Significant

Figure

Decimal
Multiplier

Tolerance

%
Black 0 1

Brown 1 10

Red 2 10*

Orange 3 10*

Yellow 4 10*

Green 5 10*

Blue 6 10*

Violet 7 10^

Grey 8 10*

White 9 10*

Gold — 10-^
1

±5
Silver — 10'* ±10
No Colour ±20

Body colour : Black indicates uninsulated. Any other colour indicates insulated.

Colour code with radial leads

Resistors with radial leads may use the same colour code as those with axial leads,

but alternatively* they may be colour coded as in Fig. 38.2 where
Body A corresponds to Band A above.

End B corresponds to Band B above.

Dot C (or band C) corresponds to Band C above.

Band D correspond to Band D above.

See also Sect. 3(i)—Standard fixed composition resistors.

*As JAK-R-ll iind old R.M.A. tpedflcation.
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(B) Bridth Standard BS. 1852 : 1952
for fixed resistors for telecommunication purposes.

Interpretation of marking :

Fig. 38.3A
1

Fig. 38.3B or

Fig. 38.3C
Interpretation

1st band (A) Body (A) Indicates first significant figure of
resistance value.

2nd band (B)
1

First tip (B) Indicates second significant figure.

3rd band (C) Spot (C) Indicates multiplier.

4th band (D) Second tip (D) If present, indicates percentage toler-

ance on nominal resistance value. If
no colour appears in this position the
tolerance is ± 20 per cent.

5th band (E) — If present, indicates grade of resistor.

Colour values :

As Table 5 with the addition of

Colour
Brown
Red

Colour

Salmon pink

Tolerance %
± 1

± 2

Grade
Grade 1 (“ high stability **)

FIG. 3S.3A fig. 38.3B FIC.3S.3C

T^•f may be 9«n«ral body colour 30 3

Pig. 38,3A. British Standard coloured hand marking {preferred).

Fig. 38.3B. British Standard body, tip and spot marking.
Fig. 38.3C. British Standard body, tip and central band marking.

(U) Colour code for fixed wire-wound resistors
(A) R.M.A. Sundard REC-117, July 1948
In fixed wire-wound resistors with axial leads the nominal resistance value is in-

dicated by bands of colour around the body of the resistor (Fig. 38.3).

A B C 0

FIG. SS.S

Pig. 38.3. R.M.A. colour code for fixed vnre wound resistors (axial leads).

Band A is of double width, thereby indicating a wire-wound resistor. The colour
of Band A, and those of bands B, C and D, have the same indications regarding re-

sistance and tolerance as for composition resistors. The body colour also has the
same indications as for composition resistors.

See also Sect. 3(ii) for standard fixed wire wound resistors.

(B') British Standard colour code for fixed resistors. See (i) (B) above.
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(lii) Table of R.M^. colour code markings for resistors

TABLE 6 : STANDARD COLOUR CODING FOR RESISTORS
Preferred values of resistance I Old

(ohms) standard Resistance designation
resistance

±20% ±10%
1

±5% values
D == no col D = silver D = gold (ohms) A B C

50 Green Black Black
51 Green Brown Black

56 56 Green Blue Black
62 Blue Red Black

68 68 68 Blue Gray Black
75 75 Violet Green Black

82 82 Gray Red Black
91 White Brown Black

100 100 100 100 Brown Black Brown
no Brown Brown Brown

120 120 Brown Red Brown
130 Brown Orange Brown

150 150 150 150 Brown Green Brown
160 Brown Blue Brown

180 180 Brown Gray Brown
200 200 Red Black Brown

220 220 220 Red Red Brown
240 Red Yellow Brown

250 Red Green Brown
270 270 Red Violet Brown

300 300 Orange Black Brown
330 330 330 Orange Orange Brown

350 Orange Green Brown
360 Orange Blue Brown

390 390 Orange White Brown
400 Yellow Black Brown

430 Yellow Orange Brown
450 Yellow Green Brown

470 470 470 Yellow Violet i Brown
500 Green Black ' Brown

510 Green Brown Brown
560 560 Green Blue Brown

000 Blue Black Brown
620 Blue Red Brown

680 680 680 Blue Gray . Brown
750 750 Violet Green

1

Brown
820 820 Gray Red

1

Brown
910 White Brown

1

Brown
1,000 1,000 1,000 1,000 Brown Black Red

1,100 Brown Brown Red
1,200 1,200 1,200 Brown Red Red

1,300 Brown Orange Red
1,500 1,500 1,500 1,500 Brown Green Red

1,600 Brown Blue Red
1,800 1,800 Brown Gray Red

2,000 2,000 Red Black Red
2,200 2,200 2,200 Red Red Red

2,400 Red YeUow Red
2,500 Red Green Red

2,700 2,700 Red Violet Red
3,000 3,000 Orange Black Red
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Preferred values of resistance I Old
(ohms) standard Resistance designation

resistance

±20% ±10% i 5% values
D = no col D = silver D ~ gold (ohms) A B C

3,300 3,300 3,300 Orange Orange Red
3,500 Orange Green Red

3,600 Orange Blue Red
3,900 3,900 Orange White Red

4,000 Yellow Black Red
4,300 Yellow Orange Red

4,700 4,700 4,700 Yellow Violet Red
5,000 Green Black Red

5,100 Green Brown Red
5,600 5,600 Green Blue Red

6,200 Blue Red Red
6,800 6,800 6,800 Blue Gray Red

7,500 7,500 Violet Green Red
8,200 8,200 Gray Red Red

9,100 White Brown Red
10,000 10,000 10,000 10,000 Brown Black Orange

11,000 Brown Brown Orange
12,000 12,000 12,000 Brown Red Orange

13,000 ! Brown Orange Orange
15,000 15,000 15,000 15,000 Brown Green Orange

16,000 Brown Blue Orange
18,000 i 18,000 Brown Gray Orange

20,000 20,000 Red Black Orange
22,000 22,000 22,000 Red Red Orange

24,000 Red Yellow Orange
25,000 Red Green Orange

27,000 27,000 Red Violet Orange
30,000 30,000 Orange Black Orange

33,000 33,000 33,000 Orange Orange Orange
36,000 Orange Blue Orange

39,000 39,000 Orange White Orange
40,000 Yellow Black Orange

43,000 YeUow Orange Orange
47,000 47,000 47,000 Yellow Violet Orange

50,000 Green Black Orange
51,000 Green Brown Orange

56,000 56,000 Green Blue Orange
60,000 Blue Black Orange

62,000 Blue Red Orange
68,000 68,000 68,000 Blue Gray Orange

75,000 75,000 Violet Green Orange
82,000 82,000 Gray Red Orange

91,000 White Brown Orange
100,000 100,000 100,000 100,000 Brown Black Yellow

110,000 Brown Brown Yellow

120,000 120,000 120,000 Brown Red YeUow
130,000 Brown Orange YeUow

150,000 150,000 150,000 150,000 Brown Green YeUow
160,000 Brown Blue YeUow

180,000 180,000 Brown Gray YeUow
200,000 200,000 Red BUck YeUow
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Preferred values of resistance I Old
(ohms) standard Resistance designation

resistance

±20% ±10% ± 5% values
D = no col D = silver D — gold (ohms) A B C

220,000 220,000 220,000 Red Red YeUow
240,000 Red Yellow YeUow

250,000 Red Green YeUow
270,000 270,000 Red Violet YeUow

300,000 300,000 Orange Black YeUow
330,000 330,000 330,000 Orange Orange YeUow

360,000 Orange Blue YeUow
390,000 390,000 Orange White YeUow

400,000 Yellow Black YeUow
430,000 Yellow Orange YeUow

470,000 470,000 470,000 Yellow Violet YeUow
500,000 Green Black YeUow

510,000 Green Brown YeUow
560,000 560,000 Green Blue YeUow

600,000 Blue Black YeUow
620,000 Blue Red YeUow

680,000 680,000 680,000 Blue Gray YeUow
750,000 750,000 Violet Green YeUow

820,000 820,000 Gray Red YeUow
910,000 White Brown Yellow

1.0 hAQ 1.0 MQ 1.0 Mi? 1.0 Mi? Brown Black Green
1.1 Mfl Brown Brown Green

1.2 MQ 1.2 Mi? Brown Red Green
1.3 Mi? Brown Orange Green

1.5 MQ 1.5 1.5 Mi? 1.5 Mi? Brown Green Green
1.6 Mi? Brown 1 Blue Green

1.8 MQ 1.8 Mi? Brown Gray Green
2.0 Mi? 2.0 Mi? Red Black Green

2.2 M.P 2.2 Mi? 2.2 Mi? Red Red Green
2.4 Mi? Red YeUow Green

2.7 Mi? 2.7 Mi? Red Violet Green
3.0 Mi? 3.0 Mi? Orange Black Green

33 MQ 3.3 Mi? 3.3 Mi? Orange Orange Green
3.6 Mi? Orange Blue Green

3.9 Mi? 3.9 Mi? Orange White Green
4.0 Mi? YeUow Black Green

4.3 Mi? YeUow Orange Green
4.7 4.7 Mi? 4,7 Mi? Yellow Violet Green

5.0 Mi? Green Black Green
5.1 Mi? Green Brown Green

5.6 Mi? 5.6 Mi? Green Blue Green
6.0 Mi? Blue Black Green

6.2 Mi? Blue Red Green
6.8 hAQ 6.8 Mi? 6.8 Mi? Blue Gray Green

7.0 Mi? Violet Black Green
7.5 Mi? Violet Green Green

8.0 Mi? Gray BUck Green
8.2 Mi? 8.2 Mi? Gray Red Green

9.0 Mi? White BUck Green
9.1 Mi? White Brown Green

10 MQ 10 Mi? 10 Mi? 10 Mi? Brown BUck Blue
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(iv) Colour code for moulded mica capacitors
Tlie Standard American R.T.M.A. Colour Marking (R.C.M.) uses six dots for

moulded mica capacitors.

(R.T.M.A. Standard REC-115-A, May 1951) (Fig. 38.4).

Dot (1) : White indicates R.T.M.A. moulded mica capacitor colour coding.

Black indicates JAN colour coding (see below).

Any other colour indicates old R.M.A. 6 dot system.

Dot (2) : First digit of capacitance (sec Table 7 below).

Dot (3) : Second digit of capacitance (sec Table 7 below).

Dot (4) : Class of capacitor (see REC-115-A).
Dot (5) : Tolerance (see Table 7 below).

Dot (6) : Multiplier for capacitance (sec Table 7 below).

FIG. 3S.S

Fig, 38.4. Colour code for moulded mica capacitors (6 dot).

Fig. 38.5. Colour code for moulded mica capacitors (3 dot).

Fig.. 38.6. Colour code for moulded mica capacitors (4 dot).

TABLE 7 : R.T.M.A. MOULDED MICA CAPACITORS

Colour Numeral Multiplier Tolerance Class

Black 0 1 20% A
Brown 1 10 B
Red 2 100 2% C
Orange 3 1000 3% D
Yellow 4 10 000 E
Green 5 5%
Blue 6
Violet 7

Grey 8 I

White 9 j
Gold 0.1

Silver 0.01 10%

JAN-G-5 tiz dot colour marking (Fig. 38.4)

In the JAN-C-5 code the black Dot 1 signifies a mica dielectric capacitor. Dot 4
gives the capacitor characteristic (for details see JAN specification). The remaining
dots have the same significance as in the R.C.M. system.

Old RJMLA* siz dot colour marking (Fig. 38.4)

Dou 1> 2 and 3 signify the first three significant figures of the capacitance. Dot 4
signifies the rated direct working voltage. Dot 5 gives the percentage tolerance.

Dot 6 gives the decimal multiplier.

Throe dot syttem
This applies only to capacitors with 500 volt ratings and ib 20% tolerances in

capacitance (Fig. 38.5).

Dot 1 gives the first significant figure.

Dot 2 gives the second significant figure.

Dot 3 gives the decimal multiplier.
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Four dot sirttem

To extend the usefulness of the three dot system, a fourth dot is sometimes added
in the top left-hand comer (Fig. 38.6) to indicate the percentage tolerance.

See also Sect. 3(v) for standard moulded mica capacitors.

(v) Colour code for ceramic dielectric capacitors
(A) ILM^ Standard REC-107, Oct. 1947

The colour markings consist of five colours, one of which unambiguously marks
the end of the capacitor bearing the inner-electrode terminal while the remaining
four colour markings are successively closely adjacent along the length of the capaci-

tor ; an indicator is provided to avoid ambiguity in the interpretation of the signifi-

cance of the position of the colour markings.

The end colour indicates the temperature coefficient in accordance with Table 8
below.

The first and second colour markings indicate the first and second digits of the value

of the capacitance in micro-microfkrads.

The third colour marking indicates the decimal multiplier of the value of the

capacitance.

The fourth colour marking indicates the capacitance tolerance in accordance with
Table 8 below.

TABLE 8

Position End Nos. 1, 2 No. 3 No. 4

Temperature Capacitance tolerance

Colour coeff. parts/ Significant Decimal
million/®C figure multiplier C > 10 fjtfiF C < 10 fifjtP

black 0 0 1 ±20%
brown ~30 1 10 ± 1% ±0.1
red -80 2 10* ± 2%
orange -150 3 10* ±2.5%
yellow -220 4 10*

green -330 5 ± 5% ±0.5 /x/iF

blue -470 6
violet -750 7

grey +30 8 0.01 ±0.25 /i#xF

white General pur- 9 0.1 ±10% ±1.0 /xftF

pose con-

denser*

Capacitance change
silver -f25% (Class 4 capacitors)

silver -f25%, — 50% (Class 5 capacitors)

*May have any nominal temperature coefficient beivireen + 120 and —750 parts per million per degree
Centigrade* at option of the manufacturer.
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(B) British R.I.C. colour code for ceramic dielectric capacitors, RlC/133
(Ref. FT)

Colour

End
Colour

(Temper-
ature

Coeffici-

ent)*

1st dot, 1st

significant

figure

j

2nd dot,

2nd signi-

ficant

figure

3rd dot

Multiplier

4th dot
_

Tolerance

10 /i/ttF

or less

More than

10 /x/xF

Black NPO 0 0 1 it 2.0 /x^F ±20%
Brown N030 1 1 10 ±0.1 /i/i.F ± 1%
Red N080 ! 2 2 100 ± 2%
Orange N150 3 3 1000 ±2.5%
Yellow N220 4 4 10 000
Green N330 5 5 ±0.5 fifiF ± 5%
Blue N470 6 6
Violet N750 7 7

Grey P030 8 8 0.01 ±0.25 fxfiF

White PlOO 9 9 0.1 ±1.0 fjL^F ±10%

•N signifies negative, P signifies positive temperature coefficient. Figures give parts per million per ®C.

Sec also Sect. 3(vi) for standard ceramic dielectric capacitors.

(vi) Colour code for i-f transformers
(R.M.A, Standard REC-114, March 1948, for 455 Kc/s)

Blue—plate lead.

Red—B + lead.

Green—grid (or diode) lead.

White—grid (or diode) return.

(For “ fiill-wave ” transformer, the second diode lead will be violet).

(vii) Colour code for a-f transformers and output transformers
(R.Mj\. Standard U.S.A. S410, M4-507, May 1935)

Blue—plate (finish) lead of primary.
Red—B-f (this applies whether primary is plain or centre-tapped).

Brown—plate (start) lead on C.T. primaries. Blue may be used for this lead if

polarity is not important.

Green—grid (finish) lead to secondary (hot end of voice coil).

Black—grid return (this applies whether the secondary is plain or centre tapped).

Yellow—grid (start) lead on centre-tapped secondaries. (Green may be used

for this lead if polarity is not important).

Note : These markings apply also to line-to-grid and valve-to-line transformers.

(viii) Colour code for power transformers
(R.MA. Standard S410, M4-505, May 1935)

1. Primary leads—^no tap Black
If tapped—Common Black

Tap : Black and yellow 50/50 striped design

Finish : Black and red 50/50 striped design
2. Rectifier—^Plate winding Red

Centre tap ; Red and yellow 50/50 striped design
3. Rectifier—Filament winding Yellow

Centre tap : Yellow and blue 50/50 striped design

4. Amplifier—^Filament winding No. 1 Green
Centre tap : Green and yellow 50/50 striped design
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5. Amplifier—Filament winding No. 2 Brown
Centre tap : Brown and yellow 50/50 striped design

6. Amplifier—Filament winding No. 3 Slate

Centre tap : Slate and yellow 50/50 striped design

(ix) Colour code for loudspeakers
(R.M.A. Standard U.S.A. M5-181 Nov. 1936)

Loudspeaker field coils

Black and red*—start.

Yellow and red*—finish.

Slate and red—^tap (if any).

Note : If two field coils are fitted to the same loudspeaker^ the basic colour coding
is used for the lower resistance field, and green is substituted for the red in the higher

resistance field.

Loudspeaker transformer primaries
Centre-tapped
Blue or brown-^start

Blue—finish

Red—centre tap

Untapped
Redt—start

Blue—finish

Loudspeaker transformer secondaries
Black

—

Stan

Green—finish

Standard pin arrangement 4A
Pin 1 (large) Yellow and red (field finish).

Pin 2 Blue or brown (transformer start) for push-pull.

No conneaion or red (transformer start).

Pin 3 Blue (transformer finish).

Pin 4 (large) Black and red (field start).

Standard pin arrangement 5A
Pin 1 Yellow and red (field finish).

Pin 2 Blue or brown (transformer start).

Pin 3 Red (transformer centre-tap).

Pin 4 Blue (transformer finish).

Pin 5 Black and red (field start).

The start, tap and finish of all windings occur in clockwise order around the plug

pins when the plug is viewed from the socket end.

(x) Colour code for chassis wiring
(A) RJV1.A. Standard U.S.A. REC-108-A (December 1949)

Colour Circuit

Black Grounds, grounded elements, and returns

Brown Heaters or filaments, off ground

Red Power supply B-f
Orange Screen grids

YeUow Cathodes

Green Control grids

Blue Plates

Violet Not used

Grey A.C. power lines

White Above or below ground returns, a.v.c., etc.

*Some manufacturers use a single colour, omitting the red.

tSome manufacturers use brown whether upped or unupped.
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When leads for antenna and ground connections are provided on the receiver^ it

shall be standard to colour code the antenna lead blue and the ground lead black.

Special antenna connection leads shall be coded with combinations of blue and black.

(B) RTMA Standard Colour marking of thermoplastic insulated hook-up
wire, GEN-i04 (Jidy 1951)

Colour coding for thermoplastic hook-up wire without fabric braids shall be accom-
plished either by the use of solid coloured insulation or by natural colour or white
insulation with coloured helical stripes. It is intended that these wires be inter-

changeable by colour with fabric braid wires. Where, in fabric, braids consist of

solid colours with tracer threads of contrasting colours, this standard implies that

base colour stripe (wide stripe) is used in lieu of solid coloured fabric braid. Helical

tracer stripes are used in lieu of contrasting colour threads in fabric braid-covered

wire.

(zi) Colour code for battery cables
(American R.M.A. Standard S-410, M4-508, April 1939)

-f Red B intermediate White
— Black C ± Brown

Blue C intermediate Orange
__ Yellow C - Green

(xii) Colour code for metallized paper capacitors
A 3. dot colour code may be used to indicate capacitance in Dot 1 gives the

first significant figure. Dot 2 gives the second significant figure (Table 7 col. 2).

Dot 3 gives the multiplier (Table 7 col. 3).

SECTION 3: STANDARD RESISTORS AND CAPACITORS

(i) Standard fixed composition resistors (ii) Standard fixed wire wound resistors

(i«) Fixed paper dielectric capacitors in tubular non-metallic cases (iv) Metal encased

fixed paper dielectric capacitors for d,c, application (v) Standard fixed mica dielectric

capacitors (vi) Standard ceramic dielectric capacitors {vii) Standard variable capaci-

tors iyiH) Standard variable composition resistors (ix) Standard metallized paper

dielectric capacitors (x) Standard electrolytic capacitors (xi) R^erences to standard

resistors and capacitors.

The information in this Section is in the form of sununaries or extracts from certain

recognized standards, and is necessarily incomplete. The purpose of this Section is,

in part, to draw the attention of design engineers to the importance of the information

obtainable from such standards. However, all design engineers are urged to secure

up-to-date copies of the official standard specifications under which they work.
See also Chapter 4 Sect. 9 for general information.

(i) Standard fixed composition resistors
(A) American RM.A. Standard REC-116, July 1948

Values of resistance firom 1 ohm to 100 megohms. The preferred values of re-

sistance, over the range from 50 ohms to 10 megohms, are shown in Table 6 in Sect.

2(iii). The complete list is given in the R.M.A. Standard REC-116. These pre-

ferred values have been adopted in U.S.A. and to some extent in England, but not
universally. The old standard resistance values, shown in bold typeface, are generally

used where the preferred values have not been adopted.

The trierance in resistance is ±5%, ±10% or ±20% as desired.
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The resistance-temperature diaracteristic is expressed as the change of
resistance between ambient temperatures of +25°C and H-85°C in the form of the
percentage of the resistance at 25 °C.
The voltage coefficient is given by

.r ,
. 100 (Ri - R^) 111 (R, - R^)volw - kTw; - Bfi,

where Ei — rated continuous working voltage (to give rated power dissipation,
or maximum continuous voltage rating, whichever is the higher)

Fa = E,/10

Ri = resistance measured with applied voltage Ei
and Rt — resistance measured with applied voltage Fa.
The test is carried out firstly with reduced voltage (Fa), and immediately afterwards
with voltage Fi.

The noise is measured by connecting the resistor in a d.c. circuit and comparing
the noise voltage with an audio fn^quency of 1000 c/s. The measuring equipment
includes an amplifier, filter and valve voltmeter (for details see REC-116). The
noise is expressed in microvolts per volt (applied direct voltage).

Ambient temperature—effect on maximum working voltage
Temperature 40^ 60° 80° 85° 100° 110°C
Max. voltage 100% 77.5% 55% 50% 20% 0

For colour code see Sect. 2(i).

(B) American JAN-R-11 (Ref. El)
Some conunerdal resistors are manufactured in accordance, with JAN-R-11 speci-

fications while these are compulsory for use in American Army/Navy equipment.
There are two resistance-temperature characteristics ; characteristic F has one

half the change in resistance of characteristic E. The de-rating curve is tabulated

on page 187. The maximum surface temperature is 135°C. The maximum con-

tinuous working voltage is :

Type RC15 (J watt) 200 volts (d.c. or r.m.s.)

RCIO, 16 (i watt) 250
RC20, 21, 25
RC30, 31, 35
RC38
RC40, 41, 45
RC65
RC75, 76

(i watt) 350

(1 watt) 500

(1 watt) 1000

(2 watts) 500

(4 watts) 500

(5 watts) 500
The voltage coefficient shall not exceed 0.035% per volt for J and i watt ratings, or

0.02% per volt for larger ratings. Tests are specified for temperature cycling,

humidity, vibration, effect of soldering, overloading etc., also salt water immersion

and insulation strength where applicable. The root mean-square value of the noise

generated shall not exceed 3.0 r.m.s. /iV/V at the rated continuous working voltage

for i and J watt ratings, or 1.2 r.m.s. ^V/V for larger ratings, frequency characteristic

—3 db at 70 and 5000 c/s). Marking, resistance values and tolerances are as R.M.A.
REC-116.
Amendment No. 3 provides for a characteristic G which has an ambient temperature

of 70°C with a linear de-rating characteristic which reaches zero at 130°F,

(C) Bridah R.I.C. Specificadon No. RIC/112
Grade 1 (high stability). Issue No. 1, May 1950. Resistance values follow the

series, 1, 1.1, 1.2, 1.3, 1.5, 1.6,1.8, 2.0, 2.2, 2.4, 2.7, 3.0, 3.3, 3.6, 3.9,4.3,4.7,5.1,5.6,6.2,

6.8, 7.5, 8.2, 9.1, 10 for all tolerances. Range 10 ohms to 10 megohms with some
limitations.

Tolerances ±1%, ±2%, ±5%.
Ratings i, i, i, 1, 2 watts.

Colour code (five colours)—see Sect. 2(i)B.

The surface temperature shall not exceed 150°C. The voltage coefficient shall

not exceed 0.002% per voir The noise shall not exceed 0.5 fiV per volt (d.c.). Re-
sistance change with soldering shall not exceed ±0.3%.
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Temperature coefficient :

Watts i i i i 1 and 2 Temp, coeff.

Res up to lOOK 250K 0.5M IM 2M 0 to -0.0004

Res. up to 0.5M IM 2.5M 5M lOM 0 to -0.0008

Res. up to 2.5M 5M lOM lOM — 0 to -0.001

Permissible variation in resistance after climatic and durability tests, endurance,

tropical exposure, humid atmosphere, salt atmosphere :

Permissible variation iW JW iW 1 and 2 W

1% up to resistance of
i

lOK 25K
1

50K lOOK 200K
li% 33 33 33 lOOK 250K

!

0.5M IM 2M
OO/^ /O 33 33 33 33 0.5M IM 2.5M 5M lOM
“ao/

/o 33 33 33 33 2.5M
1
5M lOM lOM

Rating curve (dissipation) 100% to TO'^C ambient temperature, then decreasing

linearly to 0% at ISO^'C.

(D) British R.I.C. Specihcation No. RlC/113
Grade 2. Issue No. 1, June 1950.

Resistance values as Table 5 for corresponding tolerances.

Range 10 ohms to 10 megohms with some limitations.

Tolerances ±20%, ±10%, ±5%.
Ratings—axial, non-insulated : i, 1 watt

radial, non-insulated 1/10, }, 1, 2i watts,

axial, insulated : J, i, }, 1 watt.

Colour code—see Sect. 2(i)C.

The surface temperature shall not exceed 120'^C. The voltage coefficient shall not

exceed 0.025% per volt (below 1 megohm), or 0.05% (1 megohm and above). Tem-
perature coefficient shall not exceed 0.12%. Resistance change with soldering shall

not exceed ±2%. Rating curve (dissipation) : 100% at 70°C, decreasing linearly

to 0% at 110°C, and increasing to 175% at 40°C ambient temperature.

(ii) Standard fixed wire wound resistors
(A) American R.M.A. Standard REC-117, July 1848
There are three styles :

Style No.
Max. watts dissipation at 40°C

RRU3 RRU4 RRU6

ambient 4 1 2

Minimum resistance, ohms 0.24 0.47 1.0

Maximum resistance, ohms 820 5100 8200
Standard tolerances :

More than 10 ohms 5% 10% 20% 5% 10% 20% 5% 10% 20%
10 ohms or less 10% 20% 10% 20% 10% 20%

The preferred values of resistance are as for composition resistors, except for the

extension to lower values.

Ambient temperature—effect on max. working voltage

Temperature 40^ 70^ 100° 110°C
Max. voltage 100% 60% 20% 0

Power rating—in still air at 40°C ambient temperature the temperature rise should

not exceed 70°C for styles 3 and 4, and 95 '’C for style 6, for the rated power input.

At temperatures higher than 40°C, with reduced working voltage and power dissipation

as tabulated above, the hot spot temperature should not exceed 110°C for styles

3 and 4, and 135°C for style 6.
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Resistance change with temperature
The change in resistance referred to an ambient temperature of 25°C shall not be

more than ±0.025% per 1°C for all resistors over 10 ohms, and not over ±0.15%
per l^C for 10 ohms and lower.

Marking
Typical marking RRU3 511 J.

RRU3 indicates fixed wire wound resistor, style 3.

511 indicates resistance. The first two digits ar^ the significant figures of
the value of resistance in ohms, while the last digit indicates the number
of zeros which follow the significant figure. The letter R indicates a

decimal point e.g. 511 indicates 51 x 10 = 510 ohms.
R56 indicates 0.56 ohms.

J indicates the tolerance :

symbol J K L
tolerance ±5% ±10% ±20%

(B) American JAN-R-26A, JAN-R-19, JAN-R-184 should also be examined.
See (xi) below for list.

(C) British R.I.C. Specification No. RIC/111
Resistors, fixed, wirewound, non-insulated. Issue No. 1, July 1950.

Resistance values (all tolerances) as column 3 in Table 6.

Tolerances ±1%, ±2%, ±5%, ±10%.
Colour code as Fig. 38.2B, with Table 5.

(iii) Fixed paper dielectric capacitors in tubular non-metallic cases
(A) American R.M.A. Standard REC-118, Sept. 1948

TABLE 9

Nominal
capacitance

Standard

tolerance

1.0 fiF +20%, -10%
0.5 +20%, -10%
0.25 +20%, -10%
0.15 +20%, -10%
0.10 +20%, -20%
0.05 +20%, -20%
0.03 +20%, -20%
0.02 +20%, -20%
0.01 +20%, -20%
0.005 +40%, -20%
0.003 +40%, -20%
0.002 +40%, -20%
0.001 +60%, -25%

Voltage Ratings

100 200 400
100 200 400 600 — —
100 200 400 600 — —
100 200 400 600 1000 —
100 200 400 600 1000 —
100 200 400 600 1000 1600
100 200 400 600 1000 1600

100 200 400 600 1000 1600

100 200 400 600 1000 1600— — — 600 1000 1600— — — 600 1000 1600— — — 600 1000 1600— — — 600 1000 1600

Insulation Resistance at 25'’C

TABLE 10

Nominal capacitance Insulation resistance not less than:

1.0 fiF 1000 megohms
0.5 2000 megohms
0.25 4000 megohms

0.001 to 0.15 5000 megohms
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To determine the minimum insulation resistance at temperatures from 20^C to

40°C, multiply the values above by the faaor :

20 25 30 35 40
Factor 1.42 1.00 0.71 0.51 0.35

At still higher temperatures see Table 11.

TABLE 11

Capacitance

mF

Insulation resistance alt elevated temperatures

65°C Class W* 85°C Class M*

1.0

0.5

0.25

0.15

0.10

0.05

0.03 to 0.001

not less than 25 megohms
not less than 50 megohms
not less than 100 megohms
not less than 166 megohms
not less than 250 megohms
not less than 250 megohms
not less than 250 megohms

not less than 10 megohms
not less than 20 megohms
not less than 40 megohms
not less than 66 megohms
not less than 100 megohms
not less than 200 megohms
not less than 250 megohms

Classification
Qass W Operating temperature range —30°C to +65°C. Power faaor not

greater than 2%. Resistance to humidity as below. Insulation resist-

ance at 65''C as below.

Class M Operating temperature range —30°C to +85'’C. Power faaor not

greater than 1%. Insulation resistance at 85^C as above.

Humidity resittance (Class W only)
After humidity treatment (see REC-118 for details)^ the insulation resistance shall

not be less than :

Nominal capacitance 0.001 to 0.15 0.25 0.5 1.0 /xF

Insulation resistance 1750 1400 700 350 MQ
Power Factor Class M—^not more than 1%.

Class W—not more than 2%.
Marking. Typical marking RCPIO W 6 504 K
RCPIO = RMA Standard Capacitor employing Paper Dielectric^ with non-

metallic cylindrical enclosure equipped with axially positioned wire

leads.

W = Class (see above).

6 = Voltage in units of 100 volts.

504 = Indicating capacitance 50 x 10* giving capacitance in micro-micro-
farads.

K = tolerance.

K indicates +10%, —10% X indicates +40%, —20%
L indicates +20%, —10% Y indicates +60%, —25%
M indicates +20%, —20%

(B) American JAN-C-91 shotdd also be examined. See (xi) below for list.

(C) British R.LC. Specification No. RlC/131
Issue No. 1, July 1950.

Capacitance values conform to the series 1, 2, 5, 10, etc.

Capacitance range 0.001 to 2 /xF.

Tolerances ±25% up to and including 0.01 fxF.

±20% above 0.01 ftF.

±10% (Red Group only).

Maximum voltage ratings (d.c.) 150, 350, 500, 750, 1000 volts at rated temperature

Rated temperature 70^C (Red and Yellow) ; 60°C (Green).

Power factor shall not exceed 0.01.



38.3 (iii) PAPER CAPACITORS IN TUBULAR NON-METALLIC CASES 1349

Insulation resistance (one month after delivery) shall not be less than 2000 ohm>
farads or 10 000 MQ wldchever is the less, for Red and Yellow, or 500 ohm-farads or

2500 MI?, whichever is the less, for Green.
Tests are specified for climatic and durability, humid atmosphere, tropical exposure,

endurance etc.

This specification also includes capacitors in metallic and ceramic cases.

(iv) Metal encased fixed paper dielectric capacitors for d.c. applica-
tion

(A) American R.M.A. Standard TR-113 (April 1849)

TABLE 12

Nominal
Capacitance

Standard

Tolerance Voltage ratings* (up to 40°C)

50 /xF ±10% 600
25 ±10% 600

20 ±10% 600
15 ±10% 600 1000 1500
12 ±10% 600 1000 1500

10
1

±10% 600 1000 1500

8 ±10% 600 1000 1500

6 ±10% 600 1000 1500

4 ±10% 600 1000 1500
2 ±10% 200 600 1000 1500

1 ±20%, -10% 200 400 600 1000 1500

0.5 ±20%, -10% 200 400 600 1000 1500

0.25 ±20%, -10% 200 400 600 1000 1500

0.1 ±20%, -20% 100 200 400 600 1000 1500

0.05 ±20%, -20% 400 600 1000 1500

0.02 ±20%, -20% 100 600 1000 1500

0.01 ±40%, -20% 100 200 600 1000 1500

0.006 ±40%, -20% 100 600 1000 1500

0.003 ±40%, -20% 600 1000 1500

0.001 ±60%, -25% 100

* Voltage ratings above 1500V are not shown here.

Life : The voltage ratings given above, and the reduced voltage ratings for tem-
peratures above 40°C, are based on an expected life of 1 year continuous operation at

these temperatures. Longer life can be expected by operation at still lower voltages,

e.g. 5 years at 70% of the values indicated.

Working voltage : The average working voltage over 24 hours should not exceed

the adjusted lated voltage by more than 5%. A voltage of 1 10% of the rated voltage

may be applied for not more than 10% of the operating time in any 24 hour period.

Alternating current component : In cases where alternating voltages are pre-

sent in addition to direct voltages, the capacitor working voltage should be taken as

the sum of the direct voltage and the peak value of the alternating voltage, provided

that the peak alternating voltage does not exceed 20% of the direct voltage and that

the frequency is 60 c/s or less. At higher frequencies the voltage should be adjusted

as tabulated below :

Frequency 60 100 200 400 1000 4000 10 000 c/s

Ripple 20 16 12 9 6.2 2.8 1 %
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Insulatioii resistance

Minimum insulation resistance in megohms :

TABLE 13

Temperature 25°C 40^C 55°C 70°C 85°C

Characteristic A 3000 1000 300 100 30 M12
Characteristic B 1000 300 100 30 10 MP
Characteristic C 500 150 50 15 5 MO

Effect of temperature on capacitance (basis = 25°C)

TABLE 14

Temperature 85°C 50°C 25 “C ox -40X

Maximum tolerances :

Characteristic A ±5% ±2% ±0 ± 2% ± 5%
Characteristic B or C ±5% ±2% ±0 r + 2% + 5%

l -30% -30%

Effect of ambient temperature on voltage rating
Where condensers are used at ambient temperatures in excess of 40 C, the working

voltage shall be reduced as indicated below :

TABLE 15

Temperature 40X 50°C 60X 70X 80X 85X

Voltage rating (1)

Voltage rating (2)

100%
100%

98%
97.5%

94%
92%

86%
82.5%

74%
66%

65%
55%

Voltage rating (1) applies to condensers with a watt-second rating from 0 to 5.

Voltage rating (2) applies to watt-second ratings over 5 (Voltage ratings over 2000 V
are not included here).

Watt-second rating
Watt-second rating =

where C = capacitance in microfarads

and E = nominal rating in kilovolts.

For other details and standard tests see TR-113-A.
Marking—Typical marking 71 B 1 A H 205 K.

71 indicates style (case form)*
B indicates terminal designation

(A indicates wire lead, B indicates solder lug, C indicates screw and nuts).

1 indicates schematic circuit and number of terminals*

A indicates characteristic (A, B or C)—see above,

H indicates nominal voltage rating, as under :

Code letter B C E F G H etc.

Voltage 100 200 400 600 1000 1500 etc.

205 indicates capacitance (here 20 x 10* /x/xF).

K indicates tolerance :

Code letter K L V M W
Tolerance ±10% ±15% -10%, ±20% ±20% -0,±25%
Code letter X Y
Tolerance -20%, ±40% -25%,±60%

•For details see TR-113-A.
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The tolerance code may be omitted if the tolerance is standard (see table above).

(B) American JAN-C-25 should also be examined. See (xi) below for list.

(C) British R.I.C. Specification No. RIC/131
This specification includes both metallic and non-metallic cases—see Sect. 3(iii)C.

(v) Standard fixed mica dielectric capacitors
(A) Standard molded mica capacitors (American R.M.A. Standard REC-llS-A,

May 1951).

Nominal capacitance (/^/xF)

TABLE 19

10 36 100 300 820 2400 6800 .020 fiF

12 39 no 330 910 2700 7500 .022 fiF

15 43 120 360 1000 3000 8200 .024 /xF

18 47 130 390 1100 3300 9100 .027 /xF

20 51 150 430 1200 3600 .010 /xF .030 /xF

22 56 160 470 1300 3900 .011 /ixF .033 /xF

24 62 180 510 1500 4300 012 fiF .036 fiF

27 68 200 560 1600 4700 .013 /xF .039 /xF

30 75 220 620 1800 5100 .015 ^F .043 /xF

33 82 240 680 2000 5600 .016 /xF .047 /xF

91 270 750 2200 6200 .018 /xF

These are available in 1 1 styles, but any one value of capacitance is only available

in a limited number of styles.

Standard d.c. voltage ratings

At temperature —20°C to -1-85 C ; barometric pressure 28 in. to 32 in. of mercury ;

relative humidity 10% to 80%.

TABLE 20

Voltage rating Available in styles

300 20, 25, 30, 35, 40
500 !J 20, 25, 30, 35, 40

600 45, 50, 55 56, 60, 61

1000 ii 40

1200 45, 50, 55, 56, 60, 61

2500

1

45, 50, 55, 56, 60, 61

I

Standard Classification

TABLE 21

Class

Q*
not less than

Insul. Resist,

not less than

Temp, coeff.t

not more than

Capacit. drift

not more than

A 30% 3000 MP ± 1000 ppm ± (5% + 1) mmF
B 100 6000 ± 500 ± (3% + 1)

C 100 6000 ± 200 ± (0.5% + 0.5)

I 100 6000 -f 150, -50 ± (0.3% + 0.2)

D 100 6000 i: 100 ± (0.3% +0.1)

J 100 6000 + 100, -50 ± (0.2% + 0.2)

E 100 6000 + 100, -20 ±(0.1% +0.1)

*Not less than this percentage of values tabulated below :

Nomin. capacit. 7 10 20 40 60 100 200 1000 fifiF

Minimum Q 120 160 280 450 580 760 1000 1000
(Q is measured at approximately 1 Mc/s).
tTemperature coefficient of capacitance, being capacitance change in parts per million per ®C.
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Insulation resistance after humidity cycle :

Class A capacitors—not less than 1000 megohms.
Other classes—not less than 2000 megohms.

Marking (alternative to colour code for which see Sect. 2(iv)).

Typical marking RCM 20 A 050 M
RCM = RMA Standard Capacitor employing Mica dielearic.

20 = style designation (see SP158B)
A = class designation (see above).

050 = 05 X 10° = 5 ft/xF (capacitance).

M indicates tolerance as imder :

Code letter G H J K M
Tolerance ±2% ±3% ±5% ±10% ±20%

(B) American JAN-C-5 should also be examined. See (xi) below for list.

(C) British R.I.C. Specification RIC/132
Mica dielectric, stacked foil (Ref. F6).

Tolerance ±20%. Power factor shall not exceed 0.001. Insulation resistance

shall not be less than 10 000 megohms. Capacitance values conform to the series

10, 15, 22, 33, 47, 68 and 100. Range from 100 to 10 000 /x/xF. Voltage ratings

350, 750 volts.

(D) British R.LC. Specification RIC/137
Mica dielectric, metallized (Ref. FIO).

Tolerances ±20%, ±10%, ±5%, ±2%, subject to a minimum of ±1 /x/xF.

Power faaor shall not exceed 0.001 except on values below 47 /x/xF where the limit

is 0.002. Insulation resistance shall not be less than 10 000 megohms. Capacitance

values conform to the series, according to tolerance, given by the first three columns
of Table 6. Range from 10 to 10 000 fx/xF. Voltage ratings 350, 750 volts (d.c.)

at 70°C.

(vi) Standard ceramic dielectric capacitors
(A) American R.M.A. Standard REC-107, Oct. 1947
Nominal capacitances (a^^F)

TABLE 22

0.5 0.75 1.0 1.5 2.0 3.0 4.0 5.0 6.0 7.0

8.0 9.0 10 12 13 15 18 20 22 24
27 30 33 36 39 43 47 51 56 62

68 75 82 91 100 110 120 130 150 160

180 200 220 240 270 300 330 360 390 420
470 510 560 620 680 750 820 910 1000 1100

1 200 1 300 1 500 1 600 1 800 2 000 2 200 2400 2 700 3000
3 300 3 600 3 900 4 200 4 700 5 100 5 600 6 200 6 800 7 500
8 200 9 100 10 000 11 000 12 000 13000 15000

Tolerances in capacitance
TABLE 23

Cljsses 1, 2, 3 Classes 4, 5 All classes

±20% ±20% (Capacit. 10 ax^xF or less)

±10% ±2.0
± 5% ±1.0

± 2i% ±0.5 fifiF

± 2% ±0.25 fifiF

± 1% ±0.1 fifiF

Working voltage (peak)

Classes 1, 2, 3 : 500 volts (down to 3.4 in. mercury)
Classes 4, 5 : 350 volts (down to 3.4 in. mercury)
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Q and insulation resistance

Class Q not less than Insulation resistance not

less than

1 1000* 7500 megohms
2 650* 7500
3 335* 7500
4 100 1000
5 40 1000

•For capacitances 30 and over. Lower values for lower capacitances.

Capacitance drift with temperature cycling
Classes 1, 2, 3 : not more than 0.3% or 0.25 ;i/xF whichever is the greater.

Capacitance>temperature characteristic

Classes 1, 2 and 3 :

Standard characteristics—Change of capacitance over the range —55°C to -f85®C
per unit of capacitance at 25°C per degree change in temperature : + 100, +30, zero,

—30, —80, —150, —220, —330, —470, —750 parts per million per °C.

Classes 4 and 5 :

Maximum change in capacitance from its value at 25°C over temperature range
from -55°C to +85°C :

Class 4 ±25% ; Class 5 -50%, +25%.
Tolerances on temperature coefficient

(when based on 2 point measurement, one at 25°C and one at 85 °C) ±15, ±30,
±60, ±120, ±250, ±500 parts per million per °C.

An alternative method of measurement, with unsymmetrical tolerances, is also

given in REC-107.
Humidity tests—see REC-107.

Marking
Inner electrode terminal indicated by dot or depression.

Typical marking : R2 CC 20 CH 100 G
R2 indicates RMA Class 2

CC indicates ceramic capacitor

20 indicates style (see REC-107)
CH indicates temperature characteristic and capacitance tolerance (see Table 1

below)

100 indicates capacitance (here 10 x 10° = 10 /x^F). For values incorporating

decimal fractions, R indicates decimal point, e.g., 1R5 indicates 1.5 /x/xF,

R75 indicates 0.75 /x/xF

G indicates tolerance (see Table 24 below)

TABLE 24

Letter symbol

Tolerance for capacitance of

10 fifiF or less more than 10 ^/xF

B ±0.1 fxfxF

C ±0.25
D ±0.50
F ±1.0 ± 1%
G ±2.0 ± 2%
H ± 2.5%
J ± 5%
K ±10%
M ±20%

For alternative colour code see Sect. 2(v).
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TABLE 25

First letter

symbol

Capacitance-tempera-

ture coefficient or per

cent decrease* in

Second letter

symbol

Capacitance tolerance

on temp, coeff. or per

cent increase* in

A ± 100 parts/mln/°C

9 ± 30 parts/mln/°C F 15 parts/mln/ °C
c Zero parts/mln/ ’C G 30 parts/mln/ °C

H - 30 parts/mln/°C H 60 parts/mln/ °C
L

j

— 80 parts/min/ ’C J 120 parts/mln/ °C
P

1

— 150 parts/min/ ‘’C i K 250 parts/mln/ °C
R — 220 parts/mIn/°C L** 500 parts/mln/ "C

S — 330 parts/min/ "C Y 25%
T

1

— 470 parts/mln/ C Z 50%
U — 750 parts/mln/ ""C

Y -25%
Z -50%

•From that at 25 over temperature range - 55 C to 85^C.
••Use only with first letter symbol S (characteristic) to indicate general purpose condenser which may

have ahy nominal temperature coefficient between f 120 and -750 parts per million per ‘'C.

TABLE 26

Standard capacitance-temperature characteristics

Capacit.
First letter of temperature characteristic symbol

A B C H L P R S T U

OS to 2.0 K K — K K K K KL K -
3 JK JK JK JK JK JK JK JKL JK JK

4 to 9 HJK HJK HJK HJK HJK HJK HJK HJKL JK HJK

10 to 91 GHJK GHJK GHJK GHJK GHJK GHJK GHJK HJKL HJK HJK

100 to 1600 GHJK FGHJK FGHJK FGHJK GHJK GHJK GHJK HJKL HJK HJK

(B) American JAN-C-20A and JAN-C-81 should also be examined. See (xi)

below for list.

(C) British R.LC. Specification RlC/133
Ceramic dielectric, Grade 1. (Ref. F7).

Capacitance values conform to the series, according to tolerance, given by the first

3 columns of Table 6. Range from 1 to 1000 /x^F. Tolerances ±-20%, ±10%,
±5%, ±2%, subject to minimum of ± 1 /x/xF. Voluge ratings 500 and 750 volts (d.c.).

Temperature coefficient (standard) ±100, —30, —80, —470, —750 parts per

million per °C, with tolerance ±40 ppm or ±15%, whichever is the greater. A
special tolerance (available only on values of 47 /x^F and above) shall be ±40 ppm
or 7i%, whichever is the greater.

The power factor shall not exceed 0.0015. The insulation resistance shall not be

less than 10 000 megohms.

Colour code (optional) : see Sect. 2(v)B.

(vii) Standard variable capacitors
(A) R.M.A. air dielectric, tuning
The standard capacitance range (American R.M.A. REC-106-A Class A) without

trimmers (compensators) is given by table 27.
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TABLE 27

No. of plates Difference- in

capacitance (/xfiF)

Min. capacitance (mmF)

R-F Osc.

25 530.0 not greater than 15.0 —
23 485* not greater than 15.0 —
21 441* not greater than 13.5 13.0

19 397* not greater than 13.0 12.0

17 353* not greater than 12.5 11.5

15 309* — 11.0

13 265* — 10.5

11 221* — 10.0

The standard capacitance range (American R.M.A. REC-101 Class B) without
trimmers is given by table 28.

TABLE 28

Min. Capacitance (/x^F)

No. of plates Difference in

capacitance (mmF) R-F Osc.

27 420 not greater than 13 9
25 388* not greater than 12

23 355* not greater than 11 *

21 323* not greater than 10 *

*Calculated in proportion to the number of dielectrics.

Tolerance in capacitance (Class A and Class B) :

Reference section ±(1 + 1% of tabulated value).

Other sections compared with reference section ±(1 /x/iF + i%).

Capacitance characteristics with maximum number of plates**

TABLE 29

REC-106-A Class A REC-101 Class B

Dielectrics 24
1

20 1 26
1

18

Difference in capacitance (/x/xF) from that of zero position
^xOi&Lion

R-F Section(s) Oscillator R-F Section(s) Oscillator

0* 0.0 0.0 0.0 0.0

10% 9.4 7.3 7.3 5.1

20% 33.7 29.1 22.3 15.2

25% 47.9 41.8 31.8 21.1

30% 63.6 55.1 42.9 27.7

40% 101.9 84.5 71.4 43.3

50% 154.6 119.0 109.9 61.9

60% 222.6 157.5 159.7 82.9

70% 299.9 196.8 219.6 104.9

75% 340.1 215.4 252.0 115.7

80% 380.4 232.4 285.3 126.0

90% 461.3 262.5 354.6 145.5

100% 530.0 285.2 420.0 162.0

**With smaller number of plates, the capadunce values given above should be determined in pro-
portion to the number of dielectrics.

*180** from 100% roution position (i.e. mechanically maximum position).
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Trimmers (compensators) : Each adds a maximum of 2.0 fi/iF to the mimmum
capacitance of the section. The minimum capacitance change of each compensator
is 15 fXfiF.

Rotor torque : Class A : From 2 to 6 inch-ounces. Class B : From 2 to 5 inch-

ounces.

Slotted plates : The outside rotor plates shall be slotted radially.

(B) R.I.C. air dielectric, tuning
RIC/141 (Ref. Fll). This specification was incomplete at the time of going to

press.

(C) R.I.C. Capacitors, variable, preset, air dielectric

RIC/142 (Ref. F12). This specification was incomplete at the time of going to

press.

(D) R.I.C. Capacitors, variable, preset, mica dielectric

RIC/143 (Ref. F13). Single plate : variable between 2 to 15, 3 to 30, or 4 to 40 /t/xF.

Multiple plate types with max. capacitance up to 3000 ^^tF are included. The speci-

fication was incomplete at the time of going to press.

(viii) Standard variable composition resistors (** potentiometers ”)

(A) American RTMA Standard variable control resistors REC-121-A,
July 1952.

Resistance values 5 000, 10 000, 25 000, 100 000, 250 OCO, 500 000 ohms, 1.0, 2.0

megohms (total)

Tapers
Linear

:

Midpoint resistance = half total resistance. Minimum resistance between

either terminal and shaft = 0.05% of total resistance for total resistances

100 000 ohms and greater (higher percentages for lower total resistances)

.

” S ” taper

:

25% resistance with 25% ± 3% rotation

50% resistance with 50% ± 3% rotation

75% resistance with 75% d: 3% rotation

Minimum resistance as for linear type.

10% clockwise modified logarithmic taper

10% resistance with 50% ± 3% rotation. Min. resistances 0.02% and 1%
of total resistance for 100 000 ohms and greater.

20% clockwise modified logarithmic taper

20% resistance with 50% ± 3% rotation.

Minimum resistances as for 10% logarithmic taper.

10% counterclockwise modified logarithmic taper

20% counterclockwise modified logarithmic taper
(both as for clockwise type with ends reversed).

(B) American JAN-R-94 should also be examined. See (xi) below for list.

(C) British Radio Industry Council Specification No. RIC/122 for rotary

variable resistors (Ref. FI).

Resistance in multiples of 1, 2, 5. Tolerances ± 20%.
Dissipation range : 0.1 to 1.5 watts.

Resistance range : 1000 ohms to 2 megohms.
Logarithmic taper : (1) resistance between 5% and 15% of actual overall resistance

at 45% to 55% effective rotation (2) resistance between 2% and 5% of aaual overall

resistance at 20% to 30% effective rotation

Linear law : resistance between 35% and 65% of actual overall resistance at 45%
to 55% effective rotation.

Hop-on resistance : less than 50 ohms or 0.05% of overall resistance, whichever

is the greater.

Hop-off resistance : less than 1% of overall resistance.

Noise : not greater than 50 mV when tested imder specified conditions with 20

volts d.c. applied.
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(ix) Standard metallized paper dielectric capacitors
RIC/136 (Ref. F9).

Capacitance values conform to series L 2, 5, 10 etc. Range of values from 0.0001
to 2 {iF, Tolerance ±25%. Voltage ratings 150, 250, 350, 500 volts (d.c ), 300 volts

r.m.8. (20 to 120 c/s). The power faaor shall not exceed 0.015 at 1000 c/s. The
insulation resistance shall not be less than (a) for 2-foil types : 200 ohm-furads or
1200 megohms, whichever is the less, (b) for single-foil—castellated—^types (below
0.05 fiF) : 10 000 megohms, (c) to case : 10 000 megohms. Colour code—see Sect.

2(xii).

(x) Standard electrolytic capacitors
(A) JAN-C-62 specification : Capacitors, dry-electrolytic, polarized

Working temperature
Designation A B C D E- F
Temp, CQ 0 to 85 -20 to ±85 -40 to ±85 0 to 65 -20 to 65 -40 to 65

Voltage limits
TABLE 30

Designation Working voltage (d.c.) Surge voltage (d.c.)

E 15 20
F 25 40
G 50 75

H 100 150

J 150 200
K 200 250
M 250 300
N 300 350
P 350 400

Q 400 450

R* 450 500

^Available only with working temperature designations D> E and F.

Direct current leakage (under specified test conditions at rated working voltage)

shall not exceed either 10 mA or the value calculated below, whichever is the smaller.

/ = XC ± 0.3

where I = d.c. leakage current in milliamperes

C = rated capacitance in microfarads

and K = 0.01 for rated working voltage 15 to 100,

0.02 for rated working voltage 101 to 250,

0.025 for rated working voltage 251 to 350,

0.04 for rated working voltage 351 to 450.

Tolerance in capacitance —10% ; ±250%.
Equivalent series resistance (under specified test conditions at maximum rated

voltage) shall not exceed the value of P tabulated below, divided by the rated capacit-

ance in microfarads.

Rated working voltage P Rated working voltage P

15 600 250 230

25 500 300 210

50 400 350 200

100 330 400 200

150 300

200 250 450 200

Test conditions : 20°C to 40°C. Frequency 120 c/s.
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Maximum r.m.8. ripple current (extraas from table)

Rated cap.

Working voltage

100 150 200 250 350 450 V

10 mF — — 130 130 140 150 mA
20 fiE 130 170 170 170 180 180 mA
30 /xF 160 180 180 200 200 200 mA
40 /xF 170 190 190 190 200 200 mA
50 /xF 190 200 200 200 200 200 mA

(B) British R.I.C. Specification RIC/134 (Ref. F8)

Range of capacitance 1 to 1000 /xF.

Voltage ratings : At 60°C—12, 25, 50, 150, 275, 350, 450, 500.

At 70°C—12, 25, 50, 120, 220, 280, 360, 400.

Tolerances : -f50%, —20% for working voltages above 100 V (except etched foil

types up to and including 16 /xF) ; -hlOO —20% for working voltages of 100 V and
less, and all etched foil types up to and including 16 /xF. Ripple rating at 70®C is

0.75 of the ripple rating at 60°C. Power factor at 50 c/s shall not exceed 0.2 for work-
ing voltages up to and including 100 V ; 0.15 for working voltages above 100 V.

The leakage current of single winding capacitors shall not exceed 0.5 V's/CfiA or 100
/xA, whichever is the greater, where F" is the rated voltage and C the actual capacitance

in /xF.

(xi) References to standard resistors and capacitors
(A) British Standard for Service Equipment
These standards are not complete, and have been largely superseded by the R.C.S C.

Components Book (see below)

Al. BS/RC.G/1. General guide on radio components (Issue 1) Aug. 1944.

A2. ^S/RC.G/110 Guide on fixed resistors (Issue 1) Aug. 1944. Superseded by
RCGllO.

A3. 6s/RC.S/ 110 Group test-specification for fixed resistors (Issue 2) July 1946 ;

Amended Aug. 1947, May 1948. Superseded by RCS112.
A4. BS/RC.S/1 10.1. Test schedule for fixed resistors (Issue 2) July 1946 ; amended

Oct. 1946, Feb. 1947, Aug. 1947. Superseded by RCS112.
A5. BS/RC.G/130. Guide on fixed capacitors (Issue 1) Aug. 1945. Superseded

by RCG130.
A7. BS/RC.S/130.3. Test schedule for ceramic dielectric fixed capacitors (Issue 1)

March 1944 ; amended Jan. 1946, Mar. 1946, Aug. 1947, Dec. 1947.

A8. BS/RC.S/1 30.4. Test schedule for electrolytic capacitors (Issue 1) March
1944. Superseded by RCS134.

A9. BS/RC.S/ 130.6m. Test schedule for miniature paper-dielectric capacitors

(metallised paper type) (Issue 2) June 1945, amended Jan. 1946, March 1946,
Aug. 1947.

AlO. BS/RC.S/130.7m. Test schedule for miniature (High K) type ceramic die-

lectric fixed capacitors (Issue 1) July 1944. Amended Aug. 1947.

All. BS/RC.S/ 141. Group test specification for air dielectric rotary variable

capacitors (Issue 1) Nov. 1945 ; amended Aug. 1948. Superseded by RCS141.
A12. BS/RC.S/141.1. Test schedule for air dielectric rotary variable capacitors

(Issue 1) Nov. 1945 ; amended Aug. 1948. Superseded by RCS141.
A13. BS/RC.S/141.1m. Test and performance specification for miniature variable

capacitors (air-spaced ganged type) (Issue 1) July 1944. Superseded by RCS
141.

(B) British R.C.S.C. Components Book
This book is available to manufacturers of British Service Equipment, and is avail-

able for reference at Standards Libraries.
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New Issues and amendments are made from time to time.
RCSl General specification for Electronic Components.
RCG4 Guide to approved components.
RCSll Specification for the dimatic and durability testing of service elearonic

components.
RCG 100.9 Guide to the tropic proofing of electrical equipment.

Resistors
RCGllO Guide on fixed resistors.

RCL110.il Working schedule, fixed resistors.

RCSl 11 Specifications for wire-wound resistors.

RCSl 12 Specifications, fixed composition resistors.

RCS121 Specifications for rotary wire-wound resistors.

RCL121 List of standard rotary wire-wound resistors.

RCSl 22 Specifications for rotary composition resistors.

RCL122 List of standard rotary composition resistors.

Capsicitors—general
RCG 130 Guide on capacitors, fixed.

Capacitors, fixed, paper dielectric

RCL130.il Working schedule —Rectangular metal case.

RCL130.12 Working schedule —Tubular type stud mounting and insulated.

RCL130.13 Working schedule —Tubular metal case, non-insulated.

RCSl 31 Specification.

Capacitors, fixed, mica dielectric

RCLl 30.21 Working schedule—metallized case.

RCL 130.22 Working schedule —metallized, wax protected.

RCLl 30.23 Working schedule —foil, moulded case.

RCL130.24M Working schedule—miniature foil and metallized types.

RCSl 32 Specification (excluding wax-protected types).

RCSl 32.1 Specification for wax-protected types.

Capacitors, fixed, ceramic dielectric

RCLl 30.31 Working schedule—Cup and disc types, and temperature compensating
types.

RCL130.71M Working schedule -high K.
RCS133 Specification.

Capacitors, fixed electrolytic

RCSl 34 Specification.

RCL 134 Standard list—tubular, metal case.

Capacitors, fixed, paper dielectric (metallized)
RCSl 36 Specification.

RCSl 36.1 -Specification, humidity class 3, insulated only.

RCLl 36 Standard list—tubular, insulated and non-insulated.

Capacitors, variable
BS/RCS141 Group test specification, air dielectric, rotary

BS/RCS 141.1 Test schedule, air dielectric, rotary.

BS/RCS141.1m Test specification, air-spaced, ganged, miniature.

RCL 141.11m Working schedule, air-spaced, ganged, miniature.

RCL14L12m Working schedule, air dielectric trimmer, miniature.

RCL141.14 Working schedule, air dielectric trimmer, with locking device.

RCLl 41. 15 Working schedule, air dielectric trinuner, concentric.

RCS141.2m Test specification, air-spaced trinuner, vane type, miniature.

(D) American R.M.A. Standards for resistors and capacitors

Dl. REC-116 Standard fixed composition resistors (July 1948).

D2. REC-117 Standard fixed wire wound resistors (July 1948).

D3. REC-118 Standard fixed paper dielectric capacitors in tubular non-metallic

cases (Sept. 1948).

D4. TR-113-A Metal encased fixed paper dielectric capacitors for d.c. application

(May 1951).

D5. REC-115-A Standard molded mica capacitors (May 1951).
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D6. REC-107-A Standard ceramic dielectric capacitors (Aug. 1952).

D7. REC-106-A Standard variable capacitors Class A (Jan. 1949).

D8. REC-101 Standard variable capacitors. Class B (Oct. 1946).

D9. REC-121-A Standard variable composition resistors (July 1952).

DIO. S-417 ; M4-571 through 574-Wet elcctrolytics.

Dll. S-418 ; M4-591 through 598-Dry elcctrolytics.

(E) American Joint Army/Navy Standards for resistors and capacitors.

El. JAN-R-11 (31 May 1944) : Resistors, fixed composition. Amendment No. 3

(22 March 1949).

£2. JAN-R-19 (31 July 1944) : Resistors, variable wire-wound (low operating

temperature). Amendment No. 2 (12 Jan. 1949).

E3. JAN-R-22 (31 July 1944) : Rheostats, wire wound, power-type. Amendment
No. 4 (26 June 1950).

E4. JAN-R-26A (17 Sept. 1948) : Resistors, fixed, wire wound, power type. Amend-
ment No. 1 (28 July 1949).

E4A. JAN-R-93 (16 June 1945) : Resistors, accurate, fixed, wire-wound. Amend-
ment No. 3 (Jan. 1949).

E5. JAN-R-94 (4 Oct. 1948) : Resistors, variable, composition. Amendment
No. 2 (17 Jan. 1949).

E6. JAN-R-184 (31 July 1945) : Resistors, fixed, wire wound, low power. Amend-
ment No 2 (17 Jan. 1949).

E7. JAN-C-5 (20 April 1944) : Capacitors, mica-dielectric, fixed. Amendment
No. 2 (6 Jan. 1949).

E8. JAN-C-20A (4 Dec. 1947) : Capacitors, ceramic-dielectric, fixed (temperature

compensating). Amendment No. 2 (15th June 1950).

E9. JAN-C-25 (24 July 1947) : Capacitors, direct-current, paper- dielearic, fixed

(hermetically sealed in metallic cases). Amendment No. 4 (June 1950).

ElO. JAN-C-62 (30 November 1944) : Capacitors, dry-electrolytic, polarized.

Amendment No. 3 (Jan. 1949).

Ell. JAN-C-81 (27 August 1945) : Capacitors, ceramic-dielectric, variable. Amend-
ment No. 1 (Oct. 1948).

E12. JAN-C-91 (21 Aug. 1947) : Capacitors, paper dielectric, fixed (non-metallic

cases). Amendment No. 2 (25 Aug. 1950).

El 3. JAN-C-92 (30 Dec. 1944) : Capacitors, air-dielectric, variable (trimmer

capacitors). Amendment No 4 (25 Aug. 1950).

(F) British Radio Industry Council^
FI. RIC/lll.'l
F2. RIC/112. ^Superseded by British Standard BS.1852 : 1952.

F3. RIC/113.J
F4. RIC/122. Resistors, rotary, variable, composition track (with or without

switches).

F5. RIC/131. Capacitors, fixed, paper dielectric, tubular foil. Issue No. 1,

July 1950.

F6. RIC/132. Capacitors, fixed, mica dielectric, stacked foil. Issue No. 1,

July 1950.

F7. RIC/133. Capacitors, fixed, ceramic dielectric. Grade 1. Issue No. 1, April

1951.

F8. RIC/134. Capacitors, fixed, electrolytic. Issue No. 1, April 1951.

F9. RIC/136. Capacitors, fixed, paper dielectric, tubular, metallized. Issue

No. 1, February 1951.

FIO. RIC/137. Capacitors, fixed, mica dielectric, metallized. Issue No. 1, April

1951.

Fll. RIC/141. Capacitors, variable, air dielectric, tuning. Issue No. 1, Feb. 1951.

F12. RIC/142. Capacitors, variable, preset, air dielectric. Issue No. 1, Sept. 1951.

F13. RIC/143. Capacitors, variable, preset, mica dielectric. Issue No. 1, Sept. 1951

.

*It is hoped that these Radio Industry Council Specifications will, in due course, be incorporated into
British Standard Specifications.



38.4 1361(i) STANDARD FREQUENCY RANGES

SECTION 4 : STANDARD FREQUENCIES
(i) Standardfrequency ranges («) Frequency bands for broadcasting (iii) Standard

intermediate frequencies.

(i) Standard frequency ranges
The Final Acts of the International Telecommunication and Radio Conferences

at Atlantic City, 1947, proposed the following nomenclature of frequencies.

Frequencies shall be expressed in kilocycles per second (Kc/s) at and below 30 000
Kc/s and in megacycles per second (Mc/s) above this frequency.

TABLE 32

Frequency sub-division Frequency range Metric sub-division

v-l-f (very low frequency^

1-f (low frequency)

m-f (medium frequency;

h-f (high frequency)

v-h-f (very high frequency)

u-h-f (ultra high frequency)

s-h-f (super high frequency)

e-h-f (extremely high frequency)

below 30 Kc/s
30 to 300 Kc/s
300 to 3 000 Kc/s
3 000 to 30 000 Kc/s
30 000 Kc/s to 300 Mc/s
300 to 3 000 Mc/s
3 000 to 30 000 Mc/s
30 000 to 300 000 Mc/s

1

myriametric waves
kilometric waves
hectometric waves
decametric waves
metric waves
decimetric waves
centimetric waves
millimetric waves

(ii) Frequency bands for broadcasting
The International Telecommunication and Radio Conference at Atlantic City, 1947,

allocated the following frequency bands for broadcasting purposes.

TABLE 33

Band shared with maritime mobile

Low frequency (not world-wide)

Medium frequency (Region 1 only)

Medium frequency (world wide)

Short wave frequencies (world wide)

Very high frequency (world wide)

(U.S.A.)

In Australia, the band 100-108 Mc/s has been allocated for

service until required for broadcasting service.

150—160 Kc/s
160—285 Kc/s
525—535 Kc/s
535—1605 Kc/s
5.95 - 6.2 Mc/s
9.5—9.775 Mc/s

11.7—

11.975 Mc/s
15.1—15.45 Mc/s

17.7—

17.9 Mc/s
21.45—21.75 Mc/s
25.6—26.1 Mc/s
88—100 Mc/s
88—108 Mc/s

the aeronautical mobile

(iii) Standard Intermediate Frequencies
It is rcconunended that superheterodyne receivers operating in the medium fre-

quency broadcast band use an intermediate frequency of 455 Kc/s. This frequency is

reserved as a clear channel for the purpose in most countries of the world.

The European “ Copenhagen Frequency Allocations ** provide the following two
intermediate frequency bands : 415—490 Kc/s and 510—525 Kc/s.

An intermediate frequency of 175 Kc/s is also used.

The American RTMA has standardized the following intermediate frequencies

(REC-109-B, March 1950) : Standard broadcast receivers—cither 260 or 455 Kc/s.

V-H-F broadcast receivers 10.7 Mc s.
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SECTION 5 : WAVELENGTHS AND FREQUENCIES

(») Wavelength-frequency conversion tables (it) Wavelengths of electromagnetic

radiations.

(i) Wavelength-frequency conversion table

Convenient points selected for rapid reference,

TABLE 34 : MEDIUM-FREQUENCY BROADCAST BAND

Fre- Wave- Fre- Wave- Fre- Wave- Fre- Wave-

quency length quency length quency length quency length

Kc/s m Kc/s m Kc/s m Kc/s m

540 555.5 810 370.4 1080 277.8 1350 222.2

550 545.5 820 365.9 1090 275.2 1360 220.6

560 535.7 830 361.4 1100 272.7 1370 219.0

570 526.3 840 357.1 1110 270.3 1380 217.4

580 517.2 850 352.9 1120 2682 1390 215.8

590 508.5 860 348.8 1130 265.5 1400 214.3

600 500.0 870 344.8 1140 263.2 1410 212.8

610 491.8 880 340.9 1150 260.9 1420 211.3

^20 483.9 890 337.1 1160 258.6 1430 209.8

630 476.2 900 333.3 1170 256.4 1440 208.3

640 468.8 910 329 7 1180 254.2 1450 206.9

650 461.5 920 326.1 1190 252.1 1460 205.5

660 454.5 930 322.6 1200 250.0 1470 204.1

670 447.8 940 319.1 1210 247.9 1480 202.7

680 441.2 950 315.8 1220 245.9 1490 201.3

690 434.8 960 312.5 1230 243.9 1500 200.0

700 428.6 970 309.3 1240 241.9 1510 198.7

710 422.5 980 306.1 1250 240.0 1520 197,4

720 416.7 990 303.0 1260 238.1 1530 196.1

730 411.0 1000 300.0 1270 236.2 1540 194.8

740 405.4 1010 297.0 1280 234.4 1550 193.5

750 400.0 1020 294.1 1290 232.6 1560 192.3

760 394.7 1030 291.2 1300 230.8 1570 191.1

770 389.6 1040 288.5 1310 229.0 1580 189.9

780 384.6 1050 285.7 1320 227.3 1590 188.7

790 379.7 1060 283.0 1330 225.6 1600 187.5

800 375.0 1070 280.4 1340 223.9

TABLE 35 : SHORT WAVE BAND

Frc- Wave- Fre- Wave- Fre- Wave- Fre- Wave-
qucncy length quency length quency length quency length

Mc/s m Mc/s m Mc/s m Mc/s m

1.5 200 11 27.3 21 14.3 65 4.62

2.0 150 12 25.0 22 13.6 70 4.29

3.0 100 13 23.1 23 13.0 75 4.00

4.0 75.0 14 21.4 25 12.0 80 3.75

5.0 60.0 15 20.0 30 10.0 85 3.53

6.0 50.0 16 18.8 35 8.57 88 3.41

7.0 42.9 17 17.6 40 7.50 90 3.33
8.0 37.5 18 16.7 45 6.67 95 3.16

9.0 33.3 19 15.8 50 6.00 100 3.00

10.0 30.0 20 15.0 55 5.45 105 2.86
60 5.00 108 2.78
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(ii) Wavelengths of electromagnetic radiations

TABLE 36

Rays
Wavelengths

Angstrom
units Microns Metres

Cosmic rays lO-*—10-* 10-“—10-*

Gamma rays 10-*—

1

10-«—10-*

X-Rays 10->— 10* 10-‘—10-*

Ultraviolet rays 100—3900 10-*—0.39
Visible light rays 3900—7600 0.39—0.76

Infrared rays 760(>-10* 0.76—10*

Electric or radio rays 10*—10^® 0J1o
Radio broadcasting rays 10’—10* 10—10*

SECTION 6: STANDARD SYMBOLS AND ABBREVIATIONS

(i) Introduction (ii) Multipliers (m) Some units and multipliers (iv) Magnitude
letter symbols (v) Subscripts for magnitude letter symbols {vi) Magnitude letter

symbols with subscripts (vii) Mathematical signs (viii) Abbreviations (ix) Ab^
breviations of titles of periodicals (x) References to periodicals (xi) References to

standard symbols and abbreviations.

(i) Introduction
Owing to the lack of international standardization, the editor has been forced to

select suitable symbols for use in this Handbook. The choice which has been made
is believed to be a reasonable compromise, and capable of being imderstood readily

throughout the English-speaking world.

(ii) MuldpUers
in general, small letters are used for quantities below unity, and capital letters foe

quantities above unity,

d = ded
c = centi

m == milli

= micro
= micromicro

K or k = kilo

M *= meg

(iii) Some units and
A = ampere
F =» farad

H = henry
Q » ohm
V =* volt

W =* watt

m = metre

= 1/10
= 1/100
= 1/1000
= 1/1000 000
= 1/1000 000 000 000
= 1000
« 1000 000

multipliers
mA »= milliampere

/iF — microfisrad

mH == millihenry

Mil = megohm
mV = millivolt

mW = milliwatt

cm = centimetre

= 10-^

= 10-*

= io-»

= 10-*

= io-»
== 10*

= 10*

^lA = microampere
fifiF* = micromicrolarad
/xH = microhenry

KV or kV = kilovolt

mm = millimetre

^Alternatively, pF » picofarad » « micromicrofarad.
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CIv) Magnitude letter eymbolst
B « susoeptance

C — capacitance

Cng » conductance

D » total harmonic distortion

E, € = electromotive force

Fp .= power factor

/ = frequency

g, Cr conductance

Hi » fundamental frequency component of distortion

Hi, Ha* etc. = second (third etc.) harmonic components of distortion

/, I = current

K = dielectric constant

L = inductance

M = mutual inductance

P = power

Q = chargej quantity of electricity

also Q = figure of merit of a reactor

R = resistance

X = reactance

Xi^ — inductive reactance

AT, = capacitive reactance

Y = admittance

Z = impedance (scalor)

Z = impedance (vector)

A = increment of

€ = 2.7182818

7j = efficiency

A = wavelen^
ir = 3.14159

u) = 2nf = angular velocity.

Magnetic units
B ^ magnetic flux density

H = magnetic field stren^, magnetizing force

^ = magnetic flux

fx = magnetic permeability

Operators
d = differential ; 3 = partial differential

j
= 90® rotational = V^l.

(v) Subscripts for magnitude letter symbols
in = input

out = output

max = maximum (reduced to m when combined with another subscript)
min = minimum
av = average

b = plate—steady or total value

bb == plate supply

c = grid—steady or total value

Cl = grid no. 1 ; similarly Ci, c, etc.

cc = grid supply

CO ~ at point of plate current cutoff

f = filament

g = grid—^varying component

tA letter tymbol b used to deeignate the magnitude of a physical quantity in mathematical
equatftooa nod expreasions. Two or more magnitude symbob printki together represent a product.
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gi == grid no. 1 ; similarly g,, g, etc.

h = heater

k = cathode

0 = quiescent (no signal)'

p = plate (anode)—^varying component
s == screen or metal shell or other self-shielding envelope
t = triode

N.B. Grids are numbered in order, beginning at the cathode and working outwards
towards the plate.

(vi) Magnitude letter symbols with subscripts
Symbols for filament or heater circuits

Ef — filament or heater (terminal) voltage

^hk = voltage of heater with regard to cathode

If = filament or heater current.

Symbols for plate circuits

All voltages are taken as being with respect to the cathode unless otherwise indicated.
Eft 5 = plate supply voltage

Eft = average or quiescent value of plate voltage

Eft* = quiescent (no signal) value of plate voltage

Etm = maximum value of plate voltage

Ep = r.m.s. value of varying component of plate voltage

Epp, = maximum value of varying component of plate voltage

tfft = instantaneous total plate voltage

ep — instantaneous value of varying component of plate voltage

/ft = average or quiescent value of plate current

= peak total plate current

/ft* = quiescent (no signal) value of plate current

Ip — r.m.s. value of varying component of plate current

/pp, = maximum value of varying component of plate current

/, = total electron emission

1 ft
= instantaneous total plate current

ip — instantaneous value of varying component of plate currert.

Symbols for grid circuits

E* = average or quiescent value of grid voltage

Ecm = maximum value of grid voltage

Eg = r.m.s, value of varying component of grid voltage

Egn ^ maximum value of varying component of grid voltage

Cc = instantaneous total grid voltage

Bg — instantaneous value of varying component of grid voltage

/* = average or quiescent value of grid current

I g = rjn.s. value of varying component of grid current

f *
= instantaneous total grid current

ig = instantaneous value of varying component of grid current.

Symbols for valve characteristics

(A) Inside the valve
Epg = voltage of plate with regard to grid

^ = amplification faaor

f4i = amplification factor (triode connected)

ftgigt = mu factor from grid no. 1 to grid no. 2, and similarly for other electrodes
= mutual conductance (= ggp) or “slope”

gc — conversion conductance

gi = dynamic conductance (slope of dynamic characteristic)

gp = plate conductance

gg ~ grid conductance

gp = plate-grid transconductance (inverse mutual conductance) = ^p,
= transconductance from electrode ; to electrode k
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rp = plHe resistance

rt = grid resistance

r,t screen (grid no. 2) resistance

= grid-plate capacitance

* == grid-plate cathode capacitance

^9 It
= plate-cathode capacitance

Cgkt = grid-heater capacitance

^9h = plate-heater capacitance

^in = input capacitance
=5 output capacitance.

(B) Valve and circuit

Rl = plate load resistor

Zl = plate load impedance

Rk = cathode resistor

c. = cathode by-pass capacitor

c. = coupling condenser

Rn = grid resistor

R§t = following grid resistor

Tt = input resistance

r. = output resistance

R. = screen series resistor

c. = screen by-pass capacitor

Pi == power input

P. = power output

P, = plate (ano^) dissipation

P., = screen (grid no. 2) dissipation

A = amplification (voltage gain of stage)

A. = amplification (voltage gain of stage) at mid-frequency

^ h ml = peak fundamental current

^kmt = peak second harmonic current.

(vii) Mathematical signs

+ plus .* therefore
— minus oc varies as

± plus or minus V” square root

X or , multiplied by V
1

nth root

-r or / divided by fiictorial

= equal to F function

=5^= not equal to
f integration

approximately equal to J

> equal to or greater than 00 infinity

< equal to or less than o
degree

SBS idimtical with /
minutes of degree

> greater than
/f

seconds of degree

< less than 8 or J increment
summation

log X logarithm of x to base 10

log« 1 logarithm of x to base €

i square root of minus one (90‘’ angular rotation)

c base of natural logarithms (2.71828)

n ratio of circumference to diameter of circle (3.141593 approx.)

For trigonometrical symbols and differentiation refer to Chapter 6.

(til) Abbreviations
a.c. — alternating current

d.c. « direct current

a-f » audio frequency
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i-f = intermediate frequency

r-f ^ radio frequency

v-h-f ^ very-higK-frequency

u-h-f ^ ultra-high-frequency

(For other frequency designations see Sect. 4.)

AWG -- American Wire Gauge
B & S -- same as AWG
SWG ^ Standard Wire Gauge
E ^ enamelled
r.m.s root mean square

db ^ decibel

dbm = decibels of power referred to 1 milliwatt

c/s cycles per second

Kc/s ^ kilocycles per second (kc/s may also be used)

Mc/s megacycles per second
Hz ^ Hertz = cycles per second
a v.c. ^ automatic volume control

a.a.v.c. ~ audio automatic volume control

A-M - amplitude modulation
F-M ^ frequency modulation
SSC single silk covered

DSC - double silk covered

see -- single cotton covered

DCC double cotton covered.

Note : Abbreviations arc used to indicate either singular or plural, either as a noim
or as an adjective.

(ix) Abbreviations of titles of periodicals

Standard Abbreviations Title and Publisher

A.R.T.S. & P. Australian Radio Technical Services and Patents

Bulletin (47 York St., Sydney, Australia).

Audio Eng. Audio Engineering (Radio Magazines Inc. 10 McGovern
(formerly Radio) Ave., Lancaster, Pa.).

Australian Radio & Elec- Radio & Electronics (Aust.) Pty. Ltd., 17 Bond St.,

tronics (formerly Austral- Sydney,
asian Radio World)

A.W.A. Tec. Rev. A.W.A. Technical Review (Amalgamated Wireless

Australasia Ltd., 47 York St., Sydney, Australia).

B.B.C. Quarterly British Broadcasting Corporation, 35 Marylebone High
St., London, W.l.

B.S.T.J. Bell System Technical Journal (American Telephone
& Telegraph Coy., 195 Broadway, New York 7, N.Y.
U.S.A.).

Bell. Lab. Rec. Bell Laboratories Record (Bell Telephone Laboratories

Inc. 463 West Street, New York 14, N.Y.).

British P.O.E.E.J Post Office Electrical Engineers* Journal, Institution

of P.O.E.E. Engr-in-chief*s office Alder House, Alders-

gate St., London E.C.l.

Brown-Boveri Review Brown Boveri & Co. Ltd., Baden, Switzerland.

Comm. Communications (Bryan Davis Publishing Coy., Inc.,

52 Vanderbilt Ave., New York 17, N.Y. U.S.A.).

E.E. Electrical Engineering (American Institute of Elec-

trical Engineers, 33 West 39th St., New York 18
N.Y.).
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E.W. & WJE. Same as Wireless Engineer.

Elect. Electronics (McGraw-Hill Publishing Co., Inc.,

West 42nd St., New York 18, N.Y., U.S.A.).

Elect. Comm. Electrical Communication (International Telephone
& Telegraph Corp. 67 Broad St., New York 4, N.Y.
U.Sj\.).

Electronic Eng. Electronic Engineering, 28 Essex St., London W.C.2.
Electronic Industries Caldwell-Clements Inc., 480 Lexington Ave., New

York 17, N.Y.
Engineering J. A. Dixon, 33-36 Bedford St., London W.C.2.

F.M. & T. \ FM-TV Radio Communication, formerlyFM Magazine,

FM-TV / FM and Television, FM ^dio Electronics (FM
Company, 264 Main St., Great Barrington, Mass.
U.SA.).

G.E. Review General Electric Review (G.E. Co., Schenectady,

New York, U.S.A.).

G.R. Exp. General Radio Experimenter (General Radio Company,
275 Massachusetts Av., Cambridge, 39, Mass., U.S.A.).

J. Acous. Soc. Am. Journal Acoustical Society of America. Published for

A.S.A. by the American Institute of Physics, Prince and
Lemon Streets, Lancaster, Pa. U.S.A.

Journal of Applied Physics American Institute of Physics, 57 East 55th St., New
York 22 N.Y. .

Jour. I.E.E. Journal of the Institution of Electrical Engineers (Savoy
Place, Victoria Embankment, London, W.C.2., Eng-
land).

J. Brit. I.R.E. Journal of British Institution of Radio Engineers (9
Bedford Square, London, W.C.l England).

Jour. Sci. Instr. Journal of Scientific Instruments (Institute of Physics,

47 Belgrave Sq., London S.W.l).

Jour. S.MJP.E. 1 Journal of the Society of Motion Picture and Television

Jour. S.M.P.T.E. J Engineers 342 Madison Ave., New York 17, U.S.A.
Marconi Review Marconi’s Wireless Telegraph Co. Ltd., Marconi

House, Chelmsford.

Phil. Mag. Philosophical Magazine (Taylor and Francis Ltd.,

Red Lion Court, Fleet St., London, E.C.4).

Philips Tec. Com. Philips Technical Communications (Philips Electrical

Industries of Australia Pty. Ltd., 69-73 Clarence St.,

Sydney).

Philips Tec. Rev. Philips Technical Review (N.V. Philips* Gloeilampen-
fabrieken, Eindhoven, Holland).

Phys. Rev. Physical Review (American Institute of Physics, 57
East 55th Street, New York 22, N.Y.).

Proc. I.RJE. Proceedings of the Institute of Radio Engineers (IJ^.E.

Inc. 1 East 79 Street, New York 21, N.Y., U.S.A.).

Proc. I.R.E. Aust. Proceedings of the Institute of Radio Engineers Aus-
tralia (Science House, Gloucester St., Sydney, Aus-
tralia).

Proc. Roy. Soc. Proceedings of the Ro3ral Society Burlington House
London W.l.

Q.

S.T. American Radio Relay League Inc. (38 La Salle Rd.,

West Hartford 7, Coim. U.SA.).

R.C.A. Rev. R.C.A. Review (^dio Corporation of America, R.C.A.
Laboratories Division, Princeton, N.J. U.S.A.).

R. & E. Retailer Radio and Electrical Retailer (Australian Radio Pub-
lications Pty. Ltd., 30-32 Carrington St., Sydney).

Radio Ma^zines Inc. 10 McGovern Ave., Lancaster,

Pa).

Radio
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Radiotronics

Radio Craft \
Radio Electronics/
Radio Electrical Weekly
Radio Eng.
Radio & Hobbies,

Australia

Radio Review of
Australia

Rev. of Sci. Instr.

Radio News \
Radio & TV News j
Service

TV Eng.
(formerly Communications ;

formerly Radio Engineer-

ing ; formerly Communica-
tion and Broadcast Engin-
eering)

Amalgamated Wireless Valve Co. Pty. Ltd. (47 York
St., Sydney, Australia).

Radiocraft Publications Inc. (25 West Broadway,
New York, 7, N.Y. U.S.A.).
Mingay Publishing Co. 146 Foveaux St., Sydney.
Radio Engineering. Same as Communications.
Associated Newspapers Ltd., 60-70 Elizabeth-St.,
Sydney.
Australian Radio Publications Pty. Ltd., 30-32 Car-
rington St., Sydney.
Review of Scientific Instruments (American Inst, of
Physics 57 East 55th St., New York 22 N.Y.).
Ziff Davis Publishing Coy. (185 North Wabash Ave.,
Chicago 1, 111. U.S.A.).

Bryan Davis Publishing Coy. Inc., 52 Vanderbilt Ave.,
New York 17, N.Y. U.S.A.).
Tele Vision Engineering (Bryan Davis Publishing Coy.,
Inc., 52 Vanderbilt Av., New York 17, N.Y. U-SJV.).

Telecommunications Postal Electrical Society of Victoria, GP.O. Mcl-
Joumal of Australia bourne Australia.

Tele-Tech Caldwell-Clements Inc. 480 Lexington Ave., New
York 17 N.Y.

Trans. A.I.E.E. Transactions of the American Institute of Electrical

Engineers (A.I.E.E., 33 West 39th Street, New York
18 N.Y.).

Wireless Engineer (Iliffe & Sons Ltd., Dorset House,
Stamford St., London, S.E.I., England).

Wireless World (Iliffe & Sons Ltd., Dorset House,
Stamford St., London, S.E.l, England).

Western Electric Western Electric Company (Graybar Electric Co,
Oscillator 420 Lexington Ave. New York 17, N.Y.).

(x) References to periodicals
The references to periodicals in this Handbook follow substantially the form re-

commended in British Standard 1219 : 1945.

Example : Lamson, H.W. “ Permeability of dust cores ” W.E. 24.288 (Sept. 1947)

WJB.
W.E. & E
W.W.

•W. }

267.

Lamson, H. W. indicates the author.
“ Permeability of dust cores ” indicates the title.

W.E. indicates the periodical (see abbreviations above).

24 indicates the volume number.
288 indicates the number.
Sept. 1947 indicates the date.

267 indicates the first page of the article.

(xi) References to standard symbols and abbreviations
1. ** Standards on abbreviations, graphical symbols, letter s3rmbols and mathematical

signs.’* The Institute of Radio Engineers (U.SA.) 1948.

2. ** American standard letter symbols for electrical quantities ” A.S.A. Z10.5, 1949.

3. British Standard 1469 ; 1950 “ Letter symbols for electronic valves ” British

Standards Institution 28 Victoria St., London, S.W.l.

4. ** Standards on designations for electrical, electronic and mechanical parts and
their symbols, 1949 ” Standard 49 IRE, 21 SI, published Proc. I.R.E. 38.2 (Feb.

1950) 118.

5.
**
Standards on abbreviations of radio-electronic terms, 1951 ” Standard 51 IRE

21 SI, published Proc. I.R.E. 39.4 (April 1951) 397.
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SECTION 7 : STANDARD GRAPHICAL SYMBOLS

GRAPHICAL SYMBOLS

38.7

AEP1AL FUSE

alternating current
GENERATOR (A.C.)

BATTERY

INDUCTANCE

IRON -CORED

INDUCTANCE -nm^
CONDENSERS

GANGED

^67^f
SPLIT -STATOR

CONNECTIONS

LOOP AERIAL

LOUDSPEAKERS

COMMON POINT

CROSSING I

NO CONNECTION

_J
SLIDING CONTACT

EARTH
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1371

GRAPHICAL SYMBOLS

MCTCRt 0 @
VOLTMETER MILLIAMMETER

5)
MICROAMMETC0

MICROPHONE

GENERAL
<]

PICKUPS

V
ELECTRO- MAGNETIC C RVSTAL

PRESSSUTTDN

RECTIFIER

(ORY disc)

RESISTOR

ARROW POINTS IN OiRCCTlON OF
FORWARD CURRENT FLOW

^A/WV^

TAPPING ON INDUCTANCE

TAPPING ON
RESISTANCE

—\A/yw'

—

TRANSFORMERS

AIR CORE laminated IRON COtlE

3
LAMINATB) IRON CORE

With eA shield

WITH POWDERED
IRON CORE

SCREEN

SHAPE TO SUIT CIRCUMSTANCES

SCREENED
CONDUCTOR

VARIARLE

VIBRATORS

I
--tB-

SYNCHRONOUS (SPLIT REEC^

O B- cfcll

NON -synchronous
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Properties

of

insulating

materials

1372 (i) PROPERTIES OF INSULATING MATERIALS 88^

SECTION 8 : PROPERTIES OF MATERIALS AND CHEMICAL
AND PHYSICAL CONSTANTS

(0 Properties of instdating materials («) Properties of conducting materials (m)
Composition of some common plastics (iv) Weights of common materials (v) Re-
sistance of a conductor at any temperature {vi) Rrferences to properties of materials

(vii) Chemical and physical constants.



TABLE

37

(Condnued)
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Coeflf.

of

expansion

parts

in

10*

per

40 30 20 Varies 70 82 4-5 3-4 0.45 70-80 6-8 7-8 26 70

Softens

at

1

104 80 54 1610 1430 70 85 1500 1600 200

Resist-
ivity ohm-cm

2 222
2 S52 22oo. ooo ,

2 2 2 2 X ^ s 2 2 2 2 ®
o o o boo ^

Dielectric

i

Strength

V/mil
400-500 650-750 150-500 1000 508-760 400 150 40-100

1
500 200 450 900 150-315 100-210 300-550 450-550 400-500 116

1
100

Mc/»
0.03 0.03 0.8 0.36 0.02 3 0.5 0.13 5

1

1

>
3.5 3.5 5 0.03 0.02 1.6 0.6 0.7 0.2-0.7 0.02 0.5-1 0.9-3.

1

0.2-0.3 0.2 .02-0.5 2,8 2-3 1.7 4.2

09

s
8 6 5 0.03 0.02 1.2 2 2 0.09 1 0.6-2.5 0.02 0.02 3-5

Dielectric Constant

60

c/s
<s in ^ iTk — *0 ®

lasulating

Material

Phenol-Black

Moulded

Phenol-Paper

Base

Phenol-Cloth

Base

Polyethylene

Polirstyrene

Polyvinyl

Chloride

Porcelain-Wet

Process

Porcelain-Dry

Process

Pyxophillite

Quartz-Fused

Rubber-Hard

Shellac

Steadte-Commercial

Steatite-Low-loss

Titanium

Dioxide

Urea

Formaldehyde

Varnished

cloth

Vinyl

Resins

Wood-Dry

Oak

Wood-Paniffined

Maple

Sec

also

Refs.

1,

2,

3,

4,

5,

6.
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(li) Properties of conducting materials

TABLE 38
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(iii) Composition of some common plastics

TABLE 39

Trade Name Composition
Bakelite Phenol formaldehyde
Bakelite Urea formaldehyde
Bakelite Cellulose acetate

Bakelite Polystyrene

Beetle Urea formaldehyde
Cellophane Regenerated cellulose film

Celluloid Cellulose nitrate

Distrene Polystyrene

Duperite Phenol formaldehyde
Erinoid Casein

Formica Phenol formaldehyde (lamination)

Glyptal Glycerol-phthalic anhydride

Lucite Methyl methacrylate polymer
Micarta Phenol formaldehyde (lamination)

Mycalex Mica bonded glass

Neoprene Chloroprene synthetic rubber
Nylex Polyvinyl chloride

Nylon Synthetic polyamides and super polyamides
Paxolin Phenol formaldehyde
Perspex Methyl methacrylate polymer
Plexiglass Methyl methacrylate polymer
Polythene Polyethylene

PVC Polyvinyl chloride

Scarab Urea formaldehyde
Synthane Phenol formaldehyde
Trolitul Polystyrene

Vinylite A Polyvinyl acetate

Vinylite Q Polyvinyl chloride

Vinylite V Vinyl chloride-acetate copolymer
Vinylite X Polyvinyl butyral

Xylonite Nitrocellulose

(iv) Weights of common materials
The weights of the following materials are given in pounds per cubic inch.

TABLE 40

Aluminium 0.098

Armco iron 0.284

Brass 0.304

Constantan 0.321

Copper 0.310

German silver 0.323

Iron (cast) 0.281

Mumetal 0.318

Perm-Alloy B 0.299

Perm-Alloy C 0.310

Perspex 0.043

Polyamide (Nylon) 0.041

Polystyrene 0.038

Radio metal 0.299

Rho metal 0.292

Steel

Cast 0.278

2% silicon 0.278

4% silicon 0.271

Synthetic wax
Seekay 0.056

Halowax 0.056

2129 Alloy 0.292

Sec Sect. lO(viii) for weight of metal sheets.
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(v) Resistance of a conductor at any temperature
To find the resistance of a conductor at any temperature :

R, = R^[l -hit - 20)a]

where R^ = resistance at temperature r°C

JRm = resistance at 20°C
t =k temperature of conductor °C

and a = temperature coefficient of resistivity at 20®C.

Most conductors increase in resistance when their temperature is increased.

(vi) Reference to properties of materials

1. English readers arc referred to the Radio Industry Ck)uncil Specification No.
RIC/1000/A “ Choice of materials for radio and other electronic equipment and for

components therein ’* Issue No. 1—^July 1949.

2. British Standard 1598 : 1949 Ceramic materials for telecommunication and
allied purposes.** Gives summary of electrical, mechanical, thermal and general

properties of insulators.

3. British Standard 1540 : 1949 ** Moulded electrical insulating materials for use

at radio frequencies ”.

4. D. W. Thomasson “ Silicones and other silicon compounds ** Electronic Eng.
22J272 (Oct. 1950) 422.

5. Federal Telephone and Radio Corporation “ Reference Data for Radio En-
gineers ** 3rd ed. 31-39, 47-53.

6. “ Standard Handbook for Electrical Engineers,** McGraw-Hill Book Co. Inc.

8th ed. 1949, Sea. 4.

Extensive treatment ; also gives bibliography of insulating materials Sea. 4-619.

(vii) Chemical and physical constants

Some Chemical and Physical Constants as at 1 Dec. 1950, extraaed from Table
VII, A re-evaluation of the fundamental atomic constants ** Physical Review 81.1

Qan. 1, 1951) 73.

Electron mass m — (9.10710 ± 0.00022) x 10“**g

Electronic charge e = (4,80217 ± 0.00006) x 10~^®esu

= (1.601844 ± 0.000021) x 10-*®emu

Boltzmann’s constant k = (1.38020 ± 0.00007) x 10“**erg deg"‘

Ratio proton mass to electron mass
M/m = (1836.093 ± 0.044)

Velocity of light c = (299790.0 ± 0.7) km/sec

Note: Since the first printing of this edition, the International Scientific Radio
Union (U.R.S.I.) has recommended that the velocity of light in a vacuum is to be
taken as 299792 + 2 km /sec (see Wireless World, March 1953, page 121).
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SECTION 9: REACTANCE, 12V1PEDANCE AND RESONANCE
(f) Inductive reactances (ii) Capacitive reactances (Hi) Impedance of reactance

and resistance in parallel (iv) Impedance of reactance and resistance in series (v)

Resonance (vi) Approximations in the calculation of impedance for reactance and
resistance in series and parallel (vii) Reactance chart.

(i) Inductive reactances

(Correct to three significant figures)

TABLE 41

AUDIO FREQUENCIES = cjL

Induct- Reactance in Ohms at :

—

ance

(Henries) 30 c/s 50 c/s 100 c/s 400 c/s 1000 c/s 5000 c/s

250 47 100 78 500 157 000 628 000 1 570 000 7 850 000
100 18 800 31 400 62 800 251 000 628 000 3 140 000
50 9 420 15 700 31 400 126 000 314 000 1 570 000
25 4 710 7 850 15 700 62 800 157 000 785 000
10 1 880 3 140 6 280 25 100 62 800 314 000
5 942 1 570 3 140 12 600 31 400 157 000
1 188 314 628 2 510 6 280 31400
.1 18.8 31.4 62.8 251 628 3 140
.01 1.88 3.14 6.28 25.1 62.8 314
1000 /iH .188 .314 .628 2.51 6.28 31.4

200 .0376 .0628 .126 .502 1 26 6.28

100 .0188 .0314 .0628 .251 .628 3.14

RADIO FREQUENCIES
Induct- Reactance in Ohms at

;

11

1̂OJUVC

(Henries) 175 Kc/s 252 Kc/s 465 Kc/s 550 Kc/s 1000 Kc/s 1500 Kc/s

1 1 100 000 1 580 000 2 920 000 3 460 000 6 280 000 9 430 000
.1 110000 158 000 292 000 346 000 628 000 943 000
.01 11000 15800 29 200 34 600 62 800 94 300
1000 1 100 1 580 2 920 3 460 6 280 9430
200 /xH 220 317 584 691 1260 1890
100 110 158 292 346 628 943
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(ii) Capacitive reactances

(Correct to three significant figures)

TABLE 42
AUDIO FREQUENCIES
Capacit-

ance Reactance in Ohms at :

—

38.9

Xc = l/a>C

farads 30 c/s 50 c/s 100 c/s 400 c/s 1000 c/s 5000 c/s

.00005 637 000

.0001 — — — — 1 590 000 318 000

.00025 — — — 1 590 000 637 000 127 000

.0005 — — 3 180 000 796 000 318 000 63 700

.001 — 3 180 000 1 590 000 398 000 159 000 31 800

.005 1 060 000 637 000 318 000 79 600 31 800 6 370

.01 531 000 318 000 159 000 39 800 15 900 3 180

.02 263 000 159 000 79 600 19 900 7 960 1 590

.05 106 000 63 700 31800 7 960 3 180 637

.1 53 100 31 800 15 900 3 980 1 590 318

.25 21 200 12 700 6 370 1 590 637 127

.5 10 600 6 370 3 180 796 318 63.7

1 5 310 3 180 1 590 398 159 31.8

2 2 650 1 590 796 199 79.6 15.9

4 1 310 796 398 99.5 39.8 7.96

8 663 398 199 49.7 19.9 3.98

10 531 318 159 39.8 15.9 3.18

20 265 159 79.6 19.9 7.96 1.59

50 106 63.7 31.8 7.96 3.18 0.637

RADIO FREQUENCIES
Capacit-

ance Reactance in Ohms at ;

Xc = 1/coC

farads 175 Kc/s 252 Kc/s 465 Kc/s 550 Kc/s 1000 Kc/s 1500 Kc/s

.00005 18 200 12 600 6 850 5 800 3 180 2 120

.0001 9 100 6 320 3 420 2 900 1 590 1 060

.00025 3 640 2 530 1 370 1 160 637 424

.0005 1 820 1 260 685 579 318 212

.001 910 632 342 290 159 106

.005 182 126 68.5 57.9 31.8 21.2

.01 91.0 63.2 34.2 28.9 15.9 10.6

.02 45.5 31.6 17.1 14.5 7.96 5.31

.05 18.2 12.6 6.85 4.79 3.18 2.12

.1 9.10 6.32 3.42 2.89 1 59 1.06

.25 3.64 2.53 1.37 1.16 .637 .424

.5 1.82 1.26 .685 .579 .318 .212

1 .910 .632 .342 .289 .159 .106

2 .455 .316 .171 .145 .0796 .0531

4 .227 .158 .0856 .0723 .0398 .0265
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(Table 42—continued)

radio FREQUENCIES

Capacit-
Reactance in Ohms at :

—

1379

Xc = l/wC

ance

HlxF 6 Mc/s 12 Mc/s 18 Mc/s 25 Mc/s 50 Mc/s 100 Mc/s

10 2650 1330 888 637 318 159

22 1206 603 402 290 145 72.4

47 565 282 188 135 67.7 33.9

100 265 133 88.8 63.7 31.8 15.9

220 120.6 60.3 40.2 29.0 14.5 7.24

470 56.5 28.2 18.8 13.5 6.77 3.39

1000 26.5 13.3 8.88 6.37 3.18 1.59

2200 12.06 6.03 4,02 2.90 1.45 0.724

4700 5.65 2.82 1.88 1.35 0.677 0.339

10 000 2.65 1.33 0.888 0.637 0.318 0.159
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(iii) Impedance of reactance and resistance in parallel
Table 43 has been prepared to permit the finding of any one of the three quantities

X^Rot Z when the other two are given. WhenX zndR are given, divide the larger

of the two quantities into the smaller one and thus get a ratio less than 1. Find this

ratio in the left column and multiply the number obtained in the second column by
R orX whichever is the larger and find Z.

Suppose R equals 1000 ohms andX is 200 ohms, which makes X/R — .20. Table
43 shows us that Z/R is then 0.1961. Multiplying by R, we have Z = 0.1961 x 1000
= 196.1 ohms.

TABLE 43 : REACTANCE AND RESISTANCE VALUES IN PARALLEL

X/R
or R/X

Z/R
or Z/X

X/R
or R/X

Z/R
or Z/X

X/R
or R/X

Z/R
or Z/X

0.10 0.0995 0.49 0.4400 0.88 0.6606

0.11 0.1093 0.50 0.4472 0.89 0.6648

0.12 0.1191 0.51 0.4543 0.90 0.6690

0.13 0.1289 0.52 0.4613 0.91 0.6130

0.14 0.1386 0.53 0.4683 0.92 0.6771

0.15 0.1483 0.54 0.4751 0.93 0.6810

0.16 0.1580 0.55 0.4819 0.94 0.6849

0.17 0.1676 0.56 0.4886 0.95 0.6888

0.18 0.1771 0.57 0.4952 0.96 0.6925

0.19 0.1867 0.58 0.5017 0.97 0.6963

0.20 0.1961 0.59 0.5082 0.98 0.6999

0.21 0.2055 0.60 0.5145 0.99 0.7036

0.22 0.2149 0.61 0.5208 1.00 0.7071

0.23 0J2242 0.62 0.5269 1.10 0.7400

0.24 03334 0.63 0.5330 !
1.20 0.7682

0.25 0.2425 0.64 0.5390 1.30 0.7926

0.26 0.2516 0.65 0.5450 1.40 0.8137
0.27 0.2607 0.66 0.5508 1.50 0.8320

0Z8 0.2696 0.67 0.5566 1.60 0.8480

0.29 0.2785 0.68 0.5623 1.70 0.8619

0.30 03874 0.69 0.5679 1.80 0.8742

0.31 0.2961 0.70 0.5735 1.90 0.8850
0.32 03048 0.71 0.5789 2.00 0.8944

0.33 0.3134 0.72 0.5843 2.20 0.9104
034 0.3219 0.73 0.5895 2.40 0.9231

0.35 03304 0.74 0.5948 2.60 0.9333

0.36 0.3387 0.75 0.6000 2.80 0.9418

0.37 0.3470 0.76 0.6051 3,00 0.9487

038 0.3552 0.77 0.6101 3.20 0.9545
0.39 0.3634 0.78 0.6150 3.40 0.9594
0.40 03714 0.79 0.6199 3.60 0.9635

0.41 03793 0.80 0.6246 3.80 0.9671

0.42 0.3872 0.81 0.6289 4.00 0.9702

0.43 0.3950 0.82 0.6341 5.00 0.9807
0.44 0.4027 0,83 0.6387 6.00 0.9864
0.45 0.4103 0.84 0.6432 7.00 0.9902

0.46 0.4179 0.85 0.6477 8.00 0.9921

0.47 0.4254 0.86 0.6520 9.00 0.9939

0,48 0.4327 0.87 0.6564 10.00 0.9950

By means of Chart 38.1 it is possible to determine either the parallel impedance
(Z), reactance (X) or resistance (R) knowing the other two values. Expressing the
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capadtanoe (C) in microfarads, the inductance (L) in henrys and the frequency (F)

in cycles use the bottom scale and read directly on to the chart.

REACTANCE AND RESISTANCE IN PARALLEL
CHART 38.1

11
IS

I
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9 /
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(iv) Impedance of reactance and resistance in series
To use Table 44, find the ratio R/X or X/R, refer to the table and find the corres-

ponding ratio ZjX or Z/R. The table can also be used when Z is given together

with one of the other quantities. It was for this reason that the table had to be ex-
tended for values of RfX or XjR from 0.1 to 1.0 since otherwise it would have been
sufficient to include values from 1 upwards or downwards but not both. Example :

suppose X = 1600 ohms and R = 1000 ohms. Then XjR = 1.6 ; the table shows
Z/R = 1.8868. Then Z equals 1 8868 R or 1886.8 ohms.

TABLE 44 ; REACTANCE AND RESISTANCE VAI.UES IN SERIES

XIR
or R/X

Z/R
or ZIX

X/R
or R/X

Z/R
or Z/X

X/R
or R/X

Z/R
or Z/X

0.10 1.0050 0.53 1.1318 0.96 1.3862

0.11 1.0060 0.54 1.1365 0.97 1.3932

0.12 1.0072 0.55 1.1413 0.98 1.4001

0.13 1.0084 0.56 1.1461 0.99 1.4071

0.14 1.0097 0.57 1.1510 1.00 1.4141

0.15 1 0112 0.58 1.1560 1.1 1.4866

0.16 1.0127 0.59 1.1611 1.2 1.5621

0.17 1.0144 0.60 1.1662 1.3 1.6401

0.18 1.0161 0.61 1.1714 1.4 1.7205

0.19 1.0179 0.62 1.1765 1.5 1.8028

0.20 1.0198 0.63 1.1819 1.6 1.8868

0.21 1.0218 0.64 1.1873 1.7 1.9723

0.22 1.0239 0.65 1.1927 1.8 2.0591

0.23 1.0261 0.66 1.1981 1.9 2.1471

0.24 1.0284 0.67 1.2037 2.0 2.2361

0.25 1.0308 0.68 1.2093 2.1 2.3259

0.26 1.0333 0.69 1.2149 2.2 2.4166

0.27 1.0358 0.70 1.2207 2.3 2.5080

0.28 1.0384 0.71 1.2264 2.4 2.6000

0.29 1.0412 0.72 1.2322 2.5 2.6926

0.30 1.0440 0.73 1.2381 2.6 2.7857

0.31 1.0469 0.74 1.2440 2.7 2.8792

0.32 1.0499 0.75 1.2500 2.8 2.9732

0.33 1.0530 0.76 1.2560 2.9 3.0676

0.34 1.0562 0.77 1.2621 3.0 3.1623

0.35 1.0595 0.78 1.2682 3.1 3.2573

0.36 1.0628 0.79 1.2744 3.2 3.3526

0.37 1.0662 0.80 1.2806 3.3 3.4482

0.38 1.0698 0.81 1.2869 3.4 3.5440

0.39 1.0733 0.82 1.2932 3.5 3.6400

0.40 1.0770 0.83 1.2996 3.6 3.7362

0.41 1.0808 0.84 1.3060 3.7 3.8327

0.42 1.0846 0.85 1.3125 3.8 3.9293

0.43 1.0885 0.86 1.3190 3.9 4.0262

0.44 1.0925 0.87 1.3255 4.0 4.1231

0.45 1.0966 0.88 1.3321 4.1 4.2202

0.46 1.1007 0.89 1.3387 4.2 4.3174

0,47 1.1049 0.90 1.3454 4.3 4.4147

0.48 1.1092 0.91 1.3521 4.4 4.5122

0.49 1.1136 0.92 1.3588 4.5 4.6098

0.50 1.1180 0.93 1.3656 4.6 4.7074

0.51 1.1225 0.94 1.3724 4.7 4.8052

0.52 1.1271 0.95 1.3793 4.8 4.9030
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TABLE 44 (Continued)

X/R
or R/X

ZIR
or ZIX

X/R
or R/X

Z/R
or Z/X

X/R
or R/X

Z/R
or Z/X

4.9 5.0009 6.6 6.6752 8.3 8.3600
5.0 5.0990 6.7 6.7741 8.4 8.4594
5.1 5.1971 6.8 6.8731 8.5 8.5580
5.2 5.2952 6.9 6.9720 8.6 8.6576

5.3 5.3935 7.0 7.0711 8.7 8.7572

5.4 5.4918 7.1 7.1701 8.8 8.8566
5.5 5.5901 7.2 7.2691 8,9 8.9560
5.6 5.6885 7.3 7.3681 9.0 9.0554

5.7 5.7871 7.4 1M1\ 9.1 9.1548

5.8 5.8856 7.5 7.5662 9.2 9.2542

5.9 5.9841 7.6 7.6654 9.3 9.3536

6.0 6.0828 7.7 7.7646 9.4 9.4530

6.1 6.1814 7.8 7.8638 9.5 9.5524

6.2 6.2801 7.9 7.9630 9.6 9.6518

6.3 6.3789 8.0 8.0623 9.7 9.7512

6.4 6Ain 8.1 8.1615 9.8 9.8507

6.5 6.5764 8.2 8.2608 9.9 9.9503

10.0 10.0499

From Chart 38.2 (page 1384) it is possible to determine either the series impedance

(Z)> reactance (X) or resistance (R) knowing the other two values. Expressing the

capacitance (C) in microfarads, the inductance (L) in henrys and the frequency (/)

in c/s, use the top scale and read directly on to the chart.

Tables 43, 44 and charts 38.1, 38.2 are reprinted from the Aerovox Research Worker

11, Nos. 1 and 2 (Jan. and Feb. 1939) by courtesy of the Aerovox Corporation.
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CHART 38.2

REACTANCE AND RESISTANCE IN SERIES
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Resistance and reactance in series—^Alternative method
Chart 38.3 assists in the evaluation of the impedance Z and its phase angle d when

the values of resistance R and reactance X are known. Firstly read R along the
horizontal scale, then read upwards to the value ofjX ; the magnitude of Z is given
by the radius which may be read by running the eye down the arc to the horizontal

axis. The angle of Z is given directly by the angle at the point of intersection. For
example, R = 15 ohms in series with jX = 5.6 ohms gives R jX = 16 ohms,
Z.20° (approx.). When any value of R or AT is greater than the limits on the chart,

both scales should be multiplied by the same factor. For example, R = 150 ohms
in series with^Af = 56 ohms gives R + /AT = 160 ohms, Z20°. Negative reactances
may be treated as positive when using the chart, but the angle of Z will then be nega-
tive.

CHART 38.3

RESiSTANCet REACTANCE IN SERIES



1386 (v) RESONANCE 38.9

(v) Resonance
(A) Resonance frequency table (audio frequencies)

TABLE 45 : RESONANCE FREQUENCY C/S

C(^F) 50 100 200 400 1000 2000 5000 10 000

1 10.1 2.53 633 158 25.3 6.33 1.01 0.253

0.5 20.3 5.07 1.27 317 50.7 12.7 2.03 0.507

0.25 40.5 10.1 2.53 633 101 25.3 4.05 1.01

0.1 101 25.3 6.33 1.58 253 63.3 10.1 2.53

0.05 203 50.7 12.7 3.17 507 127 20.3 5.07

0.02 507 127 31.7 7.91 1.27 317 50.7 12.7

0.01 1010 253 63.3 15.8 2.53 633 101 25.3

0.005 2030 507 127 31.7 5.07 1.27 203 50.7

0.002 5070 1270 317 79.1 12.7 3.17 507 127

0.001 10 100 2530 633 158 25.3 6.33 1.01 253

Inductance values above the stepped line are in millihenrys and those below in

henrys.

(B) R-F solenoid design chart

Chart 38.4 enables the radio engineer to determine the approximate number of

turns on a solenoid of specified diameter and length, to resonate at a specified fre-

quency with a specified capacitance. (Chart by P. G. Sulzer in Tele-Tech, May
1951, p. 45 and reproduced by kind permission).

The following example will indicate the method :

It is desired to design a coil for a harmonic generator which is to operate at a fre-

quency of 10 Mc/s with a total capacitance of 50 Drawing a straight line be-

tween 10 Mc/s on the / scale and 50 /x/xF on the C scale, the inductance L is found to

be approximately 5 /xH. This value need not be recorded unless it is required for

some other purpose. Assuming that the winding is to be one inch in diameter by
two inches long, the intersection of the appropriate lines is found in the graph at the

right-hand side of the chart. This intersection is projected horizontally to the left

as shown, and then a straight line is drawn to the 5 fxH point on the L scale. The
result is found to be 22 turns, as indicated on the n scale.

(vi) Approximations in the calculation of impedance for reactance
and resistance in series and parallel

When a resistance and a reactance are in series, and the reactance is numerically

smaller than the resistance, the value of the resistance may be taken as being an ap-
-proximation to the impedance, with the errors indicated below :

R/X - 1 2 3 4 5 7 10

error - 29% 11% 5% 3% 2% 1% 0.5%
When a resistance and a reactance are in parallel, and the reactance is numerically

larger than the resistance, the value of the resistance may be taken as being an approxi-

mation to the impedance, with the errors indicated below :

X/R - 1 2 3 4 5 7 10

error - 41% 12% 5.5% 3% 2% 1% 0.5%
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(vii) Reactance chart
A very complete form of reactance chart, including reactance, frequency, inductance,

capacitance, susceptance, wavelength and time constant, is given bv H A Wheeler
“ Reactance Chart " Proc. I.R.E. 38.12 (Dec. 1950) 1392.

wneeier

CHART 38.4: R-F SOLENOID DESIGN CHART—see page 1386.

'JtltUIOlQ



1388 (0 STANDARD AMERICAN SCREWS—RADIO MANUFACTURE 38.10

^CnON 10 : SCREW THREADS, TWIST DRILLS AND SHEET
GAUGES

(t) Standard American screws used in radio mantrfacture (n) B.A. screw threads

(jiU) Whitworth screw threads (A() Ur^ied screw threads (t») Drill sizes for self-

taping screws (pi) Wood screws (vU) Twist drill sizes (viii) Sheet steel gauges.
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(ii) B.A. screw threads

TABLE 47

DioMnsions given are only approziinate

BJi.

No.
Outside

dia.

Core
dia.

Turns
per in.

Clearing

drill

Tapping
drill

0 .236 .189 25.4 im.or“B” 10-12

1 .209 .166 28.3 2-3 18-19

2 .185 .147 31.4 10-11 25-26

3 .161 .127 34.8 18-19 30-31

4 .142 .111 38.5 26-27 33-34

5 .126 .098 43.1 29-30 39-40
6 .110 .085 47.9 32-33 44
7 .098 .076 52.9 38-39 48
8 .087 .066 59.2 42-43 51

9 .075 .056 65.1 46-47 53
10 .067 .050 72.5

j

49-50 55

(iii) Whitworth screw threads

TABLE 48

Outside
dia.

Core
dia.

Threads
per inch

Tapping
driU

1/8 in. .093 in. 40 41

3/16 in. .134 24 9/64 in.

1/4 in. .186 20 12

5/16 in. .241 18 1/4 in.

3/8 ina .295 16 5/16 in.

1/2 in. .393 12 13/32 in.

5/8 in. .509 11 17/32 in.

3/4 in. .622 10 5/8 in.

1 in. .840 8 27/32 in.
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(iv) Unified sctfiw tlieeads

Provisional British Standard B.S. 1580 : 1949.

American Standard A.S.A. Bl.l—1949.

TABLE 49

Designation Pitch Turns

Major
diameter^

Effective

diameter* Minor diameter

Nut and
bolt

Nut and
bolt

Nut
(design

size)t

Bolt

Coarse Thread in. per in. in. in. in. in.

1/4-20.UNC 0.05000 20 0.2500 0.2175 0.1959 0.1887

5/16-18.UNC 0.05556 .8 0.3125 0.2764 0.2524 0.2443

3/8-16.UNC 0.06250 16 0.3750 0.3344 0.3073 0.2983

7/16-14.UNC 0.07143 14 0.4375 0.3911 0.3602 0.3499

1/2-12.UNC 0.08333 12 0.5000 0.4459 0.4098 0.3978

9/16-12.UNC 0.08333 12 0.5625 0.5084 0.4723 0.4603

5/8-1 l.UNC 0.09091 11 0.6250 0.5660 0.5266 0.5135

3/4-lO.UNC 0.10000 10 0.7500 0.6850 0.6417 0.6273

7/8-9.UNC 0.11111 9 0.8750 0.8028 0.7547 0.7387

1-8.UNC
Fine Threcd

0.12500 8 1.0000 0.9188 0.8647 0.8466

1/4-28.UNF 0.03571 28 0.2500 0.2268 0.2113 0.2062

5/16-24.UNF 0.04167 24 0.3125 0.2854 0.2674 0.2614

3/8-24.UNF 0.04167 24 0.3750 0.3479 0.3299 0.3239

7/16-20.UNF 0.05000 20 0.4375 0.4050 0.3834 0.3762

1/2-20.UNF 0 05000 20 0.5000 0.4675 0.4459 0.4387

9/16-18.UNF 0.05556 18 0.5625 0.5264 0.5024 0.4943

5/8-18.UNF 0.05556 18 0.6250 0.5889 0.5649 0,5568

3/4-16.UNF 0,06250 16 0.7500 0.7094 0.6823 0.6733

7/8-14.UNF 0.07143 14 0.8750 0.8286 0.7977 0.7874

1-12.UNF 0.08333 12 1.0000 0.9459 0.9098 0.8978

American ; Pitch
,
diameter.

fCorresponds to a flat of p/4 where p = pitch.

Note : The flnal decimal point is subjea to slight modiflcation when the British

Standard has been approved.



38.10 (v) DRILL SIZES FOR SELF-TAPPING SCREWS 1391

(v) Drill sizes for self-tapping screws

TABLE 50

Screw No.
Metal

thickness*

mils

Drill size Screw No.

i

Metal

thickness* ,

mils

Drill size

2 16 52 4 50 41

2 20 52 4 62 39
2 25 51 4 78 38
2 31 50 6 16 37

2 39 49 6 20 37

2 50 49 6 25 36
2 62 48 6 31 36
4 16 44 6 39 35
4 20 44 6 50 34

4 25 43 6 62 32

4 31 42 6 78 31

4 39 42 6 99 30

For steel or brass. Use a somewhat smaller hole for softer metals.

(vi) Wood screws

TABLE 51

No.
American National Standard British Practice

1

shank

dia. in.

clearance
j

drill No.

shank

dia. in.

clearance

drill No.

0 0.060 50 0.063 52

1 .073 49 .066 51

2 .086 44 .080 46

3 .099 39 .094 41

4 .112 33 .108 35

5 .125 30 .122 30

6 .138 28 .136 28

7 .151 24 .150 23

8 .164 19 .164 18

9 .177 16 .178 14

10 .190 11 .192 9

11 .203 6 .206 4

12 .216 2 .220 1

14 .242 E .248 E
16 .268 I .276 K
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(vii) Twist drill sizes

TABLE 52

Number drills

Drill

No.
Dia.

Inch

Drill

No.
Dia.

Inch
Drill

No.
Dia.

Inch

1 .2280 28 .1405 55 .0520

2 .2210 29 .1360 56 .0465

3 .2130 30 .1285 57 .0430

4 .2090 31 .1200 58 .0420

5 .2055 32 .1160 59 .0410

6 J040 33 .1130 60 .0400

7 .2010 34 .1110 61 .0390

8 .1990 35 .1100 62 .0380

9 .1960 36 .1065 63 .0370

10 .1935 37 .1040 64 .0360

11 .1910 38 .1015 65 .0350

12 .1890 39 .0995 66 .0330

13 .1850 40 .0980 67 .0320

14 .1820 41 .0960 68 .0310

15 .1800 42 .0935 69 .0292

16 .1770 43 .0890 70 .0280

17 .1730 44 .0860 71 .0260

18 .1695 45 .0820 72 .0250

19 .1660 46 .0810 73 .0240

20 .1610 47 .0785 74 .0225

21 .1590 48 .0760 75 .0210

22 .1570 49 .0730 76 .0200

23 .1540 50 .0700 77 .0180

24 .1520 51 .0670 78 .0160

25 .1495 52 .0635 79 .0145

26 .1470 53 .0595 80 .0135

27 .1440 54 .0550

Letter drills

Letter

Dia.

Inch Letter

Dia.

Inch Letter

Dia.

Inch

A 0.2340 j 0.2770 S 0.3480

B 0.2380 K 0.2810 T 0.3580

c 0.2420 L 0.2900 U 0.3680

D 0.2460 M 0.2950 V 03770
E 0.2500 N 0.3020 W 03860
F 0.2570 O 0.3160 X 0.3970

G 0.2610 P 0.3230 Y 0.4040

H 0.2660 Q 03320 Z 0.4130

I 0.2720 R 0.3390
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(viii) Sheet metal gauges

TABLE 53 : Thickness and weight per square foot

Birmingham
Gauge (B.G.)

American
Manufacturers

Standard Gauge*
for sheet steel

B & S (American)
for non-ferrous sheet

Gauge

inch

steel

Ib/ft* inch Ib/ft* inch

lb per square foot

copper brass aluminium

10 .1250 5.100 1345 5.625 .1019 4.71 4.51 1.44

11 .1113 4.541 .1196 5.000 .0907 4.19 4.02 1.28

12 .0991 4.043 .1046 4.375 .0808 3.74 3.58 1.14

13 .0882 3.599 .0897 3.750 .0720 3.33 3.19 1.01

14 .0785 3.203 • .0747 3.125 .0641 2.96 2.84 .903

15 .0699 2.852 .0673 2.8125 .0571 2.64 2.53 .804

16 .0625 2.550 .0598 2.500 .0508 2.35 2.25 .716

17 .0556 2.268 .0538 2.250 .0453 2.10 2.01 .638

18 .0495 2.020 .0478 2.000 .0403 1.86 1.78 .568

19 .0440 1.795 .0418 1.750 .0359 1.66 1.59 .506

20 .0392 1.599 .0359 1.500 .0320 1.48 1.42 .450

21 .0349 1.424 .0329 1.375 .0285 1.32 1.26 .401

22 .03125 1.275 .0299 1.250 .0253 1.17 1.12 .357

23 .02782 1.134 .0269 1.125 .0226 1.05 1.00 .318

24 .02476 1.010 .0239 1.000 .0201 .931 .890 .283

25 .02204 0.898 .0209 .8750 .0179 .829 .793 .252

26 .01961 0.800 .0179 .7500 .0159 .738 .706 .225

27 .01745 0.712 .0164 .6875 .0142 .657 .628 .200

28 .015625 0.636 .0149 .6250 .0126 .589 .560 .178

29 .0139 0.567 .0135 .5625 .0113 .521 .499 .159

30 .0123 0.502 .0120 .5000 .0100 .464 .444 .141

31 .0110 0.449 .0105 .4375 .00893 .413 .395 .126

32 .0098 0.400 .0097 .40625 .00795 .368 .353 .112

33 — — .0090 .3750 .00708 .328 .314 .100

34 — — .0082 .34375 .00635 .292 .279 .089

35 — — .0075 .3125 .00562 .260 .249 .079

^Based on 41.820 lb. per sq. foot per inch thick ; variations in thickness are to be expected.

Other gauges are based directly on thickness ; variations in weight per square inch are to be expected.

American Standard Preferred Thicknesses for uncoated thin flat metals

(ASA. B32.1—1941).

This series of thickness is given in,inches.

TABLE 54

0.180 0.090 0.045 0.022 0.011

0.160 0.080 0.040 0.020 0.010 0.005

0.140 0.071 0.036 0.018 0.009

0.125 0.063 X).032 0.016 0.008 0.004

0.224 0.112 0.056 0.028 0.014 0.007

0.200 0.100 0.050 0.025 0.012 0.006
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SECTION 11 : TEMPERATURE RISE AND RATINGS

Fig, 38.7. Curves of temperature rise of power wire-wound resistors in free air. The
temperature is considerably affected by the radiating properties of the coating. Type A
coating refers to a vitreous enamel which is used for “ tropic proofed ** application and

type B coating refers to an organic cement coating.
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38.12 FUSES 1395
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SECTION 12 : FUSES

The fusing current of wire
depends largely upon external

conditions such as atmospheric
temperature, method of mount-
ing, proximity of other objects,

and time of operation. For
sizes up to about 25 amps, a
simple construction may be used
with metals such as aluminium
or special alloys which produce
a minimum vapour on fusing.

Copper wire, operated near

the fusing current, is particularly

subject to corrosion and should
therefore be coated with a metal
—such as tin —which does not
oxidise so readily.

Table 55 applies only to cor -

ditions with the wire freely

suspended in air. The maxi-
mum safe working current may
be taken as approximately 67%
of the fusing current under the

same conditions.

Fuses designed for inter-

mediate values of current may
be calculated from the formula

/current\*/*
diameter ~—

J

where a is the faaor given in

Table 55.

See Chapter 35 Sect. 9(iv)

for fuses in radio receivers.
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38.131396 (i) VISIBILITY CURVES OF HUMAN EYE

SECTION 13 : CHARACTERISTICS OF LIGHT ; PANEL LA2V1PS

(f) Visibility curves of human eyey and relative spectral energy curves of sunlight

and tungsten lamp (ii) Velocity of light (Hi) American panel lamp characteristics,

(i) Visibility curves of human eye, and relative spectral energy
curves of sunlight and tungsten lamp (Fig. 38.8)

The wavelength of light is measured in Angstrom* Units (A°). One Angstrom

Unit is equal to 1/10 000 of a micron, that is 1/10 of a milli-micron. A micron is

1/1 000 000 (10~®) of a metre.

The wavelengths visible to the human eye extend from about 4000 to 7000 A®.

Beyond these extends the region of “ invisible light ” which, although invisible to

the human eye, may be deteaed by the photo-tube or other means.

The eye, when accustomed to high light intensity, is most sensitive to a wavelength

of 5550 A°, in the green-yellow region. The relative visibility curve for these con-

ditions is Curve A, which is taken after H. E. Ivesf. As the light intensity is reduced,

the wavelength at which the eye is most sensitive decreases until at very low intensity

it is approximately as shown in Curve B.

DifiFerent light sources have different spectral energy curves. The curve for sun-

light (Curve C is for sunlight at the earth’s surface at a zenith distance of 25°) is more
nearly constant over the range of visible light than that for a tungsten lamp (Curve D
is for a 1000 watt gasfilled nmgsten lamp, 20 lumens per watt). The relative posi-

tions of curves C and D are quite arbitrary.

Fig. 38.8. Relative visibility curvesy etc. (for description see text).

(ii) Velocity of light

Velocity of light in a vacuum *= 2.99792 x 10® metres /sec.

3 X 10® metres/sec.

See Editorial, WJB. 28.331 (^>ril 1951) 99.

Also Electronic Eng. (Dec. 1950) 524.

See also page 1376 (vii) Chemical and Physical Constants.

*The name Angstrom is Swedish, pronounced “ ongstrem.**

tSec R. A. Hounon, ** Vision and Colour Vision,** Longmans Green and Go. (1932) Chapter 5*
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(iii) American panel lamp characteristics

(RTMA Standard REC-137, October 1951).

TABLE 56 : AMERICAN STANDARD PANEL LAMPS
Trade
Number

Circuit

Volts

Design
Volts

Amperes
or Watts

Approx.
C.P. Life* Bulb Base

40 6.3 63 0.15A i 3000 T-3i (A)

41 2.5 2.5 030A i 3000 T-3i (A)

44 6.3 6.3 0.25A i 3000 T-31 (B)

46 6.3 6.3 0.25A i 3000 T-3J (A)

49 2 2 0.06A — 1000 T-31 (B)

48 2 2 0.06A — 1000 T-3i (A)

47 6.3 6.3 0.15A i 3000 T-3i (B)

— 115-125 120 low 3 3000+ C7 (Q
A. Miniature screw base. B. Miniature bayonet base, single contact. C. Can*

delabra bayonet base, double contact.

SECTION 14 : GREEK ALPHABET

TABLE 57 : GREEK ALPHABET

Name Large Small English Equivalent

alpha A a a

beat B p b
gamma r y g
delta A a d
epsilon E c e (short e as in “met”)
zeta Z { z

'

eta H e (long e as in “meet”)
theta e e th

iota / i i

kMpp^ K X k
lambda A A 1

mu M m
nu N V n
zi 8 ( z
omicron O 0 o (as in “olive”)

pi ff tr P
fho P P r

a^gma E a s

tau T r t

upsilon Y V u
plii 9 ph
dii X X ch (as in “school”)

Pii y * P«
ftwu»gn Q w o (as in “ hole '0

• Raied sTewac Isborttocy life expectancy in houn at deaita Tolts.
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SECTION 15 : DEFINITIONS

Most words which need explanation are explained or defined in the text and a

reference is given in the index. The definitions below are supplementary and not
inclusive.

See also other references at end of definitions (pp. 1403-1404).

A

A-battcry Battery for supplying power to the valve filaments. (English name
L.T. battery).

Absolute value Refers to magnitude without regard to direction or sign. De-
signated \A\.

A.C./D.C. receiver One which operates from either power source.

Acoustical feedback The operation of a microphone by the return to it of sound
waves from the loudspeaker in the same sound system, reinforcing the input.

It can cause sustained oscillation, or howling. A similar effect can occur from
a microphonic valve.

Air-core Having no iron in its magnetic circuit.

Algebraic sum The sum of two or more quantities paying due regard to the posi-

tive or negative sign before each quantity.

Alternating current (or voltage) One that alternates regularly in direction, which
is periodic and has an average value (over a period) of zero.

Ambient temperature The temperature of the air at a particular point, usually

as indicated by a thermometer.

Amplification Increase in signal voltage (or power).

Angular velocity of a rotating body is the angle through which any radius turns in

one second, generally expressed in radians per second.

Anode Positive electrode or plate.

Antinode A point on a stationary wave system which has a maximum amplitude.

Asymmetrical Having different characteristics for conduction in the two directions.

Attenuation Decrease in signal voltage or power.

Audio frequency A frequency within the range of frequencies audible to the

normal human ear (say 25-16 000 c/s).

Axial leads Leads from the ends of resistors, capacitors, etc.

B

B-battery The battery which supplies power to the plate and screen circuits.

(English name is H.T. battery).

B-supply A plate and screen voltage source for a receiver and amplifier.

Band Frequencies between a specific upper and lower limit.

Band-pass Passing a specific band of frequencies only.

Bandspread A means for spreading the coverage, on the dial, of a band of fre-

quencies.

Bass Low audio frequencies.

Bass boost To boost the amplification at bass frequencies relatively to that at

higher frequencies.

Beating A periodic variation in the amplitude of an oscillation (or sound) which is

the resultant of two or more oscillations (or sounds) of different frequencies.

Bias Voltage applied to the grid to obtain the desired operating point.

Bleeder resistor Resistor connected across a voltage source to provide an additional

load. The term is sometimes applied to a voltage divider carrying a relatively^

heavy current to provide good regulation.

Blocking Cutting off the plate current by a high negative bias on the grid. For
Grid Blocking see page 21.
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Bogie Each individual characteristic in the manufacturing specification is normally
prescribed as a bogie value with plus and minus tolerances. The bogie value of
a characteristic is the exact value specified for that characteristic by the valve

manufacturing specifications.

Bucking Two forces opposing one another.

By-pass condenser One which allows alternating current to by-pass part of a

circuit.

C

C-battery Battery which supplies voltage to the grid. Also known as bias battery.

Capacitor Condenser.

Carrier frequency The frequency of a component of a modulated wave which
is the same as that of the wave before modulation is applied.

Carrier wave The unmodulated wave radiated by a broadcast station.

Cascade In an amplifier, when the output of one valve is used to control the grid

circuit of another valve, the valves are said to be in cascade.

Cathode Negative electrode.

Cathode current The total electronic current passing through the cathode.

Channel The assigned band of frequencies within which a broadcast station is

expected to keep its modulated carrier.

Choke coil Inductance.

Co-axial Having a common axis.

Compliance The ratio of the displacement of a body to the force applied. The
inverse of stiffness.

Condenser Capacitor. See Chapter 4.

Consonance The agreeable effect produced by certain intervals (in music).

Constant A quantity which retains its fixed value under all conditions.

Converter The stage in a receiver which converts the frequency from radio fre-

quency to intermediate frequency.

Co-planar In the same plane.

Core The centre of a coil.

Cross modulation The modulation of the carrier of the desired signal by an un-

desired signal.

Cut-off frequency The frequency beyond which the attenuation increases rapidly.

Cycle A cycle is one complete series of values of a periodic quantity. These
values repeat themselves at regular intervals.

D
Delay Time delay is when an interval of time occurs between cause and effect.

Voltage delay, as in an a.v.c. system, is when a specified voltage has to be de-

veloped before there is any effect.

Demodulation A process by which the carrier frequency is removed, and the

modulating frequencies retained.

Denominator The part of a fraction below the fraction bar.

Detection Demodulation by means of an asymmetrical conducting device.

Dissipation Loss of electrical energy.

Dissonance The disagreeable effect produced by certain intervals (in music).

Dividend Number to be divided by divisor.

Divisor Number by which the dividend is to be divided.

Drain To take current from a voltage source.

Driver A power amplifier stage which drives a Class B or other following stage

i requiring input power.

dynamic (1) Having a moving coil in a magnetic field.

P (2) When applied to a valve with signal voltage on the grid, usually with plate

load in circuit.

(3) “ D3mamic characteristic is the mutual characteristic when a (usually

i resistive) load is in the plate circuit.
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E

Effective current The value of alternating or varying current which produces the

same heating effect as the same value of direct current. It is the same as r.m.s.

current.

Efficiency The ratio or percentage of output to input.

Electromotive force That force which tends to cause an electric current to flow

in a circuit. The practical unit is the volt.

Empirical Obtained from experimental data.

Envelope The envelope of a periodic wave is obtained by passing one smooth
curve through the maximum, another through the minimum, points or peaks of

the wave.

Equation A mathematical equation is a statement that the terms to the left of the

equal sign are equal to those on the right.

Equivalent circuit A relatively simple circuit which may be used in calculations

as having the same effect as the actual circuit.

Excitation A signal voltage applied to the control electrode of a valve.

Exponential curve The same as a logarithmic curve. See Chapter 6 Sect. 2(xvii)

for exponential functions.

Expression A mathematical expression is a combination of terms giving the value

of some quantity.

F
Factor Any of the numbers whose product equals the given number.
Factorial n Is the multiple product «(w — l)(w — 2). ...3x2x1.
First detector The same as Converter.

Frequency The number of cycles per second ; the reciprocal of the period.

Frequency changer The same as Converter.

Function A fimction is a quantity whose value depends on the value of a variable

quantity.

Fundamental frequency The lowest frequency of a number of harmonically

related frequencies.

G
Generator A device which develops electrical voltage cither direct or alternating

at any frequency.

Gramophone Also known as a Phonograph.
Ground Earth, or conductor serving as the earth.

H
Hard valve A valve which has reverse grid current less than the specified maximum

for its type.

Harmonic frequency A frequency which is a multiple of the fundamental fre-

quency. Twice fundamental frequency is called die second harmonic, etc.

Hertz Cycles per second.

EUgh level A relative term indicating the level of the final stages of an amplifier.

High-pass filter A filter which passes all frequencies above a critical value.

Honeycomb winding A coil winding in which spaces are left between turns so

as to give the appearance of a honeycomb.
Hunting (of a rotary machine) An oscillation of angular velocity about a state of

uniform rotation.

I

Integer A whole number, having no fraction or decimal portion

Intensity The strength of a quantity such as current, voltage or pressure.

Intermediate frequency A frequency to which the incoming signal is changed
in superheterodyne reception.

Intermoduladon The modulation of the components of a complex wave by each
other, in a non-linear system.
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L
Layer winding A coil winding in which one layer is wound over another.

Lead A connecting wire.

Linear Having an input versus output characteristic which, when plotted on or-

dinary graph paper, is a straight line. A distortionless amplifier is linear, be-
cause its amplification is constant for all values of input voltage.

Linear reflex detector (also called infinite input impedance detector) An anode-
bend detector having its negative bias supplied from a high resistance cathode
bias resistor which is by-passed for radio frequencies only.

Line voltage The voltage of the power lines. Mains voltage.

Load Any device which absorbs electrical power.
Locus The path followed by a moving point.

Loudness A subjective evaluation which is primarily a function of intensity but
is strongly influenced by frequency.

Low level A relative term indicating the level of the early stages of an amplifier

(e.g. pre-amplifier).

Low-pass filter A filter which passes all frequencies below a critical value.

M
Manual Adjusted by hand.

Maximum signal Usually applied to the conditions under which the amplifier

just reaches the point of “ maximum imdistoned power output.”

Maximum undistorted power output The maximum power output for a speci-

fied distortion.

Microphonic A valve or other component which amplifies sound waves or vibration

sufficiently to produce a loud sound or continuous howl in the loudspeaker.

Mirror image One curve is a mirror image of another when the first one, seen
through a mirror, is identical with the second.

Mixer The stage in a superheterodyne receiver in which the incoming signal is

mixed with the voltage from a local oscillator to produce the intermediate fre-

quency signal. Also a control which combines the output from a number of
microphones in any desired proportion to the input of the main amplifier.

Modulation The process by which the amplitude, frequency or phase of a carrier

wave is modified in accordance with the characteristics of a signal.

Monaural Hearing with one ear only.

Motorboating Regeneration at low audio frequencies causing sounds like those

of a motor boat.

N
Network An electrical circuit. See Chapter 4.

Neutralization The process of balancing out an undesirable effect, such as re-

generation.

Node A point on a stationary wave system which has zero amplitude.

Non-linear The opposite of linear. Distorted.

Numerator The part of a fraction above the fraction bar.

O
Open circuit A circuit which is not complete and can therefore carry no current.

Order “ Of the order of ” indicates “ that the value is in the general vicinity of.”

The expression is looser than “ approximately equal to.”

Output stage The final stage in an amplifier which supplies audio frequency power
to a loudspeaker. Also known as power amplifier.

P
Parallel Conductors or components are in parallel when the current flowing in

the circuit is divided between them.
Parameter Where there are three variables, any one of them (called the para-

meter) may be given a series of fixed values, and two dimensional curves may then

be drawn to show the relationships between the remaining two variables.

Penultimate Last but one.
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Period The time for one complete cycle of values ; the reciprocal of the frequency.

Phonograph Also known as a gramophone.
Pitch A subjective observation of a musical sound, principally dependent on fre-

quency but also affected by intensity.

Polarity (1) electrical- a term applied to electrical apparatus when it is desired to

indicate which terminal is positive and which is negative ;

(2) magnetic— that quality of a body by virtue of which certain characteristic

properties are manifested over certain regions of its surface, which arc known as

poles, and whose polarity is indicated by the term north or south pole.

Potential The potential at a point is the potential difference between that point

and earth.

Potential difference The potential difference between two points is equal to the

work done in transferring unit quantity of positive electricity from one point to

the other. The practical unit is the volt.

Power pack The power supply of a radio receiver or amplifier. It converts the

available voltage to the values required by the plate, screen, and grid circuits.

Q
Q factor The ratio of reactance to resistance of a coil, condenser or resonant circuit.

Quiescent Stationary. The quiescent . operating point is that with instantaneous

zero signal voltage.

R
Radial lea4 A lead at 90*^ to the axis.

Radio frequency Any frequency at which electromagnetic radiation is used for

telecommunication.

Reciprocal of a number is 1 divided by the number.
Rectification The process of converting an alternating current to unidireaional

current by means of an asymmetrical conducting device.

Ripple frequency The frequency of the a.c. component of a current when this

component is small relative to the d.c. component.
Roll-off A frequency response characteristic is said to have a roll-off when the

attenuation at high or low frequencies has the same form as that of a single section

low- or high-pass RC filter. The term is also used in a loose sense to cover any
characteristic with gradually increasing attenuation at high or low frequencies,

in distinction to a sharp cut-off.

S

Scalar Has magnitude and sign but no direction.

Scries Conductors or components arc in scries when traversed by the same current.

Short circuit A low resistance connection, usually accidental, across part of a

circuit, resulting in excessive current flow.

Shunt Same as parallel.

Sideband A band of frequencies within which lie the frequencies of the waves
produced by modulation.

Side frequency A frequency produced by modulation.
Signal voltage The audio frequency voltage in an a-f amplifier ; the modulating

voltage in an r-f or i-f amplifier, also applied to the whole modulated carrier

voltage.

Sinusoidal Having the form of a sine (or cosine) wave.
^ Small compared with ** A vague term indicating that it may be neglected in a

rough approximation, or that its square may be neglected with only a small

error—say “less than one tenth of.”

Soft valve One which has reverse grid current in excess of the specified maximum
for its type.

Space current The same as cathode current.

Steradian The solid angle subtended at the centre of a sphere by an area on its

surface numerically equal to the square of the radius. The maximum possible

value is In steradians.
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Strain Is the deformation produced by an applied stress* for eicample change in

length per unit length produced by a tensile stress.

Stress is the deforming force per unit area. Examples are tensile stress, compressive
stress and bending stress.

Subharmonic A component of a complex wave having a frequency which is an
integral sub-multiple of the basic frequency. Example : basic frequency 300
c/s ; subharmonics 150, 100, 75, 60, 50 c/s.

Subscript Printed below the line. For example the letter m in is a subscript.

Superscript Printed above the line. For example the figure 2 in is a super-
script.

N.B. Q' is called “ Q dash.”

Supersonic Air waves having frequencies above those which may be heard by the

human ear. The preferred term is ultrasonic.

Symmetrical Having the same characteristics for conduction in both directions.

T
Tap A connection at some point other than the ends.

Term A portion of an expression which is separated from the other portions by
-f or — signs. In a sequence, series or progression the terms may be separated

by commas.
Terminal A point to which electrical connections may be made.
Tertiary Third.

Tolerance The maximum permissible variation from an assigned value.

Transducer A transducer is a device by means of which energy may flow from one
or more transmission systems to one or more other transmission systems. The
energy transmitted by these systems may be of any form (for example it may be
electrical, mechanical or acoustical), and it may be of the same form or dilferent

forms in the various input and output systems (e.g. electro-acoustical).

An electrical transducer is an electrical network by means of which energy
may flow from one or more transmission systems to one or more other trans-

mission systems ; in most cases it has two input and two output terminals.

An electron-tube transducer is an electrical transducer containing one or

more electron tubes (valves). Examples are an amplifier, and a frequency con-

verter.

Treble High audio frequencies.

U
Ultrasonic Air waves having frequencies above those which may be heard by the

human ear

Unidirectional current Current which may change in value but never reverses

its direction.

Unity The figure 1.

V
Variable A quantity whose value changes.

Variational The variational slope of a curve at a point is the differential slope at

that point.

Vector A quantity having both magnitude and direction.

“ Very small compared with ” A vague term indicating that it may be neglected

with only a small error—say “ less than one twenty- fifth of.”

Voice coil Moving coil of a dynamic loudspeaker.

W
Work function The thermionic work function of a conductor is the definite amount

of work which must be applied to release one electron. An electron must possess

kinetic energy at least as great as the work function of the conductor to pass out

through the surface.

Z
Zero signal Having no signal input voltage.

See also
“ American Standard Definitions of Electrical Terms ” A.S.A. C42-1941 (American
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Institute of Electrical Engineers, New York).

British Standard 204 : 1943 “ Glossary of Terms used in Telecommunication
(British Standards Institution).

Also Supplement No. 3 (1949) to BS204 : 1943 ** Fundamental Radio Terms.*’

British Standard 205 : 1943 “ Glossary of Terms used in Electrical Engineering ”

(British Standards Institution).

American I.R.E. Standards
“ Standards on electron tubes : Definitions of Terms, 1950,” Proc. I.R.E. 38.4

(April 1950) 426.

38 IRE 6 SI Standards on Electroacoustics 1938.

38 IRE 17 SI Standards on Radio Receivers 1938.

50 IRE 24 SI Standards on Wave Propagation, 1950.

(Proc. I.R.E. 38.11 November 1950 p. 1264).

52 IRE 17 SI Standards on Receivers : Definitions of Terms, 1952.

[Proc. LR.E. 40.12 (Dec. 1952) 1681].

SECTION 16 : DECIiVtAL* EQUIVALENTS OF FRACTIONS

TABLE 58 : DECIMAL EQUIVALENTS OF FRACTIONS

Fractions of an inch Decimal Fractions of an inch Decimal

1/64 0.0156 1/2 0.5000

1/32 0.0313 33/64 0.5156

3/64 0.0469 17/32 0.5313

1/16 0,0625 35/64 0.5469

5/64 0,0781 9/16 0.5265

3/32 0.0938 37/64 0.5781

7/64 0.1094 19/32 0.5938

1/8 0.1250 39/64 0.6094

9/64 0.1406 5/8 0.6250

5/32 0.1563 41/64 0.6406

11/64 0.1719 21/32 0.6563

3/16 0.1875 43/64 0.6719

13/64 0.2031 11/16 0.6875

7/32 0.2188 45/64 0.7031

15/64
j

0.2344 23/32 0.7188

1/4 0.2500 47/64 0.7344

17/64 0.2656 3/4 0,7500

9/32 0.2813 49/64 0.7656

19/64 0.2969 25/32 0,7813

5/16 0.3125 51/64 0.7969

21/64 0.3281 13/16 0.8125

11/32 0.3438 53/64 0.8281

23/64 0.3594 27/32 0.8438

3/8 0.3750 55/64 0.8594

25/64 0.3906 7/8 0.8750

13/32 0.4063 57/64 0.8906

27/64 0.4219 29/32 0.9063

7/16 0.4375 59/64 0.9219

29/64 0.4531 15/16 0.9375

15/32 0.4688 61/64 0.9531

31/64 0.4844 31/32 0.9688

63/64 0.9844
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SECTION 17 : MULTIPLES AND SUB-MULTIPLES

TABLE 59 : MULTIPLES AND SUB-MULTIPLES

Multiply reading in by to obtain reading in

Amperes 1 000 000 000 000 micromicroamperes

Amperes 1 000 000 microamperes

Amperes 1000 milliamperes

Farads 1 000 000 000 000 micromicrofarads

Farads 1 000 000 microfarads

Farads 1000 millifarads

Henrys 1 000 000 microhenrys

Henrys 1000 millihenrys

Volts 1 000 000 microvolts

Volts 1000 millivolts

Mhos 1 000 000 micromhos

Mhos 1000 millimhos

Watts 1000 milliwatts

Cycles per second 0.000 001 megacycles per second

Cycles per second 0.001 kilocycles per second

Microamperes 0.000 001 amperes

Milliamperes 0.001 amperes

Micromicrofarads 1

Picofarads j

0.000 000 000 001 farads

Microfarads 0.000 001 farads

Millifarads 0.001 farads

Microhenrys 0.000 001 henrys

Microvolts 0.000 001 volts

Millivolts 0.001 volts

Micromhos 0.000 001 mhos

Millimhos 0.001 mhos

Milliwatts 0.001 watts

Kilowatts 1000 watts

Megacycles per second 1 000 000 cycles per second

Kilocycles per second 1000 cycles per second

Megohms 1 000 000 ohms
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SECTION 18 : NUMERICAL VALUES AND FACTORIALS

(i) Numerical values (it) Factorials.

(i) Numerical values

TABLE 60

Numeric Reciprocal

Approx,
More

accurately Approx.

More
accurately

ir 3.1416 3.141 593 0.318 3 0.318 309 9
2n 6.2832 6.283 185 0.159 21 0.159 156

3ir 9.4248 9.424 778 0.1061 0.106 103

4n 12.566 12.566 371 0.0796 0.079 577 4
5n 15.708 15.707 963 0 0637 0.063 662
ir/2 1.5708 1.570 796 0.6366 0.636 620

»/3 1.0472 1.047 198 0.9549 0.954 930

nl4 0.7854 0.785 398 1.273 1.273 23

w/6 0.5236 6.523 598 1.910 1.909 86

TT* 9.8696 9.869 604 0.1013 0.101 321
(2»r)* 39.4784 39.478 414 0.0253 0.025 330 3

31 .0062 31.006 277 0.0322 0.032 252

1.7725 1.772 454 0.5642 0.564 190

\Q2 1.2533 1.253 31 0.7979 0.797 887

1.4646 1.464 592 0.6818 0.681 784
logjoir 0.4971 0.497 150 2.011 2.011 46

e1 0.1961 0.196 120 5.099 5.098 92

logiow’ 0.9943 0.994 300 1.006 1.005 73

logjjVw' 0.2486 0.248 575 4.023 4.022 93

€ 2.718 2.718 282 0.3679 0.367 879

e* 7.389 7.389 057 0.1353 0.135 335

1.649 1.648 721 0.6065 0.606 531

lo8io< 0.4343 0.434 294 2.3026 2.302 585

vT 1.414 1.4142 0.7071 0.707 113 5

VT 1.732 1.7321 0.5773 0.577 334 2

Vi- 2.236 2.2361 0.4472 0.447 206

VT 1.260 1.2599 0.7939 0.793 873

VT 1.442 1.4422 0.6933 0.693 385

VT 1.587 1.5874 0.6300 0.629 960

VT 1.710 1.7100 0.5848 0.584 79
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(ii) Factorials
TABLE 61

n n! = 1.2.3 . ... n \/n\

1 1 1

2 2 0.5

3 6 0.166 667
4 24 0.416 667 X 10-1

5 120 0.833 333 X 10"*

6 720 0.138 889 X lO-*

7 5040 0.198 413 X 10-»

8 40 320 0.248 016 X 10-^

9 362 880 0.275 573 X lO-^

10 3 628 800 0.275 573 X 10
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SECTION 19 : WERE TABLES*

TABLE 62

Bare Copper Wire, A.W.G. (20° C. = 68° F.)

Dia- Area Area Ohms Ohms Feet Pounds
AWG meter Circular Square per 1000 per per per 1000
No. MUs Mils Inches Feet Pound Poimd Feet

0000 460 211 600 .1662 .04901 .000 076 52 1.561 640.5

000 410 167 800 .131 8 .06180 .000 121 7 1.968 507.9

00 364.8 133 100 .104 5 .07793 .000 193 5 2.482 402.8
0 324.9 105 500 .082 89 .09827 .000 307 6 3.130 319.5

1 289.3 83 700 .065 73 .1239 .000 489 1 3.947 253.3
2 257.6 66 400 .052 13 .1563 .000 777 8 4.977 200.9
3 229.4 52 600 .041 34 .1970 .001 237 6.276 159.3

4 204.3 41 700 .032 78 .2485 .001 966 7.914 126.4

5 181.9 33 100 .026 00 .3133 .003 127 9.980 100.2

6 162.0 26 250 .020 62 .3951 .004 972 12.58 79.46
7 144.3 20 820 .016 35 .4982 .007 905 15.87 63.02
8 128.5 16 510 .012 97 .6282 .012 57 20.01 49.98
9 114.4 13090 .010 28 .7921 .019 99 25.23 39.63
10 101.9 10 380 .008 155 .9989 .031 78 31.82 31.43

11 90.7 8 230 .006 467 1.260 .050 53 40.12 24.92

12 80.8 6 530 .005 129 1.588 .080 35 50.59 19.77

13 72.0 5 180 .004 067 2.003 .1278 63.80 15.68

14 64.1 4 110 .003 225 2.525 .2032 80.44 12.43

15 57.1 3 257 .002 558 3.184 .3230 101.4 9.858

16 50.8 2 583 .002 028 4.016 .5136 127.9 7.818
17 45.3 2048 .001 609 5.064 .8167 161.3 6.200
18 40.3 1 624 .001 276 6.385 1.299 203.4 4.917

19 35.89 1 288 .001 012 8.051 2.065 256.5 3.899

20 31.96 1 022 .000802 3 10.15 3.283 323.4 3.092

21 28.46 810 .000 636 3 12.80 5.221 407.8 2.452
22 25.35 642 000 504 6 16.14 8.301 514.2 1.945

23 22.57 509 .000 400 2 20.36 13.20 648.4 1.542

24 20.10 404 .000 317 3 25.67 20.99 817.7 1.223

25 17.90 320.4 .000 251 7 32.37 33.37 1 031.0 0.9699

26 15.94 254.1 .000 199 6 40.81 53.06 1 300 0.7692
27 mSEM 201.5 .000158 3 51.47 84.37 1 639 0.6100
28 12.64 159.8 .000125 5 64.90 134.2 2 067 0.4837

w29 11.26 126.7 .000 099 53" “• 81.83 213.3 2 607 0.3836
30 10.03 .000 078 94 103.2 339.2 3 287 0.3042

31 8.928 79.70 .000062 60 130.1 539.3 4 145 0.2413
32 7.950 63.21 .000 049 64 164.1 857.6 5 227 0.1913
33 7.080 50.13 .000 039 37 206.9 1 364.0 6 591 0.1517

-J5.305 39.75 .000 031 22 260.9 2 168 8 310 0.1203
5.615 31.52 .000 024 76 329.0 3 448 10 480 0.095 42

36 5.000 25.00 .000 019 64 414.8 5 482 13 210 .075 6a
37 4.453 19.83 .000015 57 532.1 8 717 16 660 .060 01

38 3.965 15.72 .000 012 35 659.6 13 860 21 010 .047 59
39 3.531 12.47 .000 009 793 831.8 22 040 26 500 .037 74
40 3.145 9.888 .000 007 766 1 049.0 35 040 33 410 .029 93

(41) 2.75 7.5625 .000005 940 1 370 59 990 43 700 .022 89
(42) 2.50 6.2500 .000 004 909 I 660 87 700 ‘52 800 .013 92
(43) 2.25 5.0625 .000003 976 2 050 133 700 65 300 .015 32
(44) 2.00 4.0000 .000003 142: 2 600 214 000 82 600 .012 11

(45) 1.75 3.0625 .000002 405 3 390 356 200 107 900 .009 27

(46) 1.50 2.25001 .000 001 767 4 610 676 800 146 800 .006 81

also A FI Main^ “ Rapid coil calculaiion* for magnrrir ” Tour. Brit. I.R.E. 12.7 fluly
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Table 63

Bare Copper Wire S.W.G. (60® F)

Dia- Area Area Ohms Ohms Feet Pounds
SWG meter Circular Square per 1000 per per per 1000

No. Mils. Mils. Inches Feet Pound Pound Feet

4/0 400 160 000 .125 66 .06368 .000 131 46 2.064 484.4

3/0 372 138 400 .108 69 .0736 .000 175 74 2.390 418.9

2/0 348 121 100 .095 11 .0841 .000 229 5 2.730 366.7

1/0 324 105 000 .082 45 .0971 .000 305 4 3.147 317.8

1 300 90 000 .070 69 .1132 .000 415 5 3.670 272.5

2 276 76 180 .059 83 .1338 .000 580 0 4.338 230.6

3 252 63 500 .049 88 .1605 .000 834 5 5.200 192.3

4 232 53 820 .042 27 .1893 .001 161 7 6.139 162.9

5 212 44 940 .035 30 .2267 .001 666 1 7.348 136.1

6 192 36 860 .028 95 .2764 .002 476 8.961 111.6

7 176 30 980 .024 33 .3289 .003 507 10.66 93.8

8 160 25 600 .02011 .3980 .005 135 12.90 77 5

9 144 20 740 .016 286 .4914 .007 827 15.93 62.78

10 128 16 380 .012 868 .6219 .012 537 20.16 49.61

11 116 13460 .010 568 .7570 .018 587 24.55 40.74

12 104 10 820 .008 495 .942 .028 77 30.54 32 75

13 92 8464 .006 648 1.204 .046 98 39.01 25.63

14 80 6 400 .005 027 1.592 .082 16 51.60 19.38

15 72 5 184 .004 072 1.966 .125 23 63.73
I

15.69

16 64 4 096 .003 217 2.488 2006 80.65 12.40

17 56 3 136 .002 463 3.249 .3422 105.4 9.49

18 48 2 304 .001 809 6 4.422 .6340 143 3 6.98

19 40 1 600 .001 256 6 6.368 1.3146 206.4 4.844

20 36 1 296 .001 017 9 7.860 2.004 254.8 3.924

21 32 1 024 .000 804 2 9.950 3.209 322 6 3.100

22 28 784 .0006158 12.997 5.475 421.2
!

2.374

23 24 576 .000 452 4 17 69 10.144 573.4 1.744

24 22 484 .000 380 1 21.05 14.366 682.6
i

1.465

25 20 400 .000 314 2 25.47 21.03 825.8 1 211

26 18 324 .000 254 5 3145 32.06 1 019 0.981

27 16 4 269 .000 211 2 37.88 46.52 1 229 0.814

28 14.8 219 .000 172 03 46.52 70.14 1 508 0.6632

29 13.6 185 .000 145 27 55.09 98.37 1 786 0.5600

30 12.4 153.8 .000 120 76 66.27 142.35 2 148 0.4655

31 11.6 1346 .000 r05 68 75.7 185.87 2 455 0.4074

32 10.8 116.6 .000091 61 87.4 247.4 2 832 0.3531

33 10.0 100.0 .000 078 54 101.9 336.5 3 302
i

0.3028

34 9.2 84.64 .000066 48 120.4 469.8 3 901 0.2563

35 8.4 70.56 .000055 42 144.4 676.0 4 682 0.2136

36 7.6 57.76 .000 045 36 176.4 1 008.7 5718 0.1749

37 6.8 46.24 .000 036 32 220.4 1 574 7 143 0.1400

38 6.0 36.00 .000028 27 283.0 2 596 9 174 0.1090

39 5.2 27 04 .000 021 24 376.8 4 603 12 210 0.0819

40 4.8 23.04 .000018 096 442.2 6340 14 330 0.0698

41 44 19.36 .000015 205 526.3 8 979 17 060 0.058 62

42 4.0 16.00 .000 012 566 636.8 13 146 20 640 .048 44

43 3.6 12.96 .000010 179 786.3 20 040 25 480 .039 24

44 3.2 9.734 .000 008 042 995.0 32 090 32 260 .03100

45 2.8 7.840 .000 006 158 I 299.7 54 750 42 120 .023 74

46 2.4 5.760 .000 004 524 I 769 101 440 57 340 ,017 44

47 2.0 4.000 .000 003 142 2 547 210 300 82 580 .012 11

48 1.6 2.560 .000 002 011 3 980 513 500 129 000 .007 75

49 1.2 1.440 .000 001 131 7 077 1 623 000 229 400 .004 36

SO 1.0 1.000 .000 000 785 4 10 190 3 365 000 303 000 .003 03
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TABLE 64

TURNS PER INCH AND INSULATED WIRE DIAMETER A.W.G.
COPPER WIRE

AWG
No.

Diameter (mils) Turns per inch (exact winding{)

Enam. D.C.C. Bare Enam. S.C.C. D.C.C. S.S.C. D.S.C.

8 130,6 142.5 7.78 7.65 7.32 7.01 — —
9 116.5 126.4 8.74 8.58 8.23 7.91 — —
10 104.0 112.9 9.81 9.61 9.26 8.85 — —

11 92.7 100.2 11.02 10.7 10.4 9.98 —
12 82.8 90.3 12.37 12.0 1L6 11.07

13 74.0 81.5 13.89 13.5 12.9 12 27 —
14 66.1 73.6 15.60 15.1 14.4 13.59 —
15 59.1 66.6 17.52 16.9 16.1 15.0 '— —

16 52.8 60.3 19.68 18.9 17.9 16.5 18.9 18.2

17 47.1 54.8 22.1 21 2 19.8 18.2 21.1 20.2

18 42.1 49.8 24.8 23.7 22.0 20 0 23.6 22.5

19 37.7 45.4 27.8 26.5 24.4 22.0 26.3 25.0

20 33.8 41.5 31.3 29.5
1

27.0 24.1 29.4 27.7

21 30.2 38.0 35.1 33.1 29.8 26.3
1

32.7 30.7

22 27.0 33.8 39.4
1

37.0 33.5 29.5 36.6 34.1

23 24.1 31.1 44.3 41.4 36.9 32.1 40.6 37.5

24 21.5 28.6 49.7 46.5 40.6 34.9 45.2 41.4

25 19 2 26.4 55.8 52.0 44.6 37.8 50.0 45.6

26 17.1 24.4 62.7 58.4 49.0 40.9 55.8 50.0

27 15.3 22,7 70.4 65.3 53.4 44.0 61.7 54.9

28 13.6 21 1 82.8 73.5 58.4 47.3 68.4 60.2

29- 12.2 19.8 88.8 81.9 L 63.2 50.5 75.1 65.3

30 '10,8 18.5 99.7 92.5 68.9 54.0 83.3 71.4

31 9.7 17.4 112.0 103 74.6 57.4 91.7 77.5

32 8.7 16,5 125.8 114 80.0 60.6 100 83.3

33 7.7 15.6 141.2 129 86.2 64.1 109 90.0

14.8 158.6 92.5 67.5 120 97.0

35 6.2 l4.1 178 161^ 99.9 70.9 131 104

36 5.5 13.0 200 181 111 76.9 142 111

37 4.9 12.5 224 204 117 80.0 153 117

38 4.4 12.0 252 227 125 83.3 166 125

39 3.9 11.5 283 256 133 86.9 181 133
40 3 5 11.1 318 285 140 90.0 196 140

(41) 3.05 — 363 327 ___

(42) 2.64 —

-

400 378 —
(43) 2.37 -- 444 421 --- — —
(44) 2.12 — 500 471 — —
(45) 1.91 -- 571 523 - - — —

(46) 1.72 — 666 581 -- -- —

Nominal Value. Actual dimensions vary slightly.



38.19 WIRE TABLES (S.W.G.) 1411

TABLE 65

TURNS PER INCH AND INSULATED WIRE DIAMETER, S.W.G.
COPPER WIRE

SWG
No.

Diameter (mils) Turns per inch (exact winding)

Enam. D.C.C. Bare Enam. s.c.c. D.C.C. s.s.c. D.S.C.

10
1

132 142 7.81 7.63 7.35 7.04 —

11 120 130 8.62 8.33 8.07 7.69

12 108 118 9.62 9.26 8.93 8.48 — —
13 96 106 10.87 10.42 10.00 9.43 — —
14 84 94 12.50 11.90 11.36 10.64 — —
15 75.5 84 13.89 13.25 12.66 11.90

16
1

67.5 76 15.63 14.81 14.08 13.16 14.93 14.71

17 59 68 17.86 16.95 15.87 14.71 16.95 16.67

18
;

50.7 59 20.83 19.72 18.18 16.95 20.00 19.61

19 ! 42.6 51 25.00 23.47 21.28 19.61 23.81 23.26

20 38.5 47 27.78 25.97 23.81 21.28 26.32 25.64

21 34.3 43 31.25 29.15 26.32 23.26 29.41 28.57

22 30.0 39 35.71 33.33 29.41 25.64 33.33 32.26

23 25.7 34 41.67 38.91 34.48 29.41 38.46 37 04
24 23.6 32 45.45 42.37 37.04 31.25 42.55 40.00

25 21.5 30 50.00 46.51 40.00 33.33 46.51 43.48

26 19.4 28 55.56 51.55 43.48 35.71 51.81 48.78

27 17.7 26.4 60.98 56.50 46.73 37.88 56.50 52.91

28 16.0 24,8 67.57 62.50 50.51 40.32 62.11 57.80

29 14.8 23.6 73.53 67.57 53.76 42.37 67.11 62.11

30 13.4 22.4 80.65 74.63 57.47 44.64 72.99 67.11

31 12.6 21,6 86.21 79.37 60.24 46.30 77.52 70.92

32 11.7 20.8 92.59 85.47 63.29 48.08 82.64 75.19

33 10.9 20.0 100.00 91.74 66.67 50.00 88.50 80.00

34 10.0 19.2 108.7 100.0 70.42 52.08 95.24 85.47

35 9.1 17.4 119.0 109.9 80.65 57.47 103.1 91.74

36 8.3 16.6 131.6 120.5 86.21 60.24 112.4 99.01

37 7.4 15.8 147.1 135.1 99.21 63.29 123.5 107.5

38 6.6 15.0 166.7 151.5 100.0 66.67 137.0 117.6

39 5.7 14.2 192.3 175.4 108.7 70.42 153.8 129.9

40 5.3 13.8 208.3 188.7 113.6 72.46 163.9 137.0

41 4.8 227.3 208.3 —

.

— 178.6 151.5

42 4.4 — 250.0 227.3 — — 192.3 161.3

43 3.9 — 277.8 256.4 — — 208.3 172.4

44 3.5 — 312.5 285.7 — —

•

227.3 185.2

45 3.1 — 357.1 322.6 — — 250.0 200.0

46 2.65 416.7 377.4 !

— 277.8 217.4

47 2.25 — 500.0 444.4 — 312.5 238.1

48 ~

^Nominal Value. Actual dimensions vary slightly.
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TABLE 66

MULTI-LAYER COIL WINDING AND WEIGHT OF INSULATED WIRE,
A.W.G.

COPPER WIRE

AWG
No.

Enamelled D.C.C. Weight—lbs. per 1000ft.

Turns
per

square

inch*

Ohms
per

cubic

inch*

Turns per

square inch

layer

insulated

Turns
per

square

inch*

Ohms
per

cubic

inch*

Enam. D.C.C. D.S.C.

8

9
10

57
72
90

I

.003 15

.004 75

.007 48
0
U)

•o
G

eo

. cs

ij &
S'

a

C/)

"S ^

1 1

IH W
V >
0.0'
« o

1 420

g,

^

48
59
76

.002 65

.003 88

.006 31

50.55

40.15

31.80

51.15

40.60

32.18

11

12

13

14

15

113
141

177

221

277

.011 83

.018 78

.029 5

.046 4

.073 4

93
114
140

171

208

.009 74

.015 19

.023 3

.035 9

.055 1

25.25

20.05

15.90

12.60

10.00

25.60

20.40

16.20

12.91

10.33

16

17

18

19

20

348
437
548
681

852

.1162

.1840

.2910

.456 0

.720 0

260 i

316
378
455
545

.086 9

.133 1

.200 8

.304 8

.460 5

7.930

6.275

4.980

3.955

3.135

8.210

6.540

5.235

4.220

3,373

7.955

6.315

5.015

3.990

3.173

21

22
23
24
25

1 065
1 340
1 665
2 100

2 630

1,134

1,800

2.vS20

4.488

7.080

650
865

1 030
1 215
1 420

.6920

1.162

1.774

2.596

3.822

2.490

1.970

1.565

1.245

.988

2.685

2.168

1.727

1.398

1.129

2.520

2.006

1.593

1.272

1.018

26
27

28
29
30

3 320
4 145

5 250
6 510
8 175

11.27

17.75

28.34

44.32

70.15

S* 2 030
d 2 620
e 3 250
^ 3 920

4 780

1 690
1 945
2 250
2 560

2 930

5.740

8.330

12.15

17.30

25.15

.7845

.6220

.4940

.3915

.3105

.9140

.7560

.6075

.4890

.3955

.8100

,6450

.5140

.4130

.3330

31

32
33
34
35

10 200
12 650
16 200
19 950
25 000

110.4

127.6

279.0

433.2

684.5

fe 6 780
« 8 250

^ 10 600
g 12 400

^ 15 200

3 330
3 720
4 140

4 595

5 070

36.05

50.76

71.30

99.77

138.7

.2465

.1960

.1550

.1230

.0980

.3257

.2700

.2270

.1928

.1600

.2678

.2170

.1750

.1412

.1130

36
37

38
39
40

31 700
39 600
49 100

62 600
77 600

1 094
1 723

2 693
4 332
6 770

S 21 500
« 26 300

^ 32 000
*g 40 000

^ 48 400

5 550
6 045
6 510
6 935
7 450

191.6

263

357
480
650

.0776

.0616

.0488

.0387

.0307

.1361

.1204

. .1049

.0937

.0838

.0920

.0740

.0623

.0504

.0429

*For exact winding with no allowance for space factor.
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TABLE 67

MULTI-LAYER COIL WINDING AND WEIGHT OF INSULATED WIRE,
S.W.G.

COPPER WIRE

Enamelled I D.C.C.
1
Weight--lbs. per lOOOfit.

SWG f 1

No. Turns Ohms Turns per Turns Ohms
per per square inch per per Enam. D.C.C. D.S.C.

square cubic layer square cubic

inch* inch* insulated inch* inch*

10 58.22 .00295
C8

49.56 .00256 47.77 50.77

11 69.39 .00437 8 59.14 .003 73 44.40 41.83

12 85.75 .006 73 08
Ot

71.91 .005 65 33.04 33.71

13 108.6 .0109 88.92 .008 93 25.89 26.50

14 141.6 .0189 ^ a 113.2 .0150 19.60 20.12

15 175.6 .0287 z ^ 141.6 .0234 15.87 16.36

16 219.3 .0456 « o 2
173.2 .0358 12.56 12.67 12.56

17
1

287.3 .0776 216.4 .0585 9.607 10.03 9.640

18 388.9 .1431 s §-2 287.3 .1055 7.060 7.43 7.093

19 550.8 .290 « S^ 2 o 384.6 .204 4.910 5.262 4.945

20 674.4 .440 452.8 .296 3.987 4.267 4.011

21 849.7 .705 •31 541.0 .448 3:i52 3.409 3.181

22 1 109 1.200 S, 5? 657.4 .710 2.419 2.649 2.446

23 1513 2.23
« o
CU CN

1

864.9 1.26 1.779^ 1.918 1.807

24 1789 3.14
1 220
1 460

976.6 1.71 1.498 1.667 1.305

25 2162 4.58 1 109 2.35 1.241 1.392 1.247

26 2 663 6.95 ^ 1760 1274 3.33 1.008 1.152 1.013

27 3192 10.05 g. 2 080 1436 4.51 .836 .977 .844

28 3906 15.18 2 500 1624 6.28 .683 .811 .689

29 4 570 20.9 g 2 870 1798 8.23 .578 .699 .582

30 5 565 30.7 ^ 3 430 1989 10.98 .478 .604 .486

31 6304 39.8 3840 2144 13.45 .419 .524 .428

32 7 310 53.1 4360 2 314 16.83 .364 .467 .371

33 8409 71.2 w 5 680 2500 21.15 .313 .412 .329

34 10000 100.5 a 6 670 2 714 27.3 .264 .328 .271

35 12080 145 S. 7 920 3 306 39.3 .221 .317 .288

36 14 520 212 .'g 9 360
E 11400

3 624 1 ,53.1 .181 .238 .188

37 18 220 336 4007 73.5 .146 .207 .151

38 22950 544 ^ 14100 4436 104.5 .114 .169 .119

39 30 770 965
^ 20 900 4956 155.0 .0854 .138 .0868

40 35 610 1310 8* 24000 5 256 193.5 .0726 .123 .0791

41 43 390 1905 ^ 28 800 .0608 .0677

42 51620 2740 mil. ii .0505 ,0571

43 65 740 4300 .0408 .0473

44 81620 6760 ^ 50 800 .0324 .0386

45 104300 11250 .0249 .0309

46 142 100 21000 .0182 .0231

47 197 100 41700 .0126 .0172

48

*For exact winding with no allowance for space factor.
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TABLE 68

RESISTANCE WIRE TABLE, A.W.G.

20° C. (68° F.)

AWG
1

Dia.

Advance Wire Nichrome Wire**

No. mils. Ohms Lbs. Feet Current Ohms Lbs. per Current

per 1,000 per 1,000 per Milli per 1,000 1,000 Mini
feet feet Ohm Amps* feet feet Ampst

8 128 17.9 50 55.9 — 40.8 45 —
9 114 22.6 39 44.2 — 51.9 36 —
10 102 28.0 32 35.7 ~ 64.9 29 —
11 91 35.5 25 28.2 — 81.5 23

12 81 44.8 20 22.3 — 102 18 --

13 72 56.7 15.7 17.6 — 130 14

14 64 71.7 12.4 13.9 — 164 11 —
15 57 90.4 9.8 11.1 — 207 9.2 --

16 51 113 7.8 8.85 — 259 7.2

17 45 145 6.2 6.90 — 333 5.6 —
18 40 184 4.9 5.44 800 421 4.42 -

19 36 226 3.9 1 4.43 650 520 3.58 --

20 32 287 3.1 3.48 522 659 2.83 --

21 28.5 362 2.5 2.76 420 831 2.24 —
22 25.3 460 1.9 2.17 335 1055 1.7^

23 22.6 575 1.5 1.74 273 1321 1.41

24 20.1 728 1.2 1.37 220 1670 1.12 460

25 17.9 919 .97 1.09 178 2106 .89 390

26 15.9 1 162 .77 .861 144 2 669 .70 330

27 14.2 1455 .61 .687 117 3 347 .56 278

28 12.6 1850 .48 .541 95 4 251 .44 228

29 11.3 2 300 .38 ,435 78 5 286 .35 196

30 10.0 2 940 .30 .340 63 6 750 .276 165

31 8.9 3680 .24 .272 52 8 521 .199 158

32 8.0 4600 .19 .217 43 10 546 .177 117

33 7.1 5 830 .15 .172 36 13 390 .139 97

34 6.3 7400 .12 .135 29 17 006 .110 82
35 5.6 9 360 .095 .107 24 21 524 .087 69

36 5.0 11760 .076 .085 20 27 000 .069 58

37 4.5 14 550 .060 .0687 17 33 333 .056 49
38 4.0 18 375 ^.047 .0544 14.5 42 187 .045 41

39 3.5 24100 .038 .0415 12 55 102 .034 34
40 3.1 30 593 .028 .0327 10 70 239 .025 28

(41) 2.75 38 888 .0229 0257 8.5 89 256 .0209 24

(42) 2.5 46400 .0189 .0215 7.5 108 000 .0173 20.5

(43) 2.25 58 103 .0153 .0172 6.8 133 333 .0140 17.5

(44) 2.0 73 500 .0121 .0136 6.0 168 750 .0110 14.5

(45) 1.75 96 078 .0092 .0104 5.0 220 408 .0084 12.0

(46) 1.5 130 666 .0068 0076 4.0 300 000 .0062 9.5

**Wire produced by some msmufacturers difTers considerably from the resistance values given.

•D.S.C. wound on spool.

tBare wire on slab—w611 ventilated. Spacing between turns equal to wire diameter.

N.B.—To find current for Advance wire wound on slab, multiply Nichrome Current column by
approx. 1.5.
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TABLE 69

RESISTANCE WIRE TABLE, S.W.G.

SVG Dia.

Eureka Wire Nichrome Wire**

I

No. mils. Ohms
per 1,000

feet

Lbs. per

1,000

feet

Feet

per

Ohm

Current

Milli

Amps*

Ohms
per 1,000

feet

Lbs. per

1,000

feet

Current
Milli

Ampst

10 128 17.4 49.7 57.5 40.8 45 —
11 116 21.2 40.9 47.2 !

— 50.2 37.3 —
12 104 26.4 32.9 37.9 62.4 29.5 —
13 92 33.8 25.7 29.6 — 79.7 23.4 —
14 80 44.6 19.5 22.4 — 105.4 17.7 —
15 72 55.1 15.8 18.15 — 130 14.0 —
16 64 69.8 12,5 14.33 -- 164 11.3 —
17 56 91.1 9.5 10.98 — 215 8.7 —

.

18 48 123.9 7.0 8.07 — 292 6.4 —
19 40 178.5 4.9 5.60 421 4.42 —
20 36 220.4 3.9 4.53 650 520 3.58 —
21 32 279.1 3.12 3.58 510 659 2.83 —
22 28 364 2.38 2.75 390 861 2.17 —
23 24 496 1.75 2.02 300 1 170 1.60 —
24 22 590 1,47 1.70 250 1 390 1.33 —
25 20 714 1.21 1.40 210 1 680 1.12 —
26 18 882 0.99 1.134 170 2 080 .897 400
27 164 1062 .82 .942 140 2510 .746 350
28 14.8 1 305 .67 .766 117 3 080 .607 300
29 13.6 1 545 .56 .647 101 3 650 .513 250

30 12.4 1 858 .47 .538 85 4 390 .427 230

31 11,6 2 123 .47r ~75 5 010
i

.373 205

32 10.8 2 450 .35 .408 66 5 780
!

.324 185

33 10.0 2 857 .304 .350 57 6 750
!

.276 165

34 9.2 3 376 .257 .296 49 7 970 .235 145

35 8.4 4 049 .215 .247 41 9 560 .195 125

36 7.6 4 947 .175 .202 35 11690 .160 110

37 6.8 6 179 .140 .1618 29 14 600 .128 91

38 6.0 7 936 .109 .1260 23 18 700 .100 76

39 5.2 10 565 .082 .0947 19 24 900 .075
i

40 4.8 12 395 .070 .0807 16 29 200 .064 55

41 4.4 14 756 .059 ^^0^7 13 ^^^00 .0536 48

42 4.0 17 855 .049 .0560 11 42 180 .0450 41

43 3.6 22 045 .039 .0454 9.5 52 000 .0358 35

44 3.2 27 888 .031 ,0359 8.0 63 900 .0283 30

45 2.8 36 216 .024 .0276 65 86 100 .0217 25

46 2.4 49 588 018 .0202 “5.0 117000 .0160 20

47 2.0 71428 .012 .0140 4.0 168 000 .0112 15

48 1.6 111 333 .008 .0090 3.0 263 600 .0071

••Wire produced by some manufacturers differs considerably from the resistance values given.
•D.S.C. wound on spool.

tBarc wire on slab—well ventilated. Spacing between turns equal to wire diameter.

N.B.—To find current for Eureka wire wound on slab, multiply Nichromc Current column by approx.
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WINDING

DATA

CHART

FOR

ROUND
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COPPER

WIRE,
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(By
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Chicago)

1416 WIRE TABLES (A.W.G.) 38.19

Wire

A.W.G.
No.

z> -I N n
“1

o 30 > 'D
N N 23 inN

Turns

per

layer

Lamination

Size

(Dimension

of

Centre

Leg)

« 1o 'O 00 20 22 in s s 35 39 9 49 55 62 69 77 98

>

CO
.-H

VO 00 20 22

—

in 28 cn 35 39 5 49 55 62 69 LL

%
I/'
Cs| 16 18 20 22 25 28 cn

in
cn 39 43

—

54 VO s

(M CN| 14 16 18 20 22 in
C4 cn 35 39 9 49 55 19

%

8 o NO oo 20 22 25 8 32 35 39 44 50 in
in

00

d
ON o fO

*-.4

1

vO 00 20 23 25 8 CO 35 39 44 9

%

° I i

00 On - CNJ m in 61 <N 23 NO
cs 29 s

vO

d 1 1 1

00 On 10 2 15 17 19 22 25 LZ 31

0.50'

1 1 1 1

00 On o 14 in 20 22 25

Area Bare Copper Wire (Nominal)

(Cir.

Mils)

10380
8230 6530

§
in

4110 3260 2580 2050 1620 1290 1020
810 642 510 404 320

Dia.

Overall
Enamelled Wire

j

(Nominal)
(Inches)

On
cnO .0927 .0827

s
o .0659

00
00
ino .0524 .0469 .0418 .0374 .0334 .0299 .0267 .0238 .0213 .0190

Current

Based

on

700

Cir.

Mils

per

Amp.
(Maximum)

(Amperes)

14.90

o
00 9.35 7.42 5.87 4.66

On
NO

d 2.93 2.31 1.84 1.46 1.16
0.917 0.723 0.578 0.457

Wire

A.W.G.
No. 10 12 13 14 15 17 18 ON 20 21 22 23 24 25

Insulation
Layer Insulation

1

nicjoiess

(Inches)

.010

Fibre

2

.007

Fibre

-

.005

Fibre

.004

Kraft

- s

1

.003

Kraft
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WINDING

DATA

CHART

FOR

ROUND
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COPPER
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of
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141738.19 WIRE TABLES (A.W.G.)

Wire

A.W.G.
No. 26 27 28 29 30 s 32 CO

CO 34 35 36 37 s 39 40

Turns

per

layer

Lamination

Size

(Dimension

of

Centre

Leg)

4o
in
•-a

98
108 c3 133 in 168 183 o 233 265

CO
Ov
rvj

325 1 1 1 1 1

tn 87 97
108
o

134 150 164

rj*

00 209 233 258

j

O
1

Ov
CVJ|

322 1 1 1 1

m

4

VO 85 95 m 00
132 143 Z9l 183 205 227 255 284 330 1 1 1

s 77
vO
00 95

107 119 130 147 167 186 206 CO
CV|

255 296 329 1 i

%

8 62 69 77 86 96
107 118 133 150 169 186 209 230 266

in
ov
CM

312 1

r-
00

d
55 62 69 77 98

_

96
1

^
j

—

1

CO |o
CO

1

in 166 185
ino
CM

237
CO
VO
CM

279 1

m
d 5 46 m 57 s ZL 78 00

00
VO 1

°'i”

in

- 139 151 177 OV 209
00
CO
CM

«

VO

d
35 39 43 9 fO

in 09 66 CO CO
00 92

103 115 127 148

CO
VO 174

00
ov

4om
d

27 34 00
CO

fO 47 in
Ov
in

r-
VO 75 83 93

102 118 CO 139 158

Area Bare Copper Wire (Nominal)

(Cir.

Mils)

s
CN

202 160 CV| lOl

79.7

cq
CO
vO
d
in

00

d
CO

31.5 25.0 19.8 15.7 12.5

68*6 8.41

in
CM
vd

Dia.

{
Overall

Enamelled Wire (Nominal)
(Inches)

.0170 .0152

vO
CO

q
.0122

00o
q

.0097

00
00

8 .0078

o

i.
.0061 .0055 .0049 .0044

s
8

CO

8 .0032 .0028

Current

^

Based

on

700

Cir.

Mils

per

Amp.
(Maximum)

(Amperes)

0.363 0.289 0.229

00

d
0.144 0.114

0.0903 0.0715 0.0568 0.0450 0.0357 0.0283

1

0.0224 0.0179 s
d

o
CM

O
d

0.0089

A.W.G.
No. 26 27 29 8 CO 32 33 34 35 36 CO s Ov

CO s 5

Insulation

I

Layer Insulation
Thickness

(Inches)

.003

Kraft

-

.002

Kraft

•

.0015

Kraft

-

.001

Kraft

- 5

.0008

Kraft

•N 5 -
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SECTION 20 : LOGARITHM TABLES

0 1 2 3 4 S 6 7 8 9

Differences
|

1 2 3 4 5 6 7 8 9

10 0000 0043 0086 0128 0170 0212 0253 0294 0334 0374 4 8 12 17 21 25 29 33 37

11 0414 0453 0492 0531 0569 0607 0645 0682 0719 0755 4 8 11 15 19 23 26 30 34 1

12 0792 0828 0864 0899 0934 0969 1004 1038 1072 1106 3 7 10 14 17 21 24 28 31

13 1139 1173 1206 1239 1271 1303 1335 1367 1399 1430 3 6 10 13 16 19 23 26 29 1

14 1461 1492 1523 1553 1584 1614 1644 1673 1703 1732 3 6 9 12 15 18 21 24 27 1

15 1761 1790 1818 1847 1875 1903 1931 1959 1987 2014 3 6 8 11 14 17 20 22 25

16 2041 2068 2095 2122 2148 2175 2201 2227 2253 2279 3 5 8 11 13 16 18 21 24

17 2304 2330 2355 2380 2405 2430 2455 2480 2504 2529 2 5 7 10 12 15 17 20 22

18 2553 2577 2601 2625 2648 2672 2695 2718 2742 2765 2 5 7 9 12 14 16 19 21

19 2788 2810 2833 2856 2878 2900 2923 2945 2967 2989 2 4 7 9 11 13 16 18 20

20 3010 3032 3054 3075 3096 3118 3139 3160 3181 3201 2 4 6 8 11 13 15 17 19

21 3222 3243 3263 3284 3304 3324 3345 3365 3385 3404 2 4 6 8 10 12 14 16 18

22 3424 3444 3464 3483 3502 3522 3541 3560 3579 3598 2 4 6 8 10 12 14 15 17

23 3617 3636 3655 3674 3692 3711 3729 3747 3766 3784 2 4 6 7 9 11 13 15 17

24 3802 3820 3838 3856 3874 3892 3909 3927 3945 3962 2 4 5 7 9 11 12 14 16

25 3979 3997 4014 4031 4048 4065 4082 4099 4116 4133 2 3 5 7 9 10 12 14 15

26 4150 4166 4183 4200 4216 4232 4249 4265 4281 4298 2 3 5 7 8 10 11 13 15

27 4314 4330 4346 4362 4378 4393 4409 4425 4440 4456 2 3 5 6 8 9 11 13 14

28 4472 4487 4502 4518 4533 4548 4564 4579 4594 4609 2 3 5 6 8 9 11 12 14

29 4624 4639 4654 4669 4683 4698 4713 4728 4742 4757 1 3 4 6 7 9 10 12 13

30 4771 4786 4800 4814 4829 4843 4857 4871 4886 4900 1 3 4 6 7 9 10 11 13

31 4914 4928 4942 4955 4969 4983 4997 5011 5024 5038 1 3 4 6 7 8 10 11 12

32 5051 5065 5079 5092 5105 5119 5132 5145 5159 5172 1 3 4 5 7 8 9 11 12

33 5185 5198 5211 5224 5237 5250 5263 5276 5289 5302 1 3 4 5 6 8 9 10 12

34 5315 5238 5340 5353 5366 5378 5391 5403 5416 5428 1 3 4 5 6 8 9 10 11

35 5441 5453 5465 5478 5490 5502 5514 5527 5539 5551 1 2 4 5 6 7 9 10 11

36 5563 5575 5587 5599 5611 5623 5635 5647 5658 5670 1 2 4 5 6 7 8 10 11

37 5682 5694 5705 5717 5729 5740 5752 5763 5775 5786 1 2 3 5 6 7 8 9 10

38 5798 5809 5821 5832 5843 5855 5866 5877 5888 5899 1 2 3 5 6 7 8 9 10

39 5911 5922 5933 5944 5955 5966 5977 5988 5999 6010 1 2 3 4 5 7 8 9 10

40 6021 6031 6042 6053 ^064 6075 6085 6096 6107 6117 2 3 4 5 6 8 9 10

41 6128 6138 6149 6160 6170 6180 6191 6201 6212 6222 1 2 3 4 5 6 7 8 9

42 6232 6243 6253 6263 6274 6284 6294 6304 6314 6325 1 2 3 4 5 6 7 8 9

43 6335 6345 6355 6365 6375 6385 6395 6405 6415 6425 1 2 3 4 5 6 7 8 9

44 6435 6444 6454 6464 6474 6484 6493 6503 6513 6522 1 2 3 4 5 6 7 8 9

45 6532 6542 6551 6561
j

6571 6580 6590 6599 6609 6618 1 2 3 4 5 6 7 8 9

46 6628 6637 6646 6656 6665 6675 6684 6693 6702 6712 1 2 3 4 5 6 7 7 8

47 6721 6730 6739 6749 6758 6767 6776 6785 6794 6803 1 2 3 4 5 5 6 7 8

48 6812 6821 6830 6839 6848 6857 6866 6875 6884 6893 *

1 2 3 4 4 5 6 7 8

49 6902 6911 6920 6928 6937 6946 6955 6964 6972 6981 1 2 3 4 4 5 6 7 8

SO 6990 5998 7007 7016 7024 7033 7042 7050 7059 7067 1 2 3 3 4 5 6 7 8

51 7076 7084 7093 7101 7110 7118 7126 7135 7143 7152 1 2 3 3 4 5 6 7 8

52 7160 7168 7177 7185 7193 7202 7210 7218 7226 7235 1 2 2 3 4 5 6 7 7

53 7243 7251 7259 7267 7275 7284 7292 7300 7308 7316 1 2 2 3 4 5 6 6 7

54 7324 7332 7340 7348 7356 7364 7372 7380 7388 7396 1 2 2 3 4 5 6 6 7

0 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
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0 1 2 3 4 5 6 7 8 9
Differences

j

1 2 3 4 5 6 7 8 9

S5 7404 7412 7419 7427 7435 7443 7451 7459 7466 7474 1 2 2 3 4 5 5 6 7

56 7482 7490 7497 7505 7513 7520 7528 7536 7543 7551 1 2 2 3 4 5 5 6 7

57 7559 7566 7574 7582 7589 7597 7604 7612 7619 7627 1 2 2 3 4 5 5 6 7

58 7634 7642 7649 7657 7664 7672 7679 7686 7694 7701 1 1 2 3 4 4 5 6 7

59 7709 7716 7723 7731 7738 7745 7752 7760 7767 7774 1 1 2 3 4 4 5 6 7

60 7782 7789 7796 7803 7810 7818 7825 7832 7839 7846 1 1 2 3 4 4 5 6 6

61 7853 7860 7868 7875 7882 7889 7896 7903 7910 7917 1 1 2 3 4 4 5 6 6
62 7924 7931 7938 7945 7952 7959 7966 7973 7980 7987 1 1 2 3 3 4 5 6 6

63 7993 8000 8007 8014 8021 8028 8035 8041 8048 8055 1 I 2 3 3 4 5 5 6

64 8062 8069 8075 8082 8089 8096 8102 8109 8116 8122 1 1 2 3 3 4 5 5 6
65 8129 8136 8142 8149 8156 8162 8169 8176 8182 8189 1 1 2 3 3 4 5 5 6

66 8195 8202 8209 8215 8222 8228 8235 8241 8248 8254 1 1 2 3 3 4 5 5 6

67 8261 8267 8274 8280 8287 8293 8299 8306 8312 8319 1 1 2 3 3 4 5 5 6

68 8325 8331 8338 8344 8351 8357 8363 8370 8376 8382 1 1 2 3 3 4 4 5 6

69 8388 8395 8401 8407 8414 8420 8426 8432 8439 8445 1 1 2 2 3 4 4 5 6

70 8451 8457 8463 8470 8476 8482 8488 8494 8500 8506 1 1 2 2 3 4 4 5 6

71 8513 8519 8525 8531 8537 8543 8549 8555 8561 8567 1 1 2 2 3 4 4 5 5

72 8573 8579 8585 8591 8597 8603 8609 8615 8621 8627 1 1 2 2 3 4 4 5 5

73 8633 8639 8645 8651 8657 8663 8669 8675 8681 8686 1 I 2 2 3 4 4 5 5

74 8692 8698 8704 8710 8716 8722 8727 8733 8739 8745 1 1 2 2 3 4 4 5 5

75 8751 8756 8762 8768 8774 8779 8785 8791 8797 8802 1 1 2 2 3 3 4 5 5

76 8808 8814 8820 8825 8831 8837 8842 8848 8854 8859 1 1 2 2 3 3 4 5 5

77 8865 8871 8876 8882 8887 8893 8899 8904 8910 8915 1 1 2 2 3 3 4 4 5

78 8921 8927 8932 8938 8943 8949 8954 8960 8965 8971 1 1 2 2 3 3 4 4 5

79 8976 8982 8987 8993 8998 9004 9009 9015 9020 9025 1 1 2 2 3 3 4 4 5

80 9031 9036 9042 9047 9053 9058 9063 9069 9074 9079 1 1 2 2 3 3 4 4 5

81 9085 9090 9096 9101 9106 9112 9117
I

9122 9128 9133 1 1 2 2 3 3 4 4 5

82 9138 9143 9149 9154 9159 9165 9170
1

9175 9180 9186 1 1 2 2 3 3 4 4 5

83 9191 9196 9201 9206 9212 9217 9222 9227 9232 9238 1 1 2 2 3 3 4 4 5

84 9243 9248 9253 9258 9263 9269 9274 9279 9284 9289 1 1 2 2 3 3 4 4 5

85 9294 9299 9304 9309 9315 9320 9325 9330 9335 9340 1 1 2 2 3 3 4 5

86 9345 9350 9355 9360 9365 9370 9375 9380 9385 9390 1 1 2 2 3 3 4 4 5

87 9395 9400 9405 9410 9415 9420 9425 9430 9435 9440 0 1 1 2 2 3 3 4 4

88 9445 9450 9455 9460 9465 9469 9474 9479 9484 9489 0 1 1 2 2 3 3 4 4

89 9494 9499 9504 9509 9513 9518 9523 9528 9533 9538 0 1 1 2 2 3 3 4 4

90 9542 9547 9552 9557 9562 9566 9571 9576 9581 9586 0 1 1 2 2 3 3 4 4

91 9590 9595 9600 9605 9609 6614 9619 9624 9628 9633 0 1 1 2 2 3 3 4 4

92 9638 9643 9647 9652 9657 9661 9666 9671 9675 9680 0 1 1 2 2 3 3 4 4

93 9685 9689 9694 9699 9703 9708 9713 9717 9722 9727 0 1 1 2 2 3 3 4 4

94 9731 9736 9741 9745 9750 9754 9759 9763 9768 9773 0 1 1 2 2 3 3 4 4

95 9777 9782 9786 9791 9795 9800 9805 9809 9814 9818 0 1 1 2 2 3 3 4 4

96 9823 9827 9832 9836 9841 9845 9850 9854 9859 9863 0 1

1

2 2
j

3 3 4 4

97 9868 9872 9877 9881 9886 9890 9894 9899 9903 9908 0 1 2 2 3 3 4 4

9912 9917 9921 9926 9930 9934 9939 9943 9948 9952 0 1 2 2 3 3 4 4

99 9956 9961 9965 9969 9974 9978 9983 9987 9991 9996 0 1 1 2 2 3 3 3 4

0 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
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SECTION 21 : TRIGONOMETRICAL AND HYPERBOUC TABLES
TABLE 72 : TRIGONOMETRICAL RELATIONSHIPS

Angle

Radians

Sine

Cosine

Tangent 1
1

Cosine

0

1
0 *^

.0000 .0000 .0000 .7854 .7071 .7071 1.0000

1 .0175 .0175 .9998 .0175 46 .7193 .6947 1.0355

2 .0349 .0349 .9994 .0349 47 .8203 .7314 .6820 1.0724

3 .0524 .0523 .9986 .0524 48 .8378 .7431 .6691 1 1106

4 .0698 .0698 .9976 .0699 mm .8552 .7547 .6561 1.1504

5 .0873 .0872 .9962 .0875 .8727 .7660 .6428 1.1918

6 mmm .1045 .9945 .1051 51 .8901 .7771 .6293 1.2349

7 .1222 .1219 .9925 .1228 52 .9076 .7880 6157 1.2799

8 .1396 .1392 .9903 .1405 53 .9250 .7986 1.3270

9 .1571 .1564 .9877 .1584 54 .9425 .5878 1.3764

10 .1745 .1736 .9848 .1763 55 .9599 .8192 .5736 1.4281

n .1908 .9816 .1944 56 .9774 .5592 1.4826

12 .2094 .2079 .9781 .2126 57 .9948 .8387 .5446 1.5399

13 .2269 .2250 .9744 .2309 58 1.0123 .8480 .5299 1.6003

14 .2443 .2419 .2493 59 1.0297 .8572 .5150 1.6643

15 .2618 .2588 .9659 .2679 1.0472 .8660 1.7321

18 .2793 .2756 •9613 .2867 <1 .8746 .4848 1.8040

17 .2967 .2924 .9563 .3057 62 .8829 .4695 1.8807

18 .3142 .3090 .9511 .3249 63 1.0996 .8910 .4540

19 .3316 .3256 .9455 .3443 64 1.1170 .8988 .4384 2.0503

20 .3491 .3420 .9397 .3640 65 1.1345 .9063 .4226 2.1445

21 .3665 .3584 .9336 .3839 66 1.1519 .9135 .4067 2.2460

22 .3840 .3746 .9272 .4040 67 1.1694 .9205 .3907 2.3559

23 .4014 .9205 .4245 68 1.1868 .9272 .3746 2.4751

24 .4189 .9135 .4452 69 1.2043 .9336 .3584 2.6051

25 .4363 .4226 .4663 70 1.2217 .9397 .3420 2.7475

26 .4538 .4384 .8988 .4877 71 1.2392 .9455 .3256 2.9042

27 .4712 .8910 .5095 72 1.2566 .9511 .3090 3.0777

28 .4887 .4695 .8829 .5317 73 1.2741 .9563 .2924 3.2709

29 .5061 .8746 .5543 74 1.2915 .9613 .2756 3.4874

30 .5236 .8660 .5774 75 1.3090 .9659 .2588 3.7321

31 .5411 .5150 .8572 76 1.3265 .9703 .2419 4.0108

32 .5585 .5299 .8480 .6249 77 1.3439 .9744 .2250 4.3315

33 .5760 .5446 .8387 .6494 78 1.3614 .9781 .2079 4.7046

34 .5934 .5592 .6745 79 1.3788 .9816 .1908 5.1446

35 .6109 .5736
1

.8192 1.3963 .9848 .1736 5.6713

36 .6283 .5878 .7265 ^5 1.4137 .9877 .1564 6.3138

37 .6458 .6018 .7986 .7536 82 1.4312 .9903 .1392 7.1154
38 .6632 .6157 .7813 83 1.4486 .9925 .1219 8.1443
39 .6807 .6293 .7771 .8098 84 1.4661 .9945 .1045 9.5144

.6981 .6428 .8391 85 1.4835 .9962 .0872 11.43

41 .7156 .6561 .7547 86 1.5010 .9976 .0698 14.30

42 .6691 .7431 87 1.5184 .9986 .0523 19.08
43 .7505 .6820 .7314 .9325 88 1.5359 .9994 .0349 28.64
44 .7679 .6947 .7193 .9657 89 1.5533 .9998 .0175 57.29
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TABLE 73 ; HYPERBOLIC SINES, COSINES AND TANGENTS

sinh X — 1(€* — €-*); cosh x ~ + «"*); tanh x — (c* — €'*)/(«* +
€ = 2.718 - 1/0.3679

X sinh X cosh X tanh X

0.00 0.000 1.000 0.0000
0.10 0.100 1.005 0.099 7

0.20 0.201 1.020 0.197 4
0.30 0.304 1.045 0.291 3

0.40 0.411 1 081 0.3800
0.50 0.521 1.128 0.4621

0.60 0.637 1.185 0.537 0

0.70 0.759 1.255 0.604 4

0.80 0.888 1.337 0.6640
0.90 1.027 1.433 0.716 3

1.00 1.175 1.543 0.761 6

1.10 1.336 1.669 0.800 5

1.20 1.509 1.811 0.8337
1.30 1.698 1.971 0.861 7

1.40 1.904 2.151 0.885 4

1.50 2.129 2.352 0.905 2

1.60 2.376 2.577 0.921 7

1.70 2.646 2.828 0.935 4

1.80 2.942 3.107 0.946 8

1.90 3.268 3.418 0.956 2

2.00 3.627 3.762 0.9640
2.10 4.022 4.144 0.970 5

2.20 4.457 4,568 0.975 7

2.30 4.937 5.037 0.9801

2.40 5.466 5.557 0.983 7

X sinh X cosh X tanh X

2.50 6.050 6.132 0.9866
2.60 6.695 6.769 0.989 0
2.70 7.406 7.473 0.991 0
2.80 8.192 8.253 0.992 6
2.90 9.060 9.115 0.994 0
3.00 10.018 10.068 0.995 1

3.10 11.077 11.122 0.996 0
3.20 12.246 12.287 0.996 7

3.30 13.538 13.575 0.997 3

3.40 14.965 14.999 0.997 8

3.50 16.543 16.573 0.998 2
3.60 18.285 18.313 0.998 5

3.70 20.211 20.236 0.998 8
3.80 22.339 22.362 0.9990
3.90 24.691 24.711 0.999 2

4.00 27.290 27.308 0.999 3

4.10 30.162 30.178 0.999 45
4.20 33.336 33.351 0.999 55

4.30 36.843 36.857 0 999 63
4.40 40.719 40.732 0.999 70

4.50 45.003 45.014 0.999 75

4.60 49.737 49 747 0.999 80
4.70 54.969 54.978 0.999 83

4.80 60,751 60.759 0.999 86

4.90 67.141 67.149 0.999 89

5.00 74.203 7L210 0.999 91
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SECTION 22 : LOG. SCALES AND LOG. SCALE INTERPOLATOR

(i) Log scales (it) Log scale interpolator.

(i) Log scales
The exact (to 3 significant figures) relationship between the log. and linear scales

are set out in Fig. 38.9. It will be seen that the approximation of Fig. 38.10 is very

close and ,the error is negligible in comparison with ordinary graphical errors. To
plot the approximate log. scale, use a decimal rule (inches or centimetres etc.) and
mark 0.3, 0.6, 0.9 and 1.0 for each major division, and continue similarly. If linear

graph paper is available, select values for 1 and 10 on the log. scale such that the linear

scale is 10 or a convenient multiple of 10, then mark log. values as in Fig. 38.10.

See also Chapter 19 Sect, l(xii) for decibels, slide rules and mental arithmetic.

FIG. 38.9
L09 Scak

3 4

k •30bc' •30IX »-|o97x|-i^ Fig. 38.9.

Lincor McoturcmtnT

Log. and
(exact).

linear scales

FIG. 36.10

0 12 3

1 2

Lincor Scale

4 S 6 7 » 9 10

4 a 10

Log Scolt ([Approx)

Fig. 38.10. Log. and linear scales

(approx.).

(U) Log. scale Interpolator
Often it is desired to know the exact value of a point on a logarithmic scale, when

it docs not come on one of the scale markings. In such a case, mark on a straight

edge of paper the distance from the point to the next lower scale marking which is a

multiple of 10, also marking the distance to the next higher marking which is a mul-

tiple of 10. The piece of paper with the three pencil marks should then be placed

on the Log Scale Interpolator (see opposite page) so that the edge of the paper is

roughly horizontal, and the two extreme points come exactly on the outer radial lines,

the lower value to the left and the higher value to the right. The value of the point

may then be read on the top scale, multiplied by the appropriate multiple of 10.
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INDEX

A-oattcry, definition, 1398
A.C./D.C. receiver, definition, 1398
Abampere, 1332, 1333
Abbreviations, 1366-1367

titles of periodicals, 1367-1369
Abcoulomb, 1332, 1333
Abfarad, 1332, 1333
Abhcnry, 1332, 1333
Abmho, 1332, 1333
Abohm, 1332, 1333
Abscissa, 279
Absolute magnitude of complex quan>

tity, 140, 285
Absolute maximum system, 9, 77
Absolute system, definition, 1331
Absolute temperature, 1 334
Absolute value, definition, 1398
Absolute zero, 1334
Abvolt, 1332, 1333
Acceptance testing of valves, 120
Accumulator operation, valves ratings

for, 78, 79
Acoustical absorption coefficient, 863
Acoustical damping to eliminate standing

waves in loudspeaker enclosures, 843-845,
849

Acoustical data, summary of, 871-874
Acoustical, electrical and mechanical

equivalents, 872
Acoustical feedback, avoidance of, 866
Acoustical feedback, definition, 1398
Acoustical labyrinth loudspeakers, 850
Acoustical phase inverter (vented baffle)

loudspeakers, 845-850
Acoustical power of orchestra, peak, 623
Acoustical QUAD amplifier, 544, 596
Acoustical radiation by pickup, 714, 718, 719,

760, 762
Acoustical tests on receivers, 1314
Acoustics and music, references, 634
Acoustics of rooms, 864-865
Activation of cathode, 69
Addition, 260
Admittance and impedance, 144-158
Admittance as reciprocal of impedance, 154
Admirunce circle diagram, 156
Admittance coefficients, 50-55
Admittance, grid input, 49-53
Admittance, grid input, components of, 51-53
Admitunce, grid input, effects of, 927-934
Admittance neutralization, stable, 389
Admittance of arms and networks, 153-158
Admittance of parallel connections of L,

C and R, 147-149
Admittance of series connections of L,

C and R, 144-147
Admittance of series-parallel connections

of L, C and R, 149-153
Admittance, short-circuit feedback, 50-55
Admittance, short-circuit feedback,

methods of increasing in i-f ampli-
fiers, 1064

Admittance, short-circuit feedback, test
for, 117

Admittance, short-circuit forward, 50-55
Admittance, short-circuit forward, test

for, 117
Admittance, short-circuit input, 50-55
Admitunce, short-circuit input, test for, 113-1 17
Admittance, short-circuit output, 50-55

Admittance, short-circuit output, test for, 1 17
Admittance, signal grid input, of con-

verters, 970, 973, 976-978, 980-981

Admitunces, short circuit, 69
Admitunces, valve, 49-57, 69, 70
Aerial coil gain, 916-917, 920
Aerial coupling, 912-913
Aerial coupling, capaciunce, 921
Aerial coupling transformer, mutual

inductance, 916-920

Aerial coupling transformer, upped in-

ductance, 920-921

Aerial coupling transformer, three special
cases for, 918-920

Aerial coupling units, generalised, 915-916

Aerial primary windings of shon-wave
coils, 474

Aerial suges, 912-913, 915-922
Aerial stages, fixed tuned, 921
Aerials (Chapter 22), 890-911
Aerials and power transfer, 892-893
beam width of, 894
broadside array. 893-894
car radio, aerials for 1276-1277
characteristics of, 893-894
dipoles, 892-895, 898,904-906,908-911,919

effect of spacing between aerial and
reflector, 905-906

discone, 910
dummy, 906-907, 1299, 1315, 1316
effective area of receiving, 893-894, 896
effects of earth on performance of 894-900

height above earth, desirable, 895
imperfectly conducting earth, 896-900

attenuation between transmitter
and receiver, 896-900

attenuation charts, 897-900
attenuation of radio waves due

to, 896-900
conductivity of earth, 896-900
effective area with, 896
field intensity at receiver

—

charts, 897-900
height of receiving aerial above

earth, effect of—charts, 898-900
power-flux per unit area at re-

ceiver, 896-897
resistivity of earth, 896
space waves, 896, 897
surface wave, 896, 897

perfectly-conducting earth, 894-895
vertical and horizonul aerials, com-

parison betweem 895, 896
equivalent circuit of aerial and input

circuit of receiver, 904
equivalent circuit of aerial-earth system. 903
field intensity of wave, electric, ana

power-flux per unit area, relation be-
tween, 896

F-M receivers, aerials for, 1288, 1294
function of a receiving, 892
half wave dipole, 893, 919
half wave dipole, folded, 910-911
horizontal, 895-896, 910
impedance ofj 901-906

characteristic, 903
equivalent series loss resistance, 902
example of calculations, 903-904

input impedance, 904
voltage at receiver terminals, 904
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Aerials and power transfer (continued)
power that can be extracted from

aerial with resistive losses* 902
radiation efficiency, 903
radiation resistance* 902, 905, 906

base radiation resistance# 902
reactive component of, 903
resistive component of, 902

indoor, 908
inverted L, 901, 902, 903-904, 907
inverted T* 907
ionosphere, effect on reception, 901
faduu due to interference between

refined and groimd waves 901, 908
reflected waves, 901
reflecting layers in, 901

loop aeriaU, 901, 905, 908, 918-919
loop aerials, directly tuned, 921-922
loop aerials, measuri^ Q of, 919
magnetic and electric wlds of wave,

relation between,
power available at receiver,
power nin of,

power-nux per unit area and electric
held intensity of wave, relation be-
tween,

power transfer between two straight
dipole aerials,

qtiarter-wave,
T^erences,
sensitivity-test input, definition,
space, intrinsic resistance of,

standiud, definition,
standard 300 ohm,

897
893
894

896

892-893
909-910

911
1297
897
1298
1315

types used for broadcast reception, 907-911
medium frequency, 907-908
short-wave, 908-909
v-h-f, 909-911

venical. 892, 893, 895, 896, 901, 904, 907,
909-910

wave antenna,
wave tilt,

Air-core, definition,
Air-cored i-f coils, design of.

908
908
1398

453-454,
1041-1043

Air-cored medium waveband coils, de-
sign of, 459-460

Algebra, 259-272
Algebra, complex, 285-287
Algebra, complex, polar coordinates, 286-287
Algebra, complex, rectangular coordin-

ates, 285-286
Algebraic sum, definition, 1398
Aligned grids, 8
Alignment of converter stage, short-

wave, 990-991
Alternating current, 129-130
Alternating current, definition, 1398
Alternating current generator, 129
Alternating current, sine wave, 129, 130, 278
Alternating current, 3 phase, 129
Alternating current waveform, standard, 130
Ambient temperature, definition 1398
Ambient temperatures of composition

resistors, 187

Ambient temperatures of electrolytic con-
densers.

Ampere,
Amperc-tum,
Ampere-tum per inch,
Amperc-tum per metre,
Ampere-tum, per weber.
Amplification, a.c., test for.

Amplification bv valve.
Amplification, definition.

Amplification factor, definition.

193
1332, 1333
1332, 1333
1332, 1333
1332, 1333
1332, 1333

74, 105, 124
13

1398
13, 72

Amplification faaor, effective, with
feedback, 311, 313, 314, 315, 316

Amplification factor, graphical determina-
tion, 15, 16, 18

Amplification factor of r.c.c. triodes, 493
Amplification faaor plate to screen, 35-36
Amplification faaor screen to control grid, 35
Amplification faaor, tests for, 74, 104, 113
Amplification faaor, triode, ofpentodes, 35-36
Amplified a.v.c. 1112-1113

Amplifier gain expressed in decibels, 810-81

1

Amplifiers, a-f,complae
acoustic^ QUAD, 544, 596
bias and screen stabilized amplifier, 593-594
design procedure and examples, 599-600
feedback—see Chapter 7,

combined positive and negative, to
give any desired positive, zero or
negative plate resistance, 354-355

positive, to offsa loss of gain by
omission of by-pass condensers, 354

2 suges, 331, 334-343, 353, 354
3 stages, 343-347, 353, 370, 377

McIntosh ampUfier, 544, 594-596
reproduction of sound, complae am-

plifiers for, 744-751
Walsh, Lincoln, amplifier, 600
Williamson—see under Williamson am-

plifier.

Amplifiers, a-f direa-coupled, 529-534
bridge balanced, 533
bridge circuit, 530
cascode amplifiers, 533-534
cathode-coupled amplifiers, 348, 529, 531
cathode-coupled phase inverter, 347-348, 532
cathode follower, 531
changes in filament and plate voluges,

compensation for, 533
drift of valve charaaeristics, 23-24, 530, 533
drift of valve charaaeristics, com-

pensation for, 533
gas-tube coupled, 532
maximum gain in, 65
modulation systems, 532
phase-splitter with positive feedback, 354
references, 543
screen-coupled, 532

Amplifiers, a-f, in-phase, 529
cathode-coupled amplifiers, 348, 529, 531
grounded-grid amplifiers, 529
inverted input amplifiers, 325, 529

Amplifiers, a-f power (Chapter 13) 544-602
back bias, in, 547, 597-598
back bias, sources of, 597-598
cathode (seljf) bias in, 547, 552-553, 565-566,

582, 585
cathode-follower power amplifiers, 596

cathode-follower as driver, 591, 596
cathode-follower as output stage, 596

Class A, definition, 545, 572
Class A, limiting, definition, 545, 572
Class A, regulated ^d bias for, 1215
Class A single multi-grid valves, 560-570
beam power valves, 569
cathode bias, 565-566
fifth harmonic distortion, effea on
power output 565

graphical analysis, power output and
distortion 563-565

ideal pentodes, 561
induaance of transformer primary, 212-214
leakage inductance in output trans-

former, effeas of, 566
load resistance, 561
loudspeaker load, 566-567
oscillation or parasitics, 562
overload charaaeristics, 563
partial triode operation of pentodes 570
plate circuit efficiency, 562
power output, 561
power output and distortion of typical

beam power amplifier v’s load re-

sistance, 570
praciica’ pentodes, operating con-

ditions, 561-563
ratio between plate and screen cur-

rents, 562
rectification, correcting loadline for,

568-569
reaification effeas, 561
reaification effeas, cathode bia^, 566
reaification effeas, fixed bias, 565
regulation, plate and screen, effeas

of, 568-569
resistance of transformer primary,

effea of, 566
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Amplifiers, a-f power (continued)
screen current, 562
screen dissipation, 562
screen source regulation, 562
shunt filter, 567, 636
space charge tetrodes, 569
third harmonic distortion, effect on
power output, 564

Class A single triodes, 548-560
a.c. -filament supply, effect of, 560
calculating gain and distortion at

high inputs from measurements of

gm and go at low inputs 554, 555
caSSde biasf 552-553
cathode by-passing, 554
choke-coupled amplifier, 559-560
graphical conditions, power output
and distortion, 548-554

inductance of transformer prim-
ary, 212-214, 550

limitations of operating point, 559
loudspeaker load, 558, 566-567, 600-601,

881-882
optimum grid bias, 557
optimum load resistance, 557-558
optimum operating conditions, ideal

charaaeristics, 555-558
optimum operating conditions, prac-

tical characteristics, 557-558
optimum plate current, 557
overloading, 560
platfc circuit efficiency, 559
plate dissipation, 559
power output and distortion of

typical triode v’s load resistance, 558
rectiheation effects, cathode bias, 553—554
rectification effects, fixed bias, 551-552,

565
regulation of power supply, effect of, 551
resistance of transformer primary,

effect of, 550
sensitivity, power, 559

Class Ai, distonionless, power and
efficiency in, 59-^1

Class AB, 545
Class ABi, 572
Class ABa amplifiers, 593-596

bias ana screen stabilized amplifier, 593-594
McIntosh amplifier, 594-596

Class B, 545
Class B amplifiers and drivers, 587-593

Class B amplifier, definition, 587
Class Bi amplifiers, quiescent push-

pull, 592-593
design procedure for Class Ba am-

plifiers, 592
distortion in, 587
earthed-grid cathode-coupled ampli-

fiers, 592
grid driving conditions. Class Ba, 590-591

driver transformer, design of, 591
driver valve curved loadline, 591
insubility due to negative input

resistance of valve, 590
leakage induaance of driver trans-

former, effect of, 590
leakage inductance of driver trans-

former, method of minimizing
effects of, 590

minimum grid input resistance, 590
minimum variational grid resistance, 590
peak grid input power, 590

plate circuit efficiency. Class Ba, 589
plate dissipation and power output.

Class Ba, relation between, 589
power output and distortion. Class

power output, ideal conditions. Class
Ba,

classes of operation, 543
complete amplifiers,

automatic bias con

588
545, 572
599-601
572, 600automatic bias control, 572, 600

design procedure and examples, 599-600
Lincoln Walsh amplifier, 600

diatortion in—see under Distortion,
driver stage, 547, 590-591

Amplifiers, a-f power (continued)
effective plate resistance (output re-

sistance), optimum, 546
fixed bias in, 547, 597
fixed bias, sources of, 597
feedback in—see under Feedback,
grid circuit resistance, 566, 596-597
grid circuit resistance with back bias, 597
hum from plate and screen supplies, 599
load resistance, critical, 546
loudspeaker load, 546, 558, 566-567, 600-601,

881-882
Miller effert, 598
output transformer efficiency, 567
parallel Class A amplifiers, 570-571
parasitic oscillation, 547, 562, 590
plate efficiency, definition, 545
power output, 545
push-pull pentodes and bfcam power

amplifiers Class A, ABi 583-587
cathode bias, 585
extended Class A (triode and pentode

in parallel on each side), 587
matching and effects of mismatching

in valves, 584
phase inversion in the power stage, 585-586
common cathode impedance, 585
Parry cathamplifier, 586
phase inverter, 585
screen resistance coupling, 585

plate and screen currents, average, 584
power output and distortion, 583-584
regulation of power supply, effect of 584

push-pull triodes. Class A, ABi, 571-582
automatic bias control, 572, 600
cathode bias, 582
classes of operation, 572
common impedance, effects of, 574
composite characteristics, 574—577, 581
equivalent circuit for push-pull am-

plifier, 576-577
fundamental principles of push-

pull, 571-573
hum in plate and grid supplies, effect

of, 573-574
leakage inductance of output trans-

former, effect of, 572-573
matching and effects of mismatching

in valves, 580-582
permissible unbalance, 582
plate current, average, 579-580
plate dissipation at max. signal, 578
power output and distortion, 577-579
rate of change of current near cut-off,

effect of, 572-573
regulation of power supply, effect

of, 572, 582
theory of push-pull amplification

based on infinite series, 573-577
references to power amplifiers, 601-602
regulation of power supply, effect of

547-548, 551, 562, 568-569, 572, 582, 584
self bias—see under Cathode bias,

sensitivity, power, definition, 545
some characteristics of power ampli-

fiers, 545-547
special features of power amplifiers, 596-599
testing of, 548, 1321-1325

see also under Amplifiers, a-f, tests and
measurements.

triode operation of pentodes, 547
types of, 544-545
28 volt operation, 598

Amplifiers, a-f, push-pull, methods of
exciting, 521-527

balanced output amplifiers with highly
accurate balance, 327

common cathode impedance self-bal-
ancing inverters, 347-348, 526-527

cross-coupled phase inverter, 527, 663-664
methods involving iron-cored inductors,

521-522
paraphase, common plate impedance, 525-526
paraphase, floating, 524-525, 534
paraphase inverter, 524
paraphase inverter, see-saw self-balancing, 526
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Amplifiers, a-f, push>pull, methods
of exciting (continued)
paraphase inverter, self-balancing, 524-526
phase inverter, 524
phase inverter, self-balancing, 524
phase splitter, 329-330, 522-524
phase splitter, with positive feedback, 354, 523
references, 542-543
Sclunitt phase inverter, 526, 670

Amplifiers, a-f push-pull, voltage, 527-528
cathode resistors, 527
output circuit, 527-528
phase compressor, 527, 528
push-pull impedance-coupled ampli-

fiers, mathematical treatment, 528
Amplifiers, a-f, tests arid measurements,

548, 1321-1325
distortion, total harmonic, 1321-1322
equipment, 1321
feedback, special effects with, 1324
frequency response, 1323-1324

output levels for measurements, 1323
gain, 1 323
hum distortion, 1322-1323
intcrmodulation distortion, 1 322
microphony, 1311, 1324
noise level, 1324
operating conditions for tests, 1321
output, power, 1323
references, 1 327
square wave testing, 1324
subllity, 1324
tests, 1321-1325

Amplifiers, a-f, transformer coupled, 27-34,
517-520

applications of, 520
auto-transformer coupling, 520
cathode loadlines, 29-30
desirable valve characteristics, 517
distortion, core, 206, 207, 210, 211, 212,

214-217, 227
distortion, valve, 518, 519
elliptical loadlines, 30-34, 64, 213
equivalent circuits, 204, 205, 518
frequency response, 209, 212-214, 517, 518
^n at mid-frequency, 517
input impedance, unloaded transformer, 517
loading of transformer, 519
maximum peak output voltage, 518-519
parallel feed, 519, 520
parallel feed, bass boosting with, 519
peak response at high frequencies, 209, 518
phase shift at high frequences, 518
phase shift at low frequencies, 206, 207, 214
primary inductance

—

see under Induct-
ance, transformer primary,

reactive loads, 30-34

Amplifiers, a-f voluge (Chapter 12), 481-543
choke-coupled amplifiers, 521
direct-coupled amplifiers, 529-534

see also under Amplifiers, a-f direct-

coupled.
feedback in

—

see under Feedback,
in-phase amplifiers, 529

see also under Amplifiers, a-f, in-

phase.
methods of exciting push-pull ampli-

fiers, 521-527
see also under Anmlifiers, a-f push-

pull, methods of exciting,

multistage voluge amplifiers, 541
multi-channel amplifiers, 541
single-channel amplifiers, 541

phase splitter, 32^330, 354, 522-524
phase splitter with positive feedback, 354, 523
pre-amplifiers

—

see under Pre-amplifiers,

push-pifil voluge amplifiers, 527-528
see also under Amplifiers, a-f push-

pull voltage.
references, 542-543
resistance-capacitance-coupled pento-

des, 496-517
attenuation (gain/frequency) charac-

teristics with incomplete screen by-
passing, 496-497

Amplifiers, a-f voluge (continued)
bias, increase required with low re-

sisunce screen supply, 506
cathode by-passing, incomplete, effect
on gain when screen is adequately
by-passed, 499-501

cathode and screen incompletely by-
passed, effect on gain and phase
shift, 498-500

choice of operating conditions 496
combined screen and cathode load-

lines and the effect of tolerances, 515-516
comments on tabulated charaaeris-

tics, 517
conversion factors applied to complete

amplifier suge, 512
conversion factors with, 511
coupling condenser, 496
curves of constant plate/screen cur-

rent ratio, 515
data for types 6J7 and 6SJ7, 507-508,

510-511
distortion, comparison between triode
and pentode, 511

dynamic charaaeristics, 503-506
dynamic characteristics, comparison

with triodes, 508-509
equivalent circuit, 512
fixed bias, 501-502, 506
gain calculated from dynamic char-

acteristic, 506
gain/frequency characteristic, 512
gain at mid-frequency, 506-508
gain in terms of g,n and gp, 507
gains, typical, 506
grid resistor, maximum, 496
grid resistor, maximum, cathode bias, 501
grid resistor, maximum, fixed bias, 502-503
load resistance, 496
load resistance to give maximum gain

with specified following grid re-
sistor, 507

maximum output voltage and dis-
tortion, 510-511

multi-grid valves as r.c.c. amplifiers, 516
mutual conductance at operating

point. 506, 507-508, 511
optimum operating conditions, 504-505
phase shift/frequency characteristic, 512
phase shift /frequency characteristics

with incomplete screen by-pass-
ing, 498-499

plate resistance, 507-508, 511-512
plate supply voltage, 496
references, 542
remote cut-off pentodes as r.c.c. am-

plifiers, 516
screen by-pass, 496-499
screen loadlines, 513-514
screen supply, 496
screen supply from voltage divider, 506
series screen and cathode bias resis-

tors, determination of, 505-506
slope of dynamic characteristic, 506,

507-508
special applications, 516
unbypassed screen and unbypassed

cathode resistors, relation be-
tween, 498-499

variations in plate/screen current
ratio, 514-515

resisiance-capacitance-coupled triodes,

482-495
attenuation (gain/ frequency) charac-

teristic, 494-495
cathode bias, 484-487
cathode bias attenuation (gain /fre-

quency) characteristics, 484—485
cathode bias loadlines, 29-30, 486-487
cathode bias, phase shift, 485—486
cathode bias resistor, choice of 486
comments on tabulated characteristics, 495
comparison between cathode and

fixed bias, 488
conversion factors with, 493
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AmpUfien, a-f voltage (continued)
coupling condenser, 483-<484
dampii^ due to positive grid current, 489
dynamic characteristics, 25-26, 491
equivalent circuit, exact, 494
fixed bias. 487-^489
gain and distortion at mid-fre>

S
iiency, 490-491
leak bias, 489, 786, 1280-1281

md /esistor, maximum, 482-483, 487, 488
mput impedance and Miller effect, 493-494
load resistance, 482
maximum output voltage and dis-

tortion, 491-493
opmting conditions, 482—483
optimum ^d bias, 487—488
phase shift/frequency characteris-

tic, 494-495
plate supply voltage, 482
plate voltage and current relation-

ships, 489-490
references, 542

resistance loaded valves, 24-27, 58-59,
482-517

dissipation of triode, 26
staWty, decoupling and hum, 535-540

effect of common impe<hmce in
power supply, 535
nd circuit decoupling, 538md
hum in voltage ampliners,
plate circuit decoupling
plat^ supply by-passing,
references,
screen circuit decoupling,

transformer-coupled amplinen

538-540
535-537

535
543
537

517-520
s€* also under Ampli^rs, a-f, trans-

former coupled,
transients and pulses, 540-541

rectangular pulses, 540-541
references, 543
transient distortion in amplifiers, 540

unbypassed cathode resistor, 327-329

Amplifiers, cathode degenerative, 327-330
Amplifiers, feedback—set under Feedback.
Amplifiers, intermediate frequency, 1020-1071

cathode resistor, unbypass^, use of, 330, 1064
commonly used circuits, 1022—1025
composite i-f, F-M/A-M, 1024-1025
crystal filters, variable bandwidth, 1050-1061

behaviour of equivalent circuit,

design of,

crystal constants,
example,
gain,
gain variation with bandwidth,
overloading arising from,
position in receiver,
selectivity,

types other than bridge,

damping due to diode circuits.

1050-1051
1053-1061

1056-

1057

1057-

1061
1053-1054

1054
1121
1057

1055-1056
1057

1036, 1074,
1077-1078
330, 1064
1025-1048

degenerative cathode impeoance,
design methods,

calculation of coupling coeffici-

enu. 414-416, 419-421, 1043-1048
critiosUy-coupled transformers, 1026-1031

design and uble, 1026-1030
k-measurement, 1025, 1030-1031

f-m i-f transformers, 1037-1041
general, 1025-1026
j-f transformer construction, 1041-1043
over-coupled transformers, 1031-1034

design and table, 1031-1033
k-measurement (when k is high)

1033-1034, 1102
under-coupled transformers and single-

tuned circuits, 1034-1037
single-tuned circuits, 1034-1035
tinder-coupled transformers, 1035-1037

detuning due to a.v.c., 1061-1064
causes of, 1061-1062
reduction of effects, 1062-1064

diodes, valves incorporating three, 1024
distortion, 1067-1069

in a-m i-f stages, 1067-1068

Amplifiers, intermediate-frequency (continued)
in f-m i-f stages, 1068-1069

in f-m receivers, 1022, 1024, 1290-1292
in poruble battery receivers, 1021
in short-wave receivers, 1022
intermediate frequencies commonly ac-

cepted, 1021
intermediate frequency, choice of, 1020-1021
Umiters, 1023, 1040
mixed coupling, 1025, 1044-1048
modulation hum in, 1119
mutual inductance coupling, 1023, 1025-1041,

1046, 1048-1050
neutralizing, 1065-1067, 1291
number of suges, 1021-1022
ratio detector, 1022, 1024, 1095-1105
references, 106^1071
regeneration or degeneration due to

coupling between diode detector and
sigxial grid, 1081

selectivity of, 1026-1028, 1031-1033,
1035-1037

shunt capacitance coupling, 1023-1024
sliding screen, effect on distortion, 1067
sliding screen, effect on gain, 28-29
subility and insubility, 1065-1067, 1116
criterion for choice of valve, 1065
stage gain, maximum, 1028,- 1032, 1036
stagger tuning, 1026
transformers, i-f, see also under Trans-

formers, i-f.

valve characteristics and loadlines, 28
variable (expanding) selectivity, 455-456,

1048-1050
automatic, 1049-1050

Amplifiers, pre-, see under Pre-Amplifiers.
Amplifiers, radio frequency (Chapter

23), 912-946
aerial suges, 912-913, 915-922

aerial coupling, 912-913
aerial coupling, car radio, 1276-1277
capacitance coupling, 921
difficulties involved, 915
fixed tuned aerial suges, 921
F-M receivers, 1287-1288
general summary, 921-922

f

generalized aerial coupling units, 915-916
OOP, directly tuned, 921 -922
mutual inductance coupling, 916-920

aerial coil gain, 916-917, 920
coefficient of coupling, 918-920
selectivity, 917-918
three special cases for the aerial

coupling transformer, 918-920
upped inducunce aerial transformer.

920-921
^ain and selectivity, 920
mput loading, minimizing, 921

degenerative cathode impedance, 330,
933-934

distortion in, 944-945
cross modulation distortion, 945
modulation envelope distortion, 944-945

image rejection, 925-927
due to aerial suge, 926
meaning of, 925-926
other considerations, 926-927

introduction, 912-915
design considerations, 914-915

references, 945-946
r-f amplifiers, 913-914, 922-925

choke-capaciunce ccupling, 924
F-M receivers, 915-946, 1287-1289
grounded grid stages, 529, 592, 925

gain, voltage, 925
load impedance, optimum, 925
noise factor, 925
resisunce loading, 925

mumal inductance coupled, 922-923
coefficient of coupling, 923
high impedance primary, 923
low impedance primary, 922
suge gain^ 923
top capaatance coupling, 923

parallel tuned circuit, 923-924
gain, 924
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Amplifiers, radio frequency (continued)
reasons for using r-f stage, 922
untuned and pre-tuned stages, 924-925

sliding screen, effect on gain, 28-29
stability in, 942-944, 1116

causes of instability, 942-943
inter-electrode capacitance coup-

ling, 943-944
maumum permissible grid-plate

capacitance for stebility, 943
summary, 944

tuning methods, 913
valve and circuit noise, 935-942

conclusions, 942
equivalent noise resistance, 783, 937-938
induced grid noise, 939-940
shot effect noise, 783, 787, 936--938

thermal agitation noise, 935-936
total noise calculations, 940-942

valve input admittance, cffecu of, 927-934
general conliderations, 927-928

determination of loading effects,

experimental, 927-928
figure of merit for valves, 927
valves with two cathode connections, 928

input loading of receiving valves at

radio frequencies, 928-934
detuning, eduction of, 933-934
input capacitance, change in, 932-933
input conductance, 929
input conductance, cold, 929-930
input conductance, hot, 930-932
unbypassed cathode resistance,

effect of, 933-934

Amplitude, critical, in recording, 704, 708
Amplitude discriminator, 1088
Amplitude limiting, 1088, 1090, 1095, 1098,

1099

Amplitude modulation, 405
Amplitude of modulation in recording,

702-703, 709
Amplitude recording, constant, 703-704, 727

Amplitude rejection

by nted beam discriminator 6BN6, 1293
by Elector, 1293

set alto under Limiters, amplitude,
by ratio detector, 1095-1096, 1103-1104
testing any type of detector, method of

measurement, 1 104
testing F-M receivers, 1318
testing, standard signal generator for, 1316

Angle, phase, 139-140
An^es, measures of, 1330
Angles of a triangle, 272
Angles of any magnitude, trignometrical

reladoDships, 276

Angstrom unit, 404, 1329, 1396
Angular velocity, 278
Angular velocity, definition, 1398
Anode, 2
Anode current, 2, 6

i$ee also under Plate current).

Anode, definition, 1398
Anode-grid 9
Anode resistance—ue under Plate re-

sistance.
Antennas—see under Aerials.

Antinode, definition, 1398
Anti-resonance, 151
Approxinutions, 258-259, 271-272
Approximations, use of Binomial Theorem

for, 268-269
Arc sine, arc cos, arc tan etc., 277
Arcing, 3
Ardng in rectifier valves, 100
Area, cooling, for power transformers, 237
Area of receiving aerial, effective, 893-894, 896
Area, uniu of, 1329
Areas by integration. 296
Areas, emeuiation of, 274-275, 280, 296
Araand diagram, 284
Arithmetic and the slide rule, 255-259
Arithmetic, short cuts in, 258-259

Arithmetical mean.
Arithmetical-mean tracking
Arithmetical progression.
Arm of network, definition.
Arm, series.

Arm, shunt.
Armature of pickup.
Articulation index.
Articulation of speech.
Asymmetrical, definition.
Atmosphere, pressure due to.

266-267
1010, 1014-1017

/ 266-267
159
159
159
702
629

628-629, 630
1398
1330

Atomic structure, references to, 12
Atoms, 1

Attack time of peak limiters, 682-683, 684
Attenuation and phase angle characteris-

tics, 360, 361
Attenuation and phase angle, relationship

between, 359-364
Attenuation band of filter, 180
Attenuation, bass—see also under Bass

attenuation.
Attenuation, bass, with enclosed cabinet

loudspeakers, 844-845
Attenuation between transmitter and re-

ceiver, 896-900
Attenuation characteristics and subsidiary

voltages, sununation of, 372-375
Attenuation characteristics of multistage

amplifiers, 541
Attenuation characteristics, r.c. filters, 173-176
Attenuation characteristics, r.c.c. triodes,

incomplete cathode by-passing, 484-485
Attenuation characteristic, total slope of, 362
Attenuation, definition, 1398
Attenuation expressed as time constant, 638
Attenuation (gain/frequency) characteristic

r.c.c. pentode, 512
r.c.c. pentode with incomplete cathode
and screen by-passing 498-500

r.c.c. pentode with incomplete cathode
by-passing, 499-501

r.c.c. pentode with incomplete screen
by-passing, 496-497

r.c.c. triode, 494-495
Attenuation in tone control, definition, 636
Attenuation of radio waves due to earth, 896-900
Attenuation, ultimate, 174, 359-364, 637
Attenuators, 794-798

electronic, 389, 797-798
ladder, 796-797
multiple section, 796-797
potentiometer type (volume controls), 794
single section, constant impedance, 795
sin^e section, cemstant impedance, one

direction, 795-796
use of, in receiver testing 1299

Audak Polyphase pickup, 719
Audibility curves mr the ear, 606, 620, 621
Audio a.v.c., 1113-1114, 1120, 1127, 1128, 1142
Audio a.v.c., public address, 693
Audio frequency, definition, 1398
Audio frequency transformers—see under

Transformers, a-f.

Auto-transformers, 200
Auto-transformer coupling, 520
Automatic frequency-compensated volume

control, 672-674
Automatic frequency control, 1150-1160

electronic reactances, 1151, 1156-1160
Miller effect circuits,

.
1157

quadrature dreuiu, 1'157-1160
design procedure, 1159-1160

references, 1 160
resistance in series with capacit-

ance, 1156-1157
frequency discriminators, 1151, 1152-1156

Foster-Seeley (phase), 1153-1156
discriminator transformer, de-

si^, 1154-1156
equivalent circuit, 1154

references, 1 160
Round-Travis, 1153

ratio detector, a.f.c. voltage from, 1098
use in F-M receiven, 1289, 1293
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Autonuitic gain control—ste under Auto-
matic volume control.

Automatic record changers, 705-706, 727

Automatic variable selectivity, 1048-1050

Avoirdupois, 1329

Automatic volume control, 1105-1125,
1229-1334

a.v.c. characteristics, conventional,
1113-1114, 1117-1118

a.v.c. characteristics, preferred, 1229-1234,
1251-1252

a.v.c. characteristics, Scroggies, 1114, 1232
a.v.c. characteristics, tests for, 1307, 1318

a.v.c. voltage from primary of i-f trans-

former, 1074, 1077-1078, 1234
effect on a.c. shunting across detector

diode, 1074

effect on damping of primary, 1077-1078

amplified a.v.c., 1112-1113, 1263

audio a.v.c., 1113—1114, 1118, 1120, 1127,
1128, 1142

bass frequency anti-modulation, 1116
battery receivers, use in, 1269, 1271

battery valves, special considerations

with, 1114-1115

circuit for 3/4 valve receiver, 1257

communication receivers, use in, 1262—1263
delayed a.v.c., 1106, 1111, 1113, 1114, 1232

design methods, 1120-1125
detuning due to, 927, 928, 932-934, 993,

1061-1064, 1112

reduction of effects, 1062-1064
differential distortion, 1074, 1107, 1108, 1113

circuits to eliminate, 1108, 1113

disconnected for heterodyne reception, 961

distortion due to insufficient by-passing, 1314

dual a.v.c. system, 1 108

effect on input capacitance, 927, 928, 932-934,
971, 978, 984, 1061-1062

effect on input conductance, 1062
effect on input loading, 971

effeas of contact potential in diode, 1106,
1108, 1118

F-M receivers, use in, 1097, 1099, 1112,
1288, 1291-1296

feed, parallel (shunt), 1109, 1110-1111
f^d, series, 1 109-1 1 10

flutter due to, 1245-1246
grid circuit resistance, maximum, 1110-1111
modulation rise, 1112,1114,1117,1118,1232
noise curve of receiver shown on a.v.c.

characteristics, 1114, 1118, 1119, 1232, 1307
oscillator frequency variation due to, 963,

993-994

public address a.v.c., 693
quiet a.v.c. (muting), 1125-1130
ratio detector, use with, 1097, 1099
references, 1139
reflex receivers, design for, 1142, 1258-1259
short-wave operation, limitations on use

with some converters, 975, 997, 998, 1000,
1111-1112

signal to noise ratio of receiver, effect

on, 1108, 1114
sinking diode circuit, 1108, 1117
simple a.v.c., 1105-1106, 1111, 1115
staggering of, 1 107—1 108
icsu on receivers, 1307, 1318
time constant of filter circuits, 1105-1106,

1109, 1115-1117, 1233
charge, 1106, 111^1117
disclurge, 1106, 1116-1117
effect too small time constant, 1233
suitable values for, 1116
vibrator-operated receivers, use in, 1271

Average values by definite integrals, 297-298

Average voltage, current, power, 134

Axial leads, definition, 1398

Axis, imaginary, 285

Axis, real, 285

B
B-battery, definition, 1398
B-supply, definititHi, 1398
B.A. screw threads, 1389
Back bias, grid circuit resistance with, 597
Back bias, sources of, 597-598
Back bias in power amplifiers, 547, 597-598
Back emission, diodes, test for, 74, 100
Background miuic in factories, 867
Background noise—see under Noise.
Baffles, loudspeaker, 842-851
Baffles, loudspeaker flat, 842
Baffles, loudspeaker vented, 845-850
Baking of coUs, 47(^77
Balanced armature loudspeaker, 831-832
Balanced input voltage, 571
Balanced output push-pull amplifiers with

highly accurate balance, 527
Balanced output transfon;per, 571
Band, definition, 1398
Band elimination filter, definition, 172
Band-pass, definition, 1398
Band-pass filters, definition, 172
Band-spread, definition, 1398
Band-spread receivers, design of, 1253-1256
Band-spreading, design of oscillator for

tracking with, 1013-1017
Band-width between peaks, 415, 416, 426
Band-width, constant, in coupled tuned

circuits.

Band-width, critical, of noise.
Band-width, definition.

Band-width requirements of
transformers.

Banded tone frequency test

420
621
1298

F-M i-f

1037-1038
records, 752,

753-756
Barretters, 1213-1214, 1266
Bass attenuation, 649-652
by cathode resistor by-passing, 370, 484-485,

499-501, 649-650
by constant k filters, 652
by grid-coupling condensers, 173, 370,

483-484, 495, 649-650, 661-662
by M-dcrived filters, 652
by negative feedback, 378-379,651,744-749
by parallel - T network, 651, 744-749
by RC network, 660-661
by reactance shunting, 650
by resonant primary with parallel feed,

360, 519-520, 645, 650
by screen by-passing, 370, 496-500, 650
by step-type control, 66()-661
rumble filters, 744-749
to provide special attenuation’ charac-

teristics by feedback, 671-672
with enclosed cabinet loudspeakers, 844-845

Bass boosting, general, 640-648, 1234-1239
automatic frequency-compensated tone

control—see under Tone Compensa-
tion.

circuits involving feedback, 336, 347, 379,
645-647, 669-671, 734-736, 741, 748-751.

1235-1239
negative current feedback, 645-646
simple circuits with decreased feedback

at bass frequencies, 646-647
definition, 1 398
effect on distortion, 606, 636-637
effect on loudness^ 640
effect on overloadmg, 640
in reflex receivers, 1141, 1146
methods incorporating resonant cir-

cuits, 644-645, 666-667, 736
parallel resonant circuits, 644-<M5
series resonant circuits, 645
transformer primary resonance

(parallel feed), 519-520, 645
methods not involving resonance or

feedback, 640-644, 660-661, 664,
733-734, 739-740, 1234-1235

continuously variable boosting, 642-643,
644, 664, 667-668, 739-740

conventional circuit (plate shunt
compensation), 640-643, 660-661,

733-734
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Bast boosting, general (continued)
freauency charaaeristics, 641-643
grid series compensation, 643
multiple channels, 739-740
plate series compensation (plate de-

coupling), 536, 643-644
methods used for record reproduction,

732-736, 739-741
methods used in A-M rcctivers, 1234-1239
regeneration due to negative resistance, 648
step-t>pe control, 660-662

Bass, definition, 1398
Bass frequency anti-modulation in re-

ceivers, 1116
Bass reflex loudspeaker, 845-850 ^
Bass resonant frequency of loudspeaker, 836/

837-841, 844-845, 848-8^
Bass response in high-fidelity sound

systems, importance of improved, 631
Bass, synthetic, 616, 676
Batteries, dry, characteristics of, 1272-1274
Batteries, dry, rechargeable, 1274
Batteries in series and parallel, 129
Battery end-of-life tesu on receivers, 1313
Battery operation, valve ratings for, 78, 79, 80
Battery valves, a.v.c. with, 1114-1115
Beam power amplifiers, power output and

dutortion vs. load resisunce, 570
Beam power amplifiers, push-pull Class A,

ABi, 583-587
Beam power valves, 8, 569
Beam power valve characteristics, specific

tests for, 101-108
Beam-width of aerials, 894
Beat frequency oscillators, 954, 960-961, 1263
Beating, definition, 1398
Beat-note component of co-channel inter-

ference. 1317
Bela and decibels, 806-823
BH characteristics, 230
Bias and screen stabilized amplifier, 593-594
Bias, back, sources of, 597-598
Bias, cathode—see under Cathode bias.
Bias, contact potential, 1280-1281
Bias, control on power amplifiers, auto-

matic, 572, 600
Bias, definition, 1398
Bias, diode, 1280, 1281
Bias, fixed, r.c.c. i>entodes, 501-502, 506
Bias, fixed, r.c.c. triodes, 487-489
Bias, fixed, sources of, 597
Bias, grid leak, 489, 786, 1280-1281
Bias, optimum, r.c.c. triodes, 487-488
Bias, r.c.c. tribes, comparison between

cathode and fixed, 488
Bias, self—see under Cathode bias.

Bias sources in battery receivers, 1269
Bi-directional microphones, 779-780
Bifilar transformer windings, 594, 595
Bilateral elements, 159
Binomial series and theorem, 268-269
Binomial theorem, use for approxima-

tions, 268-269
Biphase half-wave rectification, 7, 1161
Bleeder resistor, definition, 1398
Blocking, definition, 1398
Blocking, grid, 21, 84, 1110
Blocking, grid, tests for, 107, 113
Blocking interference, 1304
Blue glow, 4
Bode's method of feedback amplifier de-

sign, 365-366, 367-369
Bogie, definition, 1399
Boiling point of water, 1334
Boltzmann’s constant, 935, 1308, 1376
Boonton converter oscillator test circuit, 112
Boosting, bass—see under Bass boosting.
Boosting in tone control, definition, 636
Boosting, treble—see under Treble boost-

ing.
Bottom bend of valve characteristics, 57
Bottom bend rectification, 1084-1085
Brackets in algebra, use of, 261-262
Bradley F-M detector, 1088
Branch of network, definition, 159
Bridge-balanced direct-coupled amplifiers, 533

Bridge circuit direct-coupled amplifiers, 530
Bridge feedback—see under Fe^back.
Bridging amplifier, gain of, 810-811
Bridging ^ain, 810-811
Brieriey nbbon pidtup, 722
Briggs system of logarithms, 267
Brockelsby’s method of designing feed-

back amplifiers with flat frequency
response, 382-385

Bubbling in receivers, 1141, 1142
Bucking, definition, 1399
Build of winding in transformers, 236
Bulb diameters, maximum (footnote), 97
Bulbs, 5
Bunet’s formula for inductance of coils, 443
Buzz, 715, 722, 759
By-pass condenser, definition, 1399
By-pass condensers, series resonant, 944, 1289,

1291
By-passing radio or ultrasonic frequencies

in a-f amplifiers, 636
By-passing—see under Plate, Screen, Grid,

Cathode, etc.

c
C-battery, definition, 1399
C.G.S. clectroma^etic system, 1331, 1332
e.G.S. electrostatic system, 1331, 1332
Cabinet, design of, 850, 1248-1249
Cables, battery, colour codes, 1344
Calculus, differential and integral, 289-299
Candle, measure of light intensity, 1334
Cans for i-f transformers, 1043
Capacitance, general, 134-140

(^dilation of, cylindrical condenser, 136
calculation of, parallel plates, 135-136
coupled aerial transformer, 921
coupling, interclectrodc, 943-944
coupling, shunt, in i-f transformers,

1023-1024
coupling, top, in r-f amplifiers, 923
distributed, across coils, measuring,

1325-1326
grid-cathode, published values of, 56
grid input, 49-53
grid input, components of, 51
grid-plate, 7
grid-plate, maximum permissible for

subility, 943
heater-cathode, effect of variation in, on

Hartley oscillator, 957, 959
input capacitance, effect of space charge

on, 51
input, of cathode follower, 323, 325
input, of high-mu r.c.c. triodes, 656
input, of i-f pentodes, effect of neutral-

ization on, 1063
input, of pentodes, published values of 56
input, of pentodes with feedback to

screen, 345
input, of receiving valves at radio fre-

quencies, change m, 927, 932-933
interelectrode, 73
intcrelectrode, effect of, 7, 46, 51, 53, 69
interelectrode, ratings, 75
interelectrode, tests for, 73, 95-99
output, of cathode follower, 323-324, 325
resistors, of, 189
self, of coils, 451-453
self, of coils, measurement of, 453
self, of short-wave coils, 472-474
short-circuit input, change with a.v.c.,

927, 928, 932-934, 971, 978, 984, 1061-1062
short-circuit input, change with trans-

conductance, 55
timing, for vibrators, 1207-1209
units of, 1 332

Capacitive coupling within valve, hum due
to, 788, 1196-1197, 1198

Capacitive reactance, 1 38
Capacitive reactance, sign of, 50
Capacitive susceptance, sign of, 50
Capacitor (condenser), 134

see also under Condenser.
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Oipadtor, definidon* 1399
Carbon microphonet, 775, TTl-Tn
Carbon resistors, characterisdcs of, 186

cradced, characterisdcs of, 186, 190
Cardioid microphones, 780
Carrier frequenci^ de^don, 1399
Carrier wave, dennidon, 1399
Cartesian coordinates, 279
CMcudCt definition, 1399
Cascode amplifiers, 533-534, 914
Catenoidal horn loudspeakers, 854
Cathamplifier, Parry, 586
Cathode and screen by-passmg, r.c.c.

pentodes, incomplete, attenuadon
and phase shift chracterisdcs, 498-501

Cathode bias in power amplifiers, 547,552-553,
565-566. 582, 585

Cathode bias loadlines, r.c.c. triodes, 2^30,
486-487

Cathode bias operadon, determinadim of
maximum grid circuit resistance, 82-84

Cathode bias, r.c.c. triodes, 484-487
Cathode bias resistor, r.c.c. pentode, de-

terminadon of, 505-506
Cathode bias resistor, r.c.c. triodes, choice

of, 486

Cathode bias, single Class A pentodes, 565-566
Cathode bias with push-pull Class A,

ABi, 582, 585
Cathode by-passing, attenuadon slope and

phase angle, 360
Cathode by-passing, incoo^ilete, effect

on hum, 786
Cathode by-passing of r.c.c. pentodes,

incon^ete, attenuadon chmcteris-
dcs, 499-501

Cathode by-passing of r.c.c. triodes, in-
complete, attenuadon characreris-
dcs, 484-485

Cathode by-passing of r.c.c. triodes, in-
complete, phase shift, 485-487

Cathode by-passing of single Class A
triodes, 554

Cathode connecdons, two, valves with, 928
Cathode-coupled ampUfioa, 3^, 529, 531
Cathode-coupled phase inverter, 347-348, 532
Cathode current, average, maximum, 75
Cathode current characteristics of pen-

todes, 16-17
Cathode current, definidoi^ 1399
Cathode current, p^ak, maximum, 75
Cathode current, total available p^ and

average, 73
Cathode current—see aluf Space current.
Cathode definidon, 1399
Cathode degeneradve amplifier, 327-329
Cathode emission—see imder Emission.
Cathode follower, 316-327
Cathode follower as driver for* Class B

stage, 591, 596

Cathode fc^ower as low-noise pre-ampli-
fier ininit stage, 789-790

Cathode follower as transformerless
driver, 591, 596

Cathode follower, direct-coupled, 531
Cathode follower power amplifiers, 596
Cathode injecdon circuit for converters, 969
Cathode loadlines, 29-30
Cathode neutralizadon in a-f circuits, 1285
Cathode resistor, unbypossed, in r-f and

i-f amplifiers, 933-934, 1064, 1288, 1292
Cathode resistor, tmbypassed, to give

compensadon of mput capaciunce
charige with gr^ bias, 56

Cathode resistors in push-pull voltage
amplifiers, 527

Cathode to heater leakage—ut under
Heater to cathode leakage.

Cathodes, general, 4, 5
aedvadon of, 69
as nesadve electrode, 2, 80
directly heated (filaments), 4-5
on a.c. supply, 6

indireedy heated, 4-5
ton bombardment of, 3

Cathodes, general (continued)
oxide coated, 2
low temperature operadon, 3
temperature of, 2

sleeve, 2, 5
thermal expansion of, 51
valves with two or more cathode leads, 928
virtual, 3, 70, 71, 973, 978, 986

Cells (batteries) in series and parallel, 129
Celsius, 1334
Centigrade, 1334
Centimetre, unit of length, 1329, 1331, 1332,

1333
Centre tradcing frequency, 1004
Ceramic dielectric condensers, 196
Oramic piezo-electric microphones, 779
Change m operating condidons, effect

of. 26. 42-44
Changes in filament and plate voltages in

d.c. amplifiers, compensadon for, 533
Chanm in supply voltage, effect on os-

cillator fr^ueocy variadon, 949, 953, 955
Channel, definidon, 1399
Characterisdc curves, valve, 15-24
u* also under Valve characterisdc curves.

Characterisdc impedance of aerial, 903
Characterisdc impedance of 4-terminal

networks, 179
Characterisdcs—ue under Valve charac-

terisdcs, etc.

Charge on condenser, energy stored in, 135
Charge, units of, 1332
Charging characterisdc of condenser, 136-137
Charts, ubles and sundry data, 1329-1423
Chatter (needle talk), 714, 718, 719, 760, 762
Chemical and physic^ consunts, 1376
dhoke-capacitance coupling in r-f ampli-

fiers, 92A
Choke c^, definidon, 1399
Choke-cou^ed a-f amplifier^ 521
Choke-coupled power amplifier. Class A

triode, 559-560

Choke input filters for reedfiers, 1162-1164,
1167-1169, 1182r-1185

Choke, swinging, 24^250, 1182
Chokes, r-f, chewing resonant frequencies, 944
Chokes, r-f, design of, 474-475
Chokes, r-f, self resonant, 475
Chokes, r-f, pie-wound, 474
Circuits us<^ for tracking analysis, 1002
Circular mil, 1329
Circle, 273
Circle, equadon to, 280
Clippers, speech, 693-694
Qosure, percenuge, of vibrator, 1208
Co-axial and co-planar loudspeaker

mountiM, 860
Co-axial, de&don, 1399
C}o-channel interference in F-M re-

ceivers, tests for, 1317-1318
Coefficient of coupling in tuned circuits

—

sec under C^pbng factor.

Coercive force, 231

Coil dau (uble) for power transfomvers, 240
Coil desigi^ oscillator, 947-957, ^9-960
(3oil magni^don factor, 144
Coil, os^lator, posidon in receiver, 957
Coils

baking of, 476-477
flash dipping of, 477
i-f, air-core^ design of, 453-454, 1041-1043
i-f, amount of coupling, 458
i-f, direaion of winding, 458
i-f, iron-cored, design of, 454-455, 1041-1043
impregnation of, 477
measurements on, 1325-1326

coefficient of coupling, 1025, 1030-1031,
1033-1034, 1102

distributed capacitance across coils,

1325-1326
primary resonant frequencies of aerial

and r-f coils, 1325
medium wave-band, air-cored 459-460
medium wave-band, design of, 459-463
medium wave-band, iron-cored, 460-461
muldlayer, design of, 443-444
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Coils (continued)
multilayer, inductance of, 441-444
r-f, design of, 450-480
r-f, self-capacitance of, 451-453
short wave, aerial primary windings, 474
shon wave, design charts, 466-473
short wave, design of, 463-468
short wave, matching, 468—471
short wave, self-capacitance, 472-474
tropic proofing of, 476-478
umversal, ^ear ratios for, 456-457
universal, inductance of, 444
see also Inductors, Solenoids.

Colpitu oscillator, 952-953
Colour codes, 1335-1344

cables, battery, 1344
capacitors, ceramic dielectric, 1341
capacitors, metallized paper, 1344
capacitors, moulded mica, 1340-1341
loudspeakers, 1343
resistors, fixed, 1335-1336
transformers, a-f, 1342
transformers, i-f, 1342
transformers, output, 1342
transformers, power 1342-1343
wiring, chassis, 1343-1344

O>mmon logarithms, 267
Communication receivers—see under Re-

ceivers, communication.
Commutator, 129
Compensated diode detector, 1074
Compensation for changes in filament and

plate voltages in d-c amplifiers, 533
Compensation for drift in vdve charac-

teristics in d-c amplifiers, 533

Compensation, grid series, 643
Compensation, plate series 536, 643-644
Compensation, plate shunt, 640-643, 660-661,

733-734
Compensation of input capacitance change

with bias change, value of cathode
resistor for, 56

Compensation riieorem, 166
Compensators (trimmer condensers), 197
Complementary angles, 272
Complex algebra, 285-287
Complex algebra with polar coordinates,

286-287
Complex algebra with rectangular co-

ordinates, 285-286
Complex quantities, 139, 140, 285-287
Cmnplex quantity, absolute magnitude

(modulus) of, 140, 285
Complex quantity, real and imaginary

parts of, 140, 285
Compliance at stylus tip, 712, 717-722
Compliance, definition, 1399
Compliance in cone suspension, 836
Composite characteristics, 574-577
Composite i-f transformers, F-M/A-M,

1024-1025
Composite loadlines, 576
Composition resistors, characteristics of, 186
Compression characteristics, 682, 684
Compression of speech, 684
Compression ratio, 682
Compression, volume, 679-681, 681-684
Concentric folded horns, 856-857
Condenser (capacitor), 134
Condenser charge and discharge charac-

teristics, 136-137
Condenser, coupling, of r.c.c. amplifier,

483—484 496
Condenser, definition, 1399
Condenser input filters for rectifiers, 1161-1163,

1165-1167, 1169, 1170-1182
Condenser loudspeakers, 832
Condenser microphones, 778
Condensers, characteristics of, 191-198

ceramic dielectric condensers, 196
colour codes, 1341
standard cenunic dielectric capacitors,

1352-1354
combination units, 197
compensators, 197

Condensers, characteristics of (continued)
electrolytic, 192-194

ambient temperature, 193
capacitance tolerances, 192
dissipation factor, 193
dry types, 192-193

etched foil anodes, 192, 193
plain foil electrodes, 192, 193
reversible, 193
unulum electrodes, 192

effect of being left idle, 193
effect of frequency on capacitance, 192
effect of temperature on capacitance, 192
leakage currents, 193
power factor, 193
ripple current ratings, 193-194, 1358
ripple current through, 1181-1182
self-healing properties, 193
series operation, 193
series resistance, 192
standard electrolytic capacitors, 1357-1358
surgeproof types, 193
use as first filter condensers, 193
wet types, 193

use as voltage regulators, 193
gang condensers, 197,1289

standard variable capacitors, 1354-1356
vibration of plates, 958-959

metallized paper dielectric condensers, 195
colour codes, 1344
standard metallized paper dielectric

caoadtors, 1357
mica dielectric condensers, 196

colour codes, 1340-1341
standard fixed mica dielectric capaci-

tors, 1351-1352
paper dielectric condensers, 194-195

standard fixed paper capacitors in
tubular non-metallic cases, 1347-1349

standard metal encased fixed paper
dielectric capacitors for d.c. ap-
plication, 1349-1351

references, 198, 1358-1360
r-f by-pass, checking by Q-meter, 944
service life, 192
shunting large condensers by small ones,

effects of, 959
silvered mica dielectric condensers, 196

applications in receivers, 1023, 1041
summary of characteristics, 191
trimmer condensers, 197, 1356
variable, tuning—see above under

gang condensers.
Condensers, ideal, 136
Condctisers in a.c, circuits, 137-140
Condensers in d.c. circuits, 136-137
Condensers in parallel and series, 135

Conductance, definition, 14

conversion transconductancc, definitions, 14,
109

conversion transconductance of epnver-
ler valves, 966-967

conversion transconductance of modu-
lator or mixer valves, 964-966

grid variational, 20

input, of receiving valves at radio fre-

quencies, 929-932
input, variation with a.v.c. 1062
input, signal grid, of frequency con-

verters, 976-978, 980-981, 982, 985-986,
987-988

mutual, definition, 14
mutual, graphical determination of, 15, 16, 17
mutual—see also Transconductancc

grid-plate.

mutual, tests for, 74, 103-104, 113, 123, 124
mutual, triode, of pentode, 34
of arms and networks, 153-154
plate, definition. 14
plate, testing of,

. , , ^ ^24
short-circuit mput, typical values of, 55,

1028, 1029
Conductance and susceptance from re-

sistance and reactance, chart for de-

termining, 155, 156
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Conductance, grid input, 49-53
Conductance in resistive circuits, 133
Conductance, signal grid input, of con-

verters, 976-978, 980-981, 982, 987-988
Conductance, units of, 1332
Conducting materials, properties of, 1374
Conductivity of earth, 896-900
Conductivity, units of, 1332
Cone movement, amplitude of loudspeaker, 834
Cone, volume of, 275
Cones, practical loudspeaker, 834, 835-836,

839

Conical horn loudspeakers, 851, 854
Conjugate impedances, 165
Connections to valve sockets, 80, 81
Connoisseur pickup, 718
Constancy of characteristics with feed-

back, 388

Constant amplitude recording, 703-704, 727

Constant bandwidth, coupled tuned cir-

cuits, 420

Constant current curves, 22-23
Constant, definition, 1 399
Constant k filters, 179-182
Constant velocity recording, 703-704, 727
Constants, chemical and physical, 1376
Constants in algebra, 265
Consonance, definition, 1399
Contact potential
b^ing, 1280-1281
diode, effects of, 1079, 1080, 1082, 1106,

1108, 1118
drift during life, 23-24, 84, 533
grid-cathode, 18, 20, 39, 69, 70

Continuity, 265-266
Continuity of electrodes, tests for, 73, 91-93, 123
Continuous functions, 265-266
Convergent infinite scries, 268
Conversion, English to metric units, 1329-1330
Conversion factors applied to complete

r.c.c. stage, 512

Conversion factors, valve, 36-40, 57, 493, 511,
568

Conversion transconductanre, definitions, 14,

109
Convener, definition, 1399

Converters, frequency—see under Frc-

S
ucncy converters,
inates.

Coordinates, Cartesian,
Coordinates, polar,
Co-planar, definition.
Copper oxide rectifiers.

Copper, temperature coefficient of re-
sistivity.

Core, definition.

279
279
283
1399
1169

237
1399

Core materials for transformers, 206-209, 210,
214

Cores, i-f and r-f—see under Inductors,
r-f ; Iron cores.

Cores, transformer—see under Trans-
formers, praaical, a-f, output, power

;

also under Induaors, iron-cored.

Comer horns, 856
Corrugations in loudspeaker cones, 835, 839
Cosecant of an angle, 272
Cosine of an angle, 272, 275
Cosine wave, 278
Cosmic rays, wavelength of, 404, 1363
Cotangent of an angle, 272
Coulomb, measure of charge, 1332, 1333
Counter-modulation in receivers, 1264
Coupling between oscillator and signal

circuits in converters, 973, 974-975, 980,
988, 992, 994, 1000

Coupling between two coils, 142
Coupling, coefficient of, 142
Coupling condenser of r.c.c. amplifier, 483-484,

^ .
496

Coupling faaor (coefficient), 142
critical, 415, 426
in aerial transformers, 918-920

Coupling factor (continued)
in i-f transformers, 416, 1023-102''

calculation of, 414-416, 419-421
1023-1024, 104^1041

measurement of, 1025, 1030-1031,
1033-1034, 1102

in phase discriminator transformers, 1090
in r-f transformers, 923
of tuned circuits, 413-426
transitional, 416, 1031

Coupling, mixed, in i-f transformers, 1025,
1044-1043

Coupling of tuned circuits, 418-421

Coupling, unity, 142
Cradeed carbon resistors, characteristics

of. 186, 190

Creeping plate current in power amplifiers, 596
Critical bandwidth of noise, 621
Critical coupling factor, 415, 426
Critical damping, conditions for, in feed-

back amplifiers, 385-388
Critically coupled i-f transformers, 1026-1031
Cross-coupled phase inverter, 527, 663-664
Cross-coupling in push-pull amplifiers, 528
Cross-modulation, definition, 1399
Cross-modulation, external, 945, 1264
Cross-modulation in r-f and i-f amplifiers,

927, 945, 1108, 1264, 1303

Cross-over frequency in recording charac-
teristics, 72f

Cross-over frequency, loudspeaker, choice
of, 868-861

Cross-over point, grid current, 19, 20

Cross-over point, grid current, drift dur-
ing life, 23—24

Cross-talk component in F-M receivers, 1317
Cross-talk in A-M receivers, 1304
Crystal constants, 1056-1057
Crystal detectors, 1136-1139
Crysul filter as whistle eliminator, 675

Crystal filters, variable bandwidth, 1051-1061
behaviour of equivalent circuit, 1050-1051
design of, 1053-1061

crystal constants, 1056-1057
example, 1057-1061
gam, 1053-1054
gain variation with bandwidth, 1054
position in receiver, 1057
selectivity, 1055-1056
types other than bridge, 1057

Crystal loudspeakers,
Cr^tal microphones.
Crystal rectification, theory of.

Crystal triodes.

Cube,
Cumulative grid detectors.

Current, alternating.

Current and voltage.
Current direct.

Current, electric, as electron flow.

Current feedback—see under Feedback.
Current flow, direction of,

Current indicators, peak reading.
Current leading voltage.

Current regulators (barretters), 1213-1214, 1266
Current sheet inductance, 429, 436-438,

441-442

832
775, 778-779

1138
1138
275

62, 1082-1084
129-130
128-130
128-129

1 , 2

128
119
138

Current, units of, 1332

Currents in windings of power trans-
formers, 236

Curvature, radius of, in record, minimum 704
Curve, average height of, 280
Curve, finding equation to, 281
Curve tracer methods, valve characteristics

by, 119-120

Curves, typical tracking.
Cutler tone control,
Cut-off frequency, definition,

Cycle,
Cycle, definition.

Cylinder, solid or hollow,

1003
664
1399

129, 278, 403
1399
275
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Damp^ oscillations, 408, 424
Damping, acoustical, to eliminate standing

waves in loudspeaker cabinets, 843-845, 849
Damping, compensated critical, in feed-

back amplifiers, 367
Damping, critical, in feedback amplifiers, 365,

367, 378, 385-388
Damping due to positive grid current,

r.c.c. amplifiers, 489
Damping factor of oscillations, 408, 424
Damping in loudspeakers, 833, 840-842,

844-845, 856
Damping in loudspeakers, critical, 833, 840-841,

844-845
Damping, input circuit, 20, 70, 489, 1036, 1074,

1077-1078, 1084
Damping of circuits by valve admittances, 70
Damping of feedback amplifier on tran-

sients, 365-367, 382, 386
Damping of i-f amplifier due to diodf

circuits, 1036, 1074, 1077-1078
Damping of input circuits due to detec-

tors other than diodes, 1084
Damping of resonances in pickups, 716
Damping of tuned circuits in tone control, 639
Data, sundry, with tables and charts, 1329-1423
db per octave and db per decade, table, 368
dbm, 808
dbv, 776, 808
dbvg, 810
Dead spots, 959
Decades, octaves and frequency ratio

(table), 368
Decca ffrr type D pickup, 717-718
Decibel expressed quantities, nomogram

for adding, 821-822
Decibels and bels 806-823
Decibels of voltage gain, 810
Decibels per octave, calculations in-

volving, 637-638
Decibels per octave, to convert to fre-

quency ratio, 637-638

Decibels, tables and charts, 813-821
Decibels, voltage expressed in (dbv), 776,
Decimal equiviuents of fractions, 1404
Decoupling filter in diode detector cir-

cuit, 1073, 1080
Decoupling in voltage amplifiers, 535-538
Decrement, logarithmic, 408, 424
De-emphasis characteristic in F-M re-

ceivers, 1315
De-emphasis curve with time constant

75 microseconds,
Definite integrals.
Definitions, acoustical.

638
296-298
871-872

Definitions, alphabetically arranged, 1398-1404
bibliography, 1403-1404
special groups, 159-160, 1297-1298, 1314-

see also under individual subjects.

Deflector (diffuser) for loudspeakers, 839, 858,
1260

Deformation, elastic, of record material, 706
Degenerative coupling in a-f amplifiers, 535
Degree, measure of angle, 1330
Delay, definition, 1399
Delayed a.v.c. 1106, 1111, 1113, 1114
Demagnetizing of valves, 786
Demodulation, 61
Demodulation, definition, 1399
De Moivre’s theorem, 287-288
Denominator, definition, 1399

Delayed a.v.c. 1106, 1111, 1113, 1114
Demagnetizing of valves, 786
Demodulation, 61
Demodulation, definition, 1399
De Moivre’s theorem, 287-288
Denominator, definition, 1399
Derating curves of composition resis-

tors, 187, 1345, 1346

Derivatives, 291
Design-centre system of valve ratings, 9
Detection, definition, 1399
Detection, general, 61

see also under Detectors.
Detectors, A-M 1072-1087

diodes, 1072-1082
charaaeristic curves, 1075, 1076
combined with i-f amplifier, 1081

Detectors, A-M (continued)
compensated diode detector, 1074

conduction resistance, diode, 1079
contact potential, effeas, of, 1079, 1080,

1082, 1106
damping across i-f transformer, 1077-1078

relation between secondary damp-
ing and detection efficiency, 1077

design, quantitative, 1075-1081
detection efficiency, 1076, 1080-1081
distortion, non-linear, 1072-1076, 1080-

1081, 1106, 1107
differential, 1074, 1107
due to a.c. shunting, 1072-1076, 1082,

1106-1107, 1133
methods of overcoming, 1073-1074,

1082
equivalent diode circuit, 1078
equivalent reri—^iice, internal, 1079
filter, r-f (decoupling), 1073, 1080
loadlines, 1075
modulation percentage applied to de-

tector, 1078
modulation ratio, critical, 1076-1077, 1081
play-through, 1081, 1082
regeneration or degeneration due to

coupling between diode detector

and i-f grid. 1081

residual volume effect, 10®1» 1^82
response (frequency) characteristic,V w

1078-1080
shunt capacitance, effect on detec-

tion efficiency, 1080

suppressor grid as, 22, 1257
time constant, 1080-1081

grid, leaky, 62, 1082-1084
battery valves used as, 1083
dampi^ of input circuit, 1084
distortion with, 1083

grid, power, 1084
damping of input circuit, 1084
distortion with, 1084

infinite impedance—see under Reflex,
plate (ant^e bend), 57, 62, 508, 1084-1085

bottom bend rectification, 57, 1084-1085
pentodes, choke coupling with, 1085
top bend rectification, 508, 1084-1085

references, 1138
reflex, 326, 1085-1086

distortion, 1086
input impedance, 1085-1086
use in high fidelity t.r.f. receivers 1086

regenerative, 1086-1087
sinking diode circuit, 1108, 1117, 1257, 1295
square law, 62
superregenerative, 1087

amplitude limiting with, 1087
distortion, 1087
measuring selectivity of superregen-

erative receiver, 1087
noise level, 1087
radiation from, 1087
separate quenching, 1087
use in cheap F-M receivers^ 1087

Detectors, crysid, 1136-1139
fixed germanium, 1136-1137
fixed silicon, 1137
references, 1139
theory of crystal rectification, 1138

transistors (crystal modes) 1138
Detectors, F-M, 1088-1105, 1292-1293

amplitude discriminator, 1088
Bradley detector, 1088
distortion, non-linear, 1088, 1104
Fremodyne, 1088
gated t^am discriminator, 6BN6, 1293
general principles, 1088
limiting, amplitude—see tender limiting,

amplitude.
locked oscillator, 1088, 1292-1293
measurement of amplitude reiection

properties of any type of detector,

method for, 1104
phase discriminator, 1088-1095, 1292-1293

alternative arrangement, 1095
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Detectors, F-M (continued)
basic circuit, 1089
design dau and example, 1090-1095

coefficient of coupling, transformer, 1090
discriminator ch^cteristic, 1092
discriminator sensitivity, 1090
generalised curves, 1091

limiter-discriminator combination,
1292-1293, 1296

typical circuit arrangement, 1090
voltage relationships, 1089

4 detector, 1293
ratio detector, 1088, 1095-1105, 1292-1293

a.f.c. voltage from, 1098
amplitude rejection by, 1095-1096, 1103-

a.v.c., use of,
a.v.c. voltage from,
balanced circuit,

circuit, types of,

dreuits, practical,
design considerations.

1104
1099, 1293

1097
1098

1098-1099
1101

1099-1101,
1292-1293

1099
1098, 1099
1102-1105

1097
1096

1098-1099
1138, 1296

diodes for use with,
input/output curves,
measurements on,
operation of,
output curve, typical,
unbalanced circuit,

references,
types of detectors in common use, 1088

Detuning due to a.v.c., 927, 928, 932-934,
993, 1061-1064, 1112

Detuning of r-f and i-f amplifiers by
a.v.c., 927, 928, 932-934

reduction of, by means of cathode re-
sistance, 933-934

Deviation sensitivipr in F-M receivers, 1317
Deviation sensitivity, maximum, in F-M

receivers, 1317
Diaphragm of horn loudspeaker, 854-855
Dictaphone, 701
Dielectric, 134
Dielectric Imscs in coils, 465
Dielectrics in oscillator circuit, require-

ments for, 957
Differential and integral calculus, 289-299
Differential coefficient, 291
Differential coefficients, partial, 293
D^erential distortion, 1074, 1107, 1108, 1113
D^erent^ gain of push-pull amplifier, 528
Differmtial unbalance in push-pull am-

plifier.

Differential wear in records.
Differentiating networks.
Differentiation,
D^erentMtion, partial.

Differentiation, successive
Differentiation, total.
Digits,
Diode bias.
Diode detectors—see

A-M.
Diode line, definition.
Diodes, general,

back emission test.

under

528
706
160

291-294
293
292
294
256

1280, 1281
Detectors,

591
6-7

K .
74,100

characteristics at low plate currents, 65
characteristics, specific, tests for, 99-101
conuct potentiid, effects of, 1079, 1080,

1082, 1106, 1108, 1118
high perveance ; applications of, 1098
noise diodes, 130^ 1309
plate current commencement voltage of, 84
power (rectification), 1161-1191

diode currents, determination of,

1174-1176, 1183
power, rectification, test for, 74, 99-100
ratio detectors, for use with, 1099
see also under Detectors, A-M.
shunt diode bias supplies, 1188-1191
signal, rectification test for, 74, 100
valves incorporating three, 1024, 1295
zero signal plate current test, 101

Dipoles, 892-895, 898, 904-906, 908^11
Dipping, flash, of coUs, 477

Direct-coupled a-f amplifiers, 529-534
Direct-coupled amplifiers—see under Am-

plifiers, audio-frequency.
Direct current, 128-129
Direct current (zero frequency) ampli-

fiers, 529-534
Direct ciurent from rectified and filtered

a.c. supply, 129
Direct current generator, 129
Direct current, pure, 129
Direct current with superimposed ripple

(or hum), 129
Direct playback, 701, 766-768
Direct radiator loudspeakers, 831-851, 866-864
Direction of current flow, 128
Direction of current flow, indications of, 130
Directional charaaeristics of loupspeakers,

834, 839-840, 856
Directional characteristics of micro-

phones, 779-780
Directional pattern of microphones, stan-

dard for, 781

Directivity index of loudspeaker, 875
Directivity index, loudspeaker louiLiess, 875
Disc recording—see under Records, re-

production from.

Discharging characteristic of condenser, 137
Discone aerials, 910
Discontinuous fimctions, 265-266, 302
Discriminator, amplitude, 1088
Discriminator, phase—see under Phase

discriminator.

Discriminators, frequency, 1151, 1152-1156
Discs, characteristics of, 706-709
Discs, materials for, 706, 766, 769
Display of valve characteristics. 120
Dissipation characteristic of valve heater

(mament), 10, 11

Dissipation, definition, 1399
Dissipation in distortionless Class Ai

amplifier, 59-61

Dissipation in reactive circuit, power,
140, 143-144

Dissipation measurements in receivers, 1302
Dissipation of composition resistors, 186-187
Dissipation of electrodes, maximum, 75
Dissipation of electrodes, tests for^ 108
Dissipation of resistance loaded tnode, 26
Dissipation, plate, and power output,

Qus Bt, 589
Dissipation, plate. Class A triode, 559
Dissipation, plate, max. signal, push-pull

Class A, AB, triodes, 578
Dissipation, plate power, general theory, 63-64
Dissipation, screen^ Class A pentode, 562
Dissonance, definition, 1399
Distorted sine wave, 130
Distortion and fidelity (Chapter 14), 603-634
Distortion

amplitude, 604
cross modulation, in r-f amplifiers, 927, 945
distortion and power output

push-pull Clus A, ABi pentodes
etc., 583-584

push-pull Class A, ABi, triodes, 577-579
push-pull Class Bs, 588-590

distortion and power output vs. load
resisunce beam power amplifier, 570

type 45 triode, 558
due to peak limiters or volume limiters, 681,

683
due to tone control, 606, 636-637
effect of sound level on audible, 631
factor, 609
factor meter, 1300
factor, weighted, 610
frequency, 604, 617-618, 626, 631
frequency modulation, 604, 626
freqtiency range and, 631
harmonic, for type 2A3 triode, 607
harmonic, for type 6F6 pentode, 608
harmonics, 606-607, 608
hum distorUon, 1309, 1314, 1322-1323
imagery for describing, 604-605
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Distortion (continued)
in A-M detectors (other than diodes),

1083, 1084, 1086, 1087
in amplifiers, effect of feedback on,

308, 309, 313-316, 608

in amplifiers, measurement of, 1321-1322
in cathode follower, 319
in Class A triode at high inputs cal-

culated from measurements of gm
and gp at low inputs, 554, 555

in Class B amplifiers and drivers, 587
in diode detectors, 1072-1076, 1080-1081,

1106, 1107
differential, 1074, 1107
due to a.c. shunting, 1072-1076, 1082,

1106, 1107, 1133
methods ofovercoming, 1073-1074,1082

in F-M detectors, 1087, 1088, 1104
in i-f A-M stages, 1063, 1067-1068
in i-f F-M stages, 1038-1039, 1068-1069
in loudspeakers, 600-601, 631, 632, 854-855,

868-871
cross-over, 856, 860-861, 868
frequency modulation, 855, 869
horn loudspeakers, occurring in, 854-855
inharmonic, 870
intermodulation, 871
non-linear, 836, 855, 868
phase shift, 838, 870
selective, below bass resonant fre-

quency, 600-601, 868
sub-harmonics and sub-frequencies, 871
transient, 618, 619, 833, 869-871

testing for, 870-871
in particular amplifiers, 347, 353

in power amplifiers, 546, 548-554, 557, 558,
563-565, 570, 577-579, 583-584, 587,
588-590

in power amplifiers, rate of increase, 546
in power valves with loudspeaker load,

general, 600-601
single Class A triode, 558
single pentodes, 566-567, 601

in r.c.c. amplifiers, comparison between
triodes and pentodes, 511

in r.c.c. pentodes, vs. output voltage, 510-511
in r.c.c. triode at mid-frequency, 490-491
in r.c.c. triodes, vs. output voltage, 491-493
in receivers, A-M, measurement of, 1306, 1314
in receivers, due to a.v.c. desi^, 1314
in receivers, F-M, measurement of, 1306, 1318
in reflex receivers, 1140, 1141, 1145, 1146
in reproduction from records

due to imperfect tracking, 723-726
due to stylus wcain 761
other distortion effects, 760
pickup, non-linear, 718, 719, 723, 762
recordings, non-linear, 756, 762, 766, 769
testing for non-linear distortion, 762
testing, proposed standards for, 762
tracing, (playback), 708, 757-760

effect of recording characteristics
on, 759-760

in r-f amplifiers, 944-945
in speech reproduction, 629
in transformer cores—set under

Transformers, a-f.

in transformer-coupled voltage am-
plifiers, 518

in valves, relative positions of har-
monics, 303

in valves, tests for, 106-107
in valves, with resistive loads, graphical

harmonic analysis, 302-304, 305, 548-
554, 557, 563-565, 578-579

pentodes and others, 563-565
push-pull, third harmonic, 578-579
triodes, second harmonic, 548-554
triodes, third harmonic, 557

in valves, with resistive loads, theo-
retical analysis, 61-62

intermodulation, 604, 607, 610, 611-616
see also under Intermodulation dis-
tortion.

minimum deviation, 1318

Distortion (continued)
modulation envelope, in r-f amplifiers,

944-945, 1067-1068
non-linear, 604, 605, 610-611, 617
non-linear, criterion of, 610-611
permissible total harmonic, 607-609, 630-631
phase, 604, 618
references; 632-634
relationship between harmonic and

intermodulation distortion, 612-613, 615,
758-759

rule, Espley and Farren, 550
rule, 5%, 550
scale, 604, 625-626
sibilant sp<^h sounds, with volume

cfmpression, 683
third and fifth harmonics, effect on
power output, 564, 565

total harmonic, 608
total harmonic, in high-fidelity ampli-

fiers, 630-431
tracking, in record reproduction, 723-727
transient, 604, 618, 619
transient, in a-f amplifiers, 540-541
transient, testing for, 619
transient wavelbrm, in volume limiting, 683
tyi>es of, 604
volume, 604, 620-625

see also under Volume range,
weighted harmonic, 608-609

Divergent infinite series, 268
Diversity reception, 1263-1264
Dividend, definition, 1399
Division, 260
Divisor, definition, 1399
Doppler effect, 869
Double frequency changer superhetero-

dyne, 1253
Double spotting in superhet. receivers,

1225, 1226
Drain, definition, 1399
Dram, 1329
Drift of characterirtics during life, 23-24, 70,

84, 533
Drift of characteristics during life, com-

pensation for, 533
Drift, oscillator frequency, 955-958
Drill sizes for self-tapping screws, 1391
Drill sizes, twist, 1392
Driver, definition, 1399
Driver for (^ass B stage, cathode follower

as, 591, 596
Driver looking backwards impedance, 591
Driver resistance and inductance, 591
Driver stage, 547, 590-591
Driver transformer design, 591
Driver transformer, effect of leakage in-

ductance in Class Bs, 590
Driving conditions, grid. Class B 2, 590-591
Driv^ power, peak grid. Class Bj, 590
Driving units for loudspeakers, 855
Dry batteries, characteristics of, 1272-1274
Dry batteries, rechargeable, 1274
Dry battery operation, valve ratings

for, 78, 79, 80
Duerdoth’s multiple feedback system,

365, 374-378

Duerdoth's stability margin, 372
Durchgriff, definition, 14
Dual and triple system loudspeakers, 860-861
Dual a.v.c. system, 1108

circuits to eliminate, 1108, 1113
Dual system loudspeakers, integral, 860
Dual wave receivers, design of, 1251-1252
Dummy aerials (antennae), 906-907, 1299,

1315, 1316
Dummy load, standard for receivers, 1299
Dust on vinyl records, 706, 713
Dynamic characteristics, comparison be-

tween r.c.c. pentodes and triodes 508-509
Dynamic characteristic of pentode, 26-27, 72,

50^-506
Dynamic characteristic of pentode, slope

of, 506, 507-508
Dynamic characteristic of triode, 25-26, 72, 491
Dynamic, definition, 1399
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Dynamic mass of pickup armature, 718, 719,
721, 722

Dynamic microphcMies, 775, 779
Dynamic range and its limitatioiu, 62Q--625

Dynamic range and surface noise in record
reproduction, 704-705, 763-765

Dynamic range, peak, 620
Dync-fivc, measure of force, 1332
Dyne, measure of force, 1330, 1332, 1333
Dyne per square centimetre, 1330

Ear as a judge of fidelity, 631
Earth, attenuation of radio waves due

to, 896-900
Earth, conductivity of, 896-900
Earth connection m a.c./d-c. receivers, 1268
Earth, effect on performance of aerials, 894-900
Earth, resistivity of, 896
Earthed-grid amplifiers, 529, 592, 914, 925
Eccentric grooves in records, 705
Economy switch in battery receivers, 1268
Eddy currents in coils, 465
Effective current, definition, 1400
Effective voltage, current, power, 134
Efficiency, definition, 1400

aerial radiation, 903
amplifier. Class Ai, 59-61
detection (diode), 1076, 1080-1081
loudspeaker, 839, 854-855, 860

in terms of acoustical power, 875-876
loudness efficiency rating, 875
pressure-efficiency rating, 812, 862, 874

plate. Class A pentode, 562
plate. Class A triode, 559
plate. Class Bs, 589
transformer, 205

audio-frequency, 228, 567
condition for maximum, 205
power, 233, 235

Electric and magnetic fields of wave, re-
lation between, 897

Electric current as electron flow, 1, 2
Electric field of radiated electromagnetic

enem, 404
Electrical and ma^etic units, 1331-1333
Electricity and emission, 1-4
Electrode continuity, tests for, 73, 91-93, 123
Electrode potentials, datum point for, 2, 80
Electrode supply voltages, v^ve, 6
Electrode system, geometrical configura-

tion of, 69
Electrode voluges, definition, 6
Electrode voltages, supplied through series

resistors, 70
Electrode voltages, uncontrolled changes

in, 70
Electrcxle voltages, with respect to cathode, 5
Electrodynamic loudspeakers, 831, 833-851,

860-864
Electrolysis in battery receivers, 1269
Electrolytic condensers, 192-194
Electromagnetic energy, radiated, 404
Electromagnetic field set up by inductor, 140
Electromagnetic frequency spectrum,

wavelengths, 404
Electromagnetic loudspeakers, 831-832
Electromagnetic radiation, 403
Electromagnetic radiations, wavelengths

of, 1363
Electromagnetic system, e.g.s. 1331, 1332
Electromai^etic waves, intrMuction to, 403-404
Electromotive force, definition, 1400
Electromotive force induced in inductor, 140
Electromotive force, units of 1332
Electron, 1

electric charge on, 1

Electron-coupled oscillator, 953, 954, 958
Electron ray tuning indicators, 1132-1136
Electron velocity of entission, initial, 18
Elearonic attenuators, 797-798
Electronic reactances, 1151, 1156-1160

Miller effect circuits, 1157
quadrature drcxiits, 1157-1160

references, 1 160
resistance in series with capacitance,

1156-1157
Electrosutic system, e.g.s. 1331, 1332
Elements, bilateral, 159
Element of network, definition, 159
Elements, unilateral, 159
Ellipse, 274
Ellipse, equation to, 280
Elliptic loadlines, 30-34, 64, 213, 576
E.M.I. transcription pickup, 719
Embossed groove recording, 768
Emission, back, test for, 74, 1(X)

Emission-dependent dynamic test, 73, 91-93,
123

Emission, grid, 3, 5, 20, 21, 51
Emission, grid primary, tests for, 101-102
Emission, grid secondary, tests for, 102
Emission heater-cathode, hum due to,

1196, 1197
Emission, photo, 2
Emission, poisoning of, 2
Emission, primary (other than cathode),

19, 20, 21, 69, 71
Emission, secondary, 2, 7, 8, 21, 39, 69, 71
Emission, tests for, 73, 94^5, 123
Emission, thermionic (cathode) 2, 3, 69
Empirical, definition, 1400
Enclosed cabinet loudspeaker, 843-845
Enclosures, loudspeaker, 842-851
Energy, 1 33
Energy factor of tuned circuit, 409

see also under Q factor.

Energy stored in cha^e on condenser, 135
Energy stored in magnetic field, 141

Energy, units of, 133, 1332
ensi, 1307
Envelope, definition, 14(X)
Equalizers for record reproduction, 732-744

de-emphasis, high frequency, (N.A.B.), 770
equalizer, high frequency (de-emphasis),

736-737, 739-740, 744-751, 770
equalizer, position of, 636, 732, 743
equalizers, low frequency, 732-736
equalizers and equalizing amplifiers,

738-743
equalizing, corrective, 728
equalizing, definition, 727, 728
equalizing to give standard playback

curve, 731-732
Equalizing of headphones, 662
Equalizing of microphones, ' 635, 636, 781
Equalizing of pickups, 635, 636, 732-744
Equalizing of sideband cutting in receiver, 654
Equation, circle, 280
Equation, ellipse, 280
Equation, hyperbola, 280
Equation, linear, 279
Equation, parabola, 280
Equation, straight line, 280
Equation to a curve, finding the, 281
Equations, definitions, 263, 1400
Equations, solution of, 263-265
Equivalent circuit, definition, 14(X)

aerial and input circtiit of receiver, 904
aerial-earth system, 903
crystal filter, variable bandwidth, 1050-1051
diode detector, 1078
grid, 64
loudspeaker, 838, 839, 844-845, 848-849
push-pull amplifier, 577
r.c.c. pentode, 512
r.c.c. triode, 494
rectifier, 1164
transformer, 204, 205
valve, 45-47, 53-55, 59, 63, 512
voltage feedback amplifier, 310

Equivalent electrode voltage, 71
Equivalent noise resistance, 783, 937-938
Equivalent noise sideband input, 1307
Equivalent plate circuit theorem, 63
Erg, measure of work 1332, 1333
Erg per second, measure of power, 1332, 1333
Esnault-Pelterie’s formula for inductance

of solenoid, 432
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Exdution, definition, 1400
Expanders, volume—see under Volume

expansion.
Expanding selectivity i-f transformers,

455-456, 104^-1050
Exponential curve, definition, 1400
Exponential form of vectors, 287
Exponential functions, 268
Exponential horns, 851-853, 854
Exponential series, 269
Ex^nents, 255
Expression, definition, 1400
Extended Class A operation (triode and

pentode in parallel on each side), 587
Extension loudsp^ers, 883-886
Exterior of cabinet, design of, 850
Eye, visibility curves of, 1396

Factor, definition, 1400
Factorial n, definition, 1400
Factorials, 1407
Factories, background music in, 867
Faaoring, 262
Faders—see under Mixers and faders.

Fading due to interference between re-

fleaed and ground waves, 901, 908
Fading, selective, 1251
Fahrenheit, 1334
Fairchild transcription dynamic pickup, 720
Farad, 1332, 1333
Fatigue, listener, 626
Few, parallel (shunt) a.v.c., 1109, 1110-1111
Feed, series a.v.c., 1109-1110
Feedback, general (Chapter 7) 306-402

acoustical, avoidance of, 866
admittance neutralization, stable, 389
admittance, short*circuit, 50-55
admittance, short-circuit, test for, 117
amplifier without phase distortion, 389
balanced feedback amplifiers, 315
bass boosting by feedback, 336, 347
bridge feedback, 307, 313-314, 546
bridge negative feedback at mid-fre-

quency, 313-314
special applications to give positive,

zero or negative plate resistance, 314
see also 354-355

cathode-coupled amplifiers, 348, 529, 531
cathode-coupled phase inverters, 347-348,

526-527
cathode-degenerative amplifier, 327-330

draenerative cathode impedance, 330
eflective plate resistance, 328-329
pain, 327-328
mput resistance, 328
other forms of cathode degenerative

amplifiers, 330
unbypassed cathode resistor, 327-329
valve characteristics, graphical treat-

ment, 397-399
cathode-follower, 3 16-327

calculated operating conditions, 319-320
capacitive load—gain, input resist-

ance and capacitance, plate re-
sistance, 326-327

circuit to avoid screen current
through load, 325

circuit to make screen current
constant, 326

cut-off effect, capacitive load, 327
direct-coupled amplifier, 531
distortion, 319
effective plate resistance, 318
effect of impedance of input source, 327
electronic attenuator, use in, 797
equivalent valve characteristics, 318
pain, 317-318, 325
inductive load—input resistance and

reactance, 326
infinite impedance (reflex) detector, 326
input capacitance, 323, 325
low noise, pre-amplifier input stage, 789-790
noise in, 327

Feedback, general (continued)
output capacitance, 323-324, 325
output impedance, 320
pentodes, special considerations with, 324
resisunce-capacitance coupled, 320-321
screen-coupled, 326, 532
transformer-coupled, 321
valve characteristics, graphical treat-

ment, 390-394
wide-band amplifiers, use in, 327

combined negative and positive, 314-315,
352-355

comparison between different funda-
mental types, 315

constancy of characteristics with feed-
back, 388

current feedback, 307, 312-313, 315-316,
327-330, 1236

degeneration or regeneration at any
frequency, 342

effect on distortion, 308-309, 313, 314, 315,
316

effect on gain, 308, 313, 315, 316
effect on hum or noise, 309-310, 315, 316,

348-352
effect on input resistance, 311-312, 313, 315,

316
effect on output resistance, 310-311, 313, 314
effective amplification factor and plate

resistance with feedback, 311, 313, 314,
315, 316

electronic attenuators, 389
feedback factor, 308
feedback in volume expansion, etc. 685, 688
feedback loop, 307, 336
frequency range of amplifier before

feedback is applied, 369
frequency response, 378-388, 1235-1239

flat frequency response, design of
amplifiers with, 379-388

Brockelsby’s method, 382-385
conditions for critical damping, 385-388
Mayr’s method, 379-382

maximal flatness, 367, 378, 382-385

fundamental types of, 306—316
in radio receivers, 1235-1239
interconneaed feedback loops, 343-344
intermediate frequency, in receivers, 943
loop amplification, 356
multiple feedback, 343-344
negauve, 306-402
negative current feedback at mid-fre-*

quency, 312-313
negative impedances, stabilized, 389
negative voltage feedback at mid-

frequency, 307-312
equivalent circuit of amplifier, 310
feedback voltage applied in series

with input, 307, 312
feedback voltage applied in shunt with

input, 308, 312
feedback voltage applied to cathode, 308

optimum load resistance, 311
peaks at hiah and low frequencies, 336, 359,

378
peaks, high and low frequency, height

of, 359, 378, 379, 383
phase inverter, choke coupled, 355
phase shift at high and low frequencies,

316, 353, 355
phase shift correction, 342, 343, 352
phase shift, effect of negative feedback on, 389
phase splitter, 329-330, 354, 522-524

with positive feedback, 354, 523
pickup, applying negative feedback to, 743
play-through, feedback to reduce, 1240-1241
positive, 306-307, 354
positive feedback at high and low fre-

quencies, 316, 338, 342, 378, 382
positive feedback for eliminating by-

pass capacitors, 1284-1285
practical feedback circuits, 316-355
references to feedback, 399-402
special applications of feedback, 389
special features of feedback amplifiers, 352
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Feedback, general (continued)
stability factor (Becker), 388
stability

;
phase shift, 356-378

attenuation characteristics, 360, 361
cathode by-passing, slope and phase

angle, 360
conditional stability, 358, 378
conditions for stability, 356-359
design of multi-stage amplifiers, 365-378

alternative methods of design, 366-367
attenuation characteristics and sub-

sidiary voltages, summation of,

372-375
Bodc’s method, 365-366, 367-369
corrective networks, 371
damping, compensated critical, 367
damping, critical, 365, 367, 378, 385-388
damping of amplifier on transients,

365, 366, 367, 382, 386
Duerdoth’s multiple feedback

system, 365, 374, 378
Duerdoth’s stability margin, 372
Learned’s method, 365, 369-371
multiple loop amplifiers, 375
parasitic osculation, 316, 345, 365
phase shifting network in feedback

line, 378
step in attenuation characteristic,

368, 371
subsidiary feedback, 37^378
transient response, oscillatory, 365, 367,

382, 386
transient response, testing amplifier

for, 366
design of one and two stage

amplifiers, 364-365
Nyquist criterion of stability, 356, 375
Nyquist (polar) diagram, 338, 339, 356-359,

366, 375
parallel-fed transformer, ultimate

slope of, 360
phase angle and attenuation, relation-

ship between, 359-364
phase angle, determination of, 362-365
polar dianam for amplifiers with

feedback—see under Nyquist dia-
gram.

Routb-Hurwitz criterion of stability, 356
safety (stability) margin, 359, 367, 368, 372
screen by-passing, slope and phase

angle, 360-361
stabifity and insubility, 344, 355, 356, 358,

359
stability, effect of tolerances on com-

ponents, 359, 371
staggering attenuation characteristics,

364-365, 367, 382-385
step circuit, phase angle, 361
testing amplifiers for stability, 1324
total slope of attenuation characteris-

tics, 362
subsidiaiv feedback, 343
ubulated characteri8tic:s, voluge and

current feedback, 316
tone control, feedback to provide,

330, 336, 347, 378-379, 645-647, 651, 655,
667, 669-672, 741, 748-751, 757-758,

1234-1239
transfer coefficient, 306
use of symbols, 307
valve charaaeristics and feedback, 390-399

cathode follower, pentode, 393-394
cathode follower, triode 390
cathode follower, triode, resistance

loaded, 390-391
cathode follower, triode, transformer

coupled, 391-393
feedback over two stages, 399
pentode, cathode degenerative, 399
pentode with voluge feedback, trans-

former coupled, 395-397
triode, cathode-coupled, 399
triode, cathode degenerative, 397-399
triode with voluge feedback 394-395

voltage feedback, 307-312, 315-327, 330-347

Feedback, general (continued)
voluge feedback from plate—r.c.c.

input, .332-334
voltage feedback from plate—trans-

former input, 332
voluge feedback from secondary of out-

{

)ut transformer, 330-332, 336-343
tage feedback over 2 stages, 334-344
from plate of Vs to cathode of Vi, 334-336
from secondary to grid circuit, com-

plete analysis of, 336-343
volume feedback over 3 stages, 344-347

bridge circuits, 347
feedback from plate of Vs to screen

of Vi, 344-345
feedback from secondary, 345-347
Williamson amplifier, 346-347, 745-751

voltage proportional to velocity of
loudspeaker cone, 841-842

Ferromagnetic materials, other 458-459
Ferromametic spinels, 459
Fcrroxcube, 458-459
Fibre needles, 710
Fidelity and distortion (Chapter 14), 603-634

ear as judge of, 632
fidelity, what it is, 603-604
high fidelity receivers, t.r.f., use of

reflex detector in, 1086
high fidelity reproduction, 630-632
references, 632-634

Fidelity, electric, in phonograph com-
binations, 1311-1312

Field intensity at receiver, charts, 897-900
Field response, microphone, definition, 781
Figure of merit for coil, 144
Figxxre of merit for oscillator valves, 950
Figure of merit for power triodes, 61
Figure of merit for r-f amplifier valves, 927
Figures in arithmetic, 255
Filaments, general, 4-5

current, testing for, 93-94
dissipation and temperature charaaeris-

tic, 10, 11

filament type valves, ratings for, 77, 78, 79, 80
on a.c. supply, 6, 80, 560
oxide coated, 2

see also under Cathode,
tungsten, 2
voluge/current characteristics, 10
voltage, recommended, published, 3

Film, sound on, 701
FUtcr condenser, first, use of electrolytic

as, 193

Filtering and hum (Chapter 31) 1192-1201
filter factor, 1192-1194
hum—general, 1 196-1200
due to circuit design and layout, 1198-1199
due to conditions withm valves,

540, 1196-1198
hum levels in receivers and ampli-
fiers, 119^1200
see also under Hum.

hum neutralizing, 539, 1200-1201
inductance-capacitance filters, 1192-1194

avoidiing resonance with, 1193
parallel-T filter networks, 176, 1194-1196
references, 1201
resistance-capacitance filters, 172-176, 1194

FUters, 172-185
auenuation band, 180
band elimination, definition, 172
band pass, definition, 172
characteristic impedance, 179
choke input, design of, 249-250
constant k, 179-182, 652

half section, 180, 181
mid-series image impedance, 180, 181
mid-shunt image impedance, 180, 181, 182

n section, 180-182
T section, 180-182

crystal, variable bandwidth, 1051-1061
decoupling, in diode detector dr-

cuiu, 1073, 1080
filter factor, 1192, 1194
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Filters (continued)
frequency dividing networks, 184-185, 860,

887-889
half-section, “ building out *’ trans-

former to give, 214
high pass, dehnition, 172
hum filters for rectifier systems, 1192-1201
image impedances of four-terminal

networks, 177-179
image attenuation constant, 178, 179
image phase constant, 178, 179
image transfer constant, 178-179, 180

impedance mismatching in, 184
iterative impedances of four-terminal

networks, 176-177
iterative transfer constant, 176-177
low pass, definition, 172
mains, for receivers, 475, 1279-1280
M-derived filters, 182-184, 652

design of multiple section filters, 18^184
half section, 182-184
T section, 182-184

pass band, 180
practical, 184
references, 185
reflection effects in, 178
resistance capacitance, 172-176, 1194

attenuation characteristics, 173-176
parallel-T network, 176, 647, 651, 657,

675-676, 737-738, 745-749, 1194-1196
theoretical cut-off frequency, 172
time constant, 172, 173

shunt across load of power pentodes, 567, 636
stop band, 180
symmetrical networks, 179, 180
tone control, elements of, 639
variable bandwidth crystal, 1051-1061

Fine groove recording, 701, 706-709
First detector, definition, 1400
Fixed bias in power amplifiers, 547, 597
Fixed bias operation, determination of

maximum grid circuit resistance, 82-84
Fixed bias, r.c.c. pentodes.
Fixed bias, r.c.c. triodes.
Fixed bias, sources of.

Flat baffles.

Flare cut-off frequency.
Flaring constant of horns,
Flash dipping of coils.

Flat frequency response
amplifiers.

Flicker effect.

Fluctuations in line voltage for valves.
Fluorescence,
Flutter in receivers.

501-502, 506
487-489

597
842
852

851, 852
477

feedback
379-388

783
10
4

955, 958, 993, 998,
1244-1246

Flutter in record reproduction, 761
Flutter in record reproduction, tests for, 1312
Flux density, 229
Flux density in power transformers, 235
Flux density, maximum, 243
Flux density, remanent, 230
Flux density, residual, 230
Flux density, units of, 1332
Flux leakage, 231
Flux, lines of, 229
Flux, luminous, unit of, 1334
Flux produced by inductor, 140
Flux, units of, 1332
Flywheel tuning, 1252
Folded horns, 856-859
Footcandle, 1334
Force, coercive, 230
Force, stylus, vertical, 702, 708, 709, 712,

718-722, 768, 769
Force, stylus, vertical, minimum for

tracking, 712, 715, 719, 720
Force, umts of, 1330, 1332
Forecasting frequencies for long distance
• short-wave communication, 404, 901
Form factor, 134
Form factor of coils, 414
Formulae or laws (in Algebra), 265
Forward admittance, short-ciraiit, 50-55
Forward admittance, short-circuit, test for, 1 17

Fourier analysis, 130, 299-302
Fourier analysis of some periodic waves,

301-302
Fourier analysis, references, 305
Fourier series, 299-302
Fourier series, graphical harmonic an-

alysis, 302-304
Fourier series, other applications of, 302, 964
Freezing point of water, 1334
Fremodyne F-M detector, 1088
Frequencies and wavelengths—table, 1362
Frequencies, high roll-off, in a-f ampli-

fiers, 631

Frequencies, primary resonant, of aerial

and r-f coils, measurements of, 1325
Frequencies, standard, 1361
Frequencies, standard intermediate, 1361
Frequencies, standard test, in F-M re-

ceivers, 1314
Frequency, 129, 278, 403
Frequency bands for broadcasting, 1361
Frequency changer, definition, 1400
Frequency characteristics, bass boosting,

641-^3
Frequency characteristic of ideal constant

velocity pickups, 724
Frequency compensated volume control,

automatic, 672-674

Frequency conversion, 62,962-1001, 1017—1019
Frequency conveners and mixers, opera-

tion of, 962-986
analysis of operation common to all

types, 964-968
conversion transconductance, de-

finitions, 14, 109
conversion transconductance of con-

verter valves, 966-967
conversion transconductance of

modulator or mixer valves, 964-966
detailed operation of modulator or

mixer section of convener, 968-984
noise in, 967-968, 972-973, 978, 984
oscillator section of convener valves, 968

coupling between oscillator and signal
arcuits, 973, 974-975, 980, 988, 992, 994,

1000
harmonic operation of oscillator (har-
monic mixing), 62, 958, 964-966, 991,

994-996, 1000, 1001
input admittance, signal grid, 970, 973,

976-978, 980-981
negative, 977, 985—986

input condurtance, signal grid, 976-978,
980-981, 982, 987-988

negative, 976-978, 985-986
input susceptance, signal grid, 976-978

negative, 976-978
loading of input circuit due to valve

admittance, 970, 973, 987-988
methods of frequency conversion, com-

parison—table, 985
methods of operation of mixer or modu-

lator valves, 969
oscillator and signal voltages applied

to same grid, 969-973
oscillator voltage on inner grid, signal

voltage on outer grid, 973-978
oscillator voltage on outer grid, signal

voltage on inner grid 978-984
negative admittance of current limited

grids, (Appendix), 985-986
neutralization in converters, 959, 969, 970,

975-977, 978, 992, 1000, 1001
noise in, 967-968, 972, 973, 978, 984
oscillator frequency variation due to

a.v.c. 963
oscillator transconductance, phase shift

at high frequencies, 968
references, 1017-1019
see also Oscillators.
space-charge coupling in, 963, 975-977, 980

neutralization of, 975-977, 992
Frequency converters, applications of,

987-1001, 1017-1019, 1244-1248
alignment, short wave, 990-991
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Frequency converters (continued)
a.v.c. on short waves, limitations on

use of, 975, 997, 998, 1000, 1111-11 12, 1251
broadcast frequencies, 987-990
coupling between oscillator and signal

circuits, eflfcrts of, 992, 994
flutter, 955, 958, 993, 998, 1244-1246
frequency stability, 992-996, 1247, 1256

effect of a.v.c. 963, 993-994
variations due to local oscillator, 992-993

improving stability, 993
variations due to mixer, 993-996

harmonic mixing, 958, 964-966, 991, 994-
996, 1000, 1001, 1247

images, 990-991
procedure to distinguish image from

signal, 990-991
magnetic held, effect of, 1248
neutralization in converters, 959, 969, 970,

975-977, 978, 992, 1000, 1001, 1248
noise, 967-968, 972-973, 978, 984
operating conditions, broadcast, 989-990,

1244-1248
operating conditions, short-wave, 991-992,

1244—1248
padder feedback, 1001, 1247
pulling, 971, 990
references, 1017-1019
signal-circuit regeneration, controlled,

988-989
signal-circuit regeneration from screen,

988~^89
signal grid loading, 970, 973, 987-988
spurious responses, 62, 987, 995, 1247
tuned plate operation, 994, 1248

Frequency converters, testing of, 108-113
methi^s of operation,

oscillator driven,
oscillator self-excited,
static operation,

plate resistance,
stage gain,
transconductance, conversion,

Frequency converters, tyiw of,

inner-grid oscillator injeaion,

1R5 pentagrid,
6A8-G pentagrid,
6BE6, 6SA7, pentagrids,
6K8-G triode-hexode,

mixers, types of,
heptodes,
hexodw,

outer-grid oscillator injection.

108-109
109

108-109
109
111
74

74, 109-111,
124

996-

1001
973-978,

997-

1001
995, 996, 1001

8, 997-998

998-

1000
998

8, 9
9

978-984,
996-997

6AE8, X61M, X79, triode-hexodcs, 997
6J8-G, triode-heptode, 996-997

Frequency, definition.
Frequency discriminators,

Foster-Seeley (Phase)
references,
Round-Travis,

Frequency dividing networks.

1400
1151, 1152-1156

1153-1156
1160
1153

184-185, 860,
887-889

Frequency, effect on capacitance of elec-
trolytic condensers, 192

Frequency, effect on resistance of com-
position resistors, 189

Fret^uency range in a-f amplifier, 617
rmnimum audible change in, 617-618

Frequency modulation, 405
Frequency, natural resonant, 407, 408, 424
Frequency of parallel resonance, 150-152
Frequency, parallel resonant, 410
Frequency range and sound intensity pre-

ferences, 627, 633
Frequency range and volume level, 621-623
Frequency range in record reproduction,

desirable top limit to, 704
Frequency range in recording, 704
Frequency range notation, reproduced

sound, 604
Frequency range of high fidelity a-f

amplifiers, 630-631

Frequency ranges for speech reproduction 630
Frequency ranges, standard, 1361
Frequency ratio, octaves and decades

(table), 368

Frequency ratio, to convert to db /octave,
637-638

Frequency, resonant, 408
Frequency response, flat, in feedback

amplifiers, 379-388
Frequency response in feedback ampli-

fiers, 378-388

Frequency response of a-f amplifiers,
test for, 1323-1324

Frequency response of amplifier, varia-
tion with output level, 626

Frequency response of loudspeakers,
833, 838, 854-855, 860

Frequency response of receivers, tests

for, 1305, 1318
Frequency shift in receivers, tests for,

1310, 1319
Frequency spectrum, electromagnetic, 404
Frequency stability in converters, 992-996
Frequency stabilization, oscillator, 957-958
Frequency test records, 702-703, 716, 752-757
Frequency variation, oscillator, causes

of, 950, 955-956
Fringing, 231
Full-wave rectification, 7, 1161-1169, 1173-

1185
Function, definition, 1400
Functional characteristics of valves, basic, 70-73
Functions, 263
Functions, continuous and discontinuous^

265-266
Functions, inverse, 276-277
Fundamental characteristic tests, 73-75
Fundamental frequency, 130, 300
Fundamental frequency, definition, 1400
Fundamental physical properties of

valves, 69-70

Fungus growth on materials, 475
Fuses, 1281-1282, 1395

G
G curves, 23, 554
G.E. variable reluaance pickup, 718
Gain, aerial coil, 916-917, 920
Gain, amplifier, expressed in decibels, 810-811

in pre-amplifiers, standard, 793
power, expressed in decibels, 810
voltage, expressed in decibels, 810

Gain at any frequency, coupled circuits,

416, 421-423
Gain at mid-frequency, r.c.c. pentodes, 506-508

r.c.c. triode, 490-491
transformer-coupled a-f, 517

Gain at resonant frequency
identical stages in cascade, 421
tuned primary, tuned secondary, 415, 426
untuned primary, tuned secondary 425

Gain bridging, 811
Gain control devices in volume expanders

and compressors, 684-686
Gain/frcquency characteristic, r.c.c. pen-

tode, 512
incomplete cathode and screen by-

passing, 498-500
incomplete cathode by-passing, 499-501
incomplete screen by-passing, 496-497

Gain/frequency characteristic, r.c.c.

triode, 494-495
incomplete cathode by-passing, 484-485

Gain, maximum, of r.c.c. pentode, load
resistance to give, 507

Gain, maximum stage, of i-f amplifier,
1028, 1032, 1036

Gain, of a-f amplifiers, measurement of, 1323
Gain of amplifier, effect of feedback on,

308, 313, 315, 316
Gain of cathode degenerative amplifier, 327-328
Gain of cathode follower, 317-318, 325
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Gain of Class A power triode at high in-
puts calculated from measurements of
g m and ^ j> at low inputs, 554, 555

Gain of multistage voltage amplifier, 541

Gain of stages in receiver, measurements
of.

Gain, power expressed in decibels.
Gain, power, of aerials.

Gain, radio frequency amplifiers.
Gain ratio/decibel gain, chart.
Gain, stage, tests for,

Gain, units for measurement of.

1303

806-807
894

923, 924
813

74, 108
806-823,
825-826

806-

823

807-

808
808

810-811
810-811

810
810

bcls and decibels,
absolute power expressed in,

absolute voltage expressed in,

amplifier gain expressed in,

bridging amplifier, gain of,

in terms of power,
in terms of voltage gain,

combined microphone and amplifier
gain expressed in, 811-812

dbm, 808
dbv, 808
dbvg, 810
decibels, slide rules and mental

arithmetic, 822-823
loudspeaker output expressed in

decibels, 812
microphone output expressed in, 808-810

in terms of effective output level, 809
in terms of output power, 808-809
in terms of output voltage, 808
microphone system rating, R.M.A.,

809-810, 812
minimum perceptible change of level, 807
nomogram for adding decibel -ex-

pressed quantities, 821-822
pickup output expressed in, 810
power relationships expressed in, 806-807
sound system rating, 812-813
tables and charts, 813-821

decibels above and below ImW
into 600 ohms, 820

decibels above and below 6 mW
into 500 ohms, 818

decibels above and below 6 mW
into 600 ohms, 819

decibels as power, voltage, current
ratio—chart, 813

decibels expressed as power and
voltage ratios, 814-816

power and voltage or current ratios
expressed in decibels, 817

watts, dbm and volts across 5000
ohms, 821

voltage and current relationships ex-
pressed in, 807

ncp>crs, 825-826
relationship between decibels and

nepers, 826
references, 830
transmission units, 826

Gain, voltage, of grounded grid stage, 925
Gain, voltage, of power amplifier, 549
Gamma rays, wavelengths of, 404, 1363
Gang capacitor plates, vibration of, 958-959
Gang capacitor, position of, 957
Gang capacitor, tuning, difficulties with,

913, 958
Gang condensers, 197, 1289
Gas current, 3, 19, 51
Gas current, tests for, 101, 102
Gas pressure, 73
Gas tube coupled direct-coupled amplifier, 532
Gated beam discriminator 6BN6, 1293
Gauss,
Gear ratios for universal coils.

Generator, a.c..

Generator, audio-frequency.
Generator, d.c.,

Generator, definition.
Geometrical mean frequency,
Geometrical mean (mean

progression),
Geometrical progression.

1332, 1333
456-457

129
1299
129

1400
130

geometrical
266-267, 272

266-267

Gcomet^, 272-275
Germanium crystal detectors, 1136-1137
Getter, 4, 69, 70
Gilbert, 229, 1332, 1333
Gilbert per maxwell, 1332, 1333
Giorpi (m.k.s.) system, 1331, 1332
Glidmg tone frequency test records, 752, 753
Glow, blue, 4
Goldring Headmaster pickup, 718
Gradient microphones, pressure, 775
Grain, measure of mass, 1329
Gram, unit of mass, 1329, 1331, 1332, 1333
Gram weight, measure of force, 1330
Gramophone, definition, 1400
Graphical harmonic analysis, 302-304, 305

see also under Distortion.
Graphical representation of relationships

between functions, 279-282
Graphical representation with three vari-

ables, 281
Graphical symbols, standard, 1370-1371
Gravitational acceleration, 1330
Greek alphabet, 1 397
Grid, anode, 9
Grid bias, effect of change of, on charac-

teristics, 26
Grid bias, effect of grid current on, 484, 488
Grid bias for a.c. or d.c. filament ex-

citation. 2, 80

Grid bias for Class A amplifiers, voltage
regulated, 1215

Grid bias of Class A power triode, cal-

culated optimum, 557
Grid blocking, 21, 84, 1110

tests for, 107-108, 113

Grid-cathode capacitances, values of, 56
Grid circuit decoupling, 538
Grid circuit resistance, maximum

determination of, 82-84
gener^, 10, 70, 75
iri a-f power amplifiers, 566, 596-597
in a-f voltage amplifiers,

pre-amplifiers, microphone, 788
r.c.c. pentodes, 496, 501-503
r.c.c. triodes, 482-483, 487, 488

in a.v.c. circuits, 1110-1111
references, 543

Grid circuit resistance, r.c.c. pentode,
maximum with cathode bias, 501
maximum with fixed bias, 502-503

Grid coupling condenser—see under
Coupling condenser.

Grid current characteristics, 18-21
Grid current commencement point, 19, 84

Grid current commencement voltage, test

for, 73, 102, 109
Grid current cross-over point, 19, 20

drift during life, 23-24, 84
Grid current, effect on bias, 484, 488

Grid current, negative, 3, 19, 21, 51, 101-102,
. . 484

tests for, 73, 101-102, 109, 124
typical maximum values in new valves,

101-102
Grid current, noise caused by negative, 784

Grid current, oscillator, test for, 111-112
Grid current, positive, 18, 21, 51, 484, 489

in r.c.c. amplifiers, damping due to, 489
tests for, 73, 102

Grid detector, leaky, 62, 1082-1084
Grid detector, power, 1084
Grid driving conditions. Class B2 , 590-591
Grid emission, 3, 5, 20, 21, 51, 71
Grid input admittance, 49-53, 113-117,

493-494, 927-934, 970-988
components of, 51-53
due to electron transit time, 50, 51, 930-932,

971, 975, 980, 985-986
due to grid-screen capacitance coupling, 53
due to plate-grid and grid-cathode

capacitance coupling, 53
due to plate-grid capacitance coupling,

51-53, 493-494
effects of, 927-934
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Grid input capacitance, 49-53
components of, 51
to prevent change in, 53

Grid input conductance, 49-53
Grid input impedance, 49-53
Grid input inductance, 49-53
Grid input power, pedk. Class Bs, 590
Grid input resistance, 49-53

increased by inductance between load
and plate, 53

inductance in screen circuit, 53
minimum. Class Ba, 590

Grid input reactance, 49-53
Grid input susceptance, 49-53
Grid leak bias, 489, 786, 1280-1281
Grid leakage current, 19, 20, 51, 69, 70
Grid leakaae current, tests for, 101-102
Grid load Tines, 20
Grid noise, induced, 939-940
Grid-plate capacitance, 7

variation of, with plate current, 57
Grid positive voltages, 21
Grid primary emission current, 19, 20, 21, 69,

71
Grid primary emission, tests for, 101-102
Grid resistance, minimum variational, 590
Grid resistor, effect on hum, 1197
Grid, screen, 7
Grid secondary emission, 2, 7, 8, 21, 39, 69, 71
Grid secondary emission, tests for, 102
Grid series compensation, 643
Grid stopper, use of, 32, 61, 91, 560, 562, 958,

1000, 1283
Grid, suppressor, 8
Grid temperature, 5
Grid variational conductance, 20
Grid voltage limits, 79, 80
Grids, 5
Grids, aligned, 8
Grids, numbering of, 1365
Grilles, loudspe^er, 835
Ground, definition, 1400
Grounded-grid amplifiers, 529, 592, 914, 925

H
Haas effect, 867
Half-boost point, 641-642
Half-wave mpole, folded, 910-911
Half-wave rectification, 6, 1161, 1163, 1172,

1175, 1176, 1178
Hangover, 619
Hanna's method, design of iron-cored

inductors. 248-249
Hard valve, definition, 1400
Harmonic analyser, 106
Harmonic analysis, graphical, 302-304, 305

see also under Distortion.
Harmonic composition of some periodic

waves, 301-302
Harmonic frequencies (harmonics), 62, 130, 300

see also under Distortion, harmonic.
Harmonic frequency, definition, 1400
Harmonic generation in A-M receivers,

tests for r-f, 1305
Harmonic mean, 266-267
Harmonic mixing, 958, 964-966, 991, 994-996,

1000, 1001
Harmonic motion, simple, 278-279, 702
Harmonic operation of oscillators, 958, 964-966,

991, 994-996, 1000, 1001
Harmonic profession, 266-267
Harmonics, effect of armature resonance

on, 716
Harmonics, oscillator, 954, 955, 956
Hartley oscillator, 112, 951-952, 967
Hash elimination with vibrators, 1210-1211,

1270-1272, 1275-1276
Headphones, 832-833
Headphones, equalizing, 662
Heater,

current, testing for, 93-94
d.c. (operation of, 744, 748, 785-786
dissipation and temperature character-

istic, 10, 11
' forms of heaters, 5

Heater (continued)
heater to cathode insulation

effect on design, 81
maximum ratings, 75, 81

heater to cathode leakage
hum due to, 81, 84, 540, 785, 1095, 1131,

1196, 1197
tests for, 73, 94, 123

voltage/current characteristic, 10, 11
voltage

characteristics with reduced, 3, 73
effect of variation on characteristics, 24
line fluctuations of, 10
permissible variation, 10
ratings, 77, 78, 79
recommended, published, 3, 10
reduced, dynamic tests at, 74-75

Heating of a resistor, 134

Height above earth, aerial, effect of

—

charts, 898-900
Height above earth, desirable aerial, 895
Height of curve, average, 280
Henry, 1332, 1333
Heptodc as phase splitter, 524
Heptodes, 8, 9
Hertz, definition, 1400
Hertzian waves, wavelengths of, 404
Heterodyne oscillators, 960-961
Hexodes, 9
High fidelity amplifiers, filter required to

remove lower frequencies from out-
put, 631

High fidelity, practicable, 630-631

High fidelity reproduction, 630-632

High fidelity reproduction, permissible
noise in, 630

High fidelity, the target of, 630
High frequency horns, 857-859
High level, definition, 1400
High pass filter, definition, 172, 1400
High stability resistors (cracked carbon),

186, 190
Hill and dale recording, 701
Hinge frequency, 759
Hinge point in recording characteristics,

737, 759
Home recording, lacquer disc, 701, 766-768
Honeycomb winding, definition, 1400
Horizontal aerials, 895-896, 910
Horizontal and vertical aerials, compari-

son between, 895, 896
Horn loudspeakers, 831, 832, 851-861
Homs, high-frequency, 857-859
Hot stylus recording technique, 767
Hum

acoustical measurement, 1310
caused by electrostatic coupling, 539, 1198
caused by inductive coupling, 539, 1197,

1198
distortion, 1309, 1314, 1322-1323
due to a-f transformers, 206, 207, 210-211,

540, 781, 785
due to circuit design and layout, 1 198-1 199
due to incomplete cathode by-passing, 786
due to valves in magnetic field, 785, 786,

788, 1198
effect of feedback on, 309-310, 315, 316,

348-352
effea of grid resistor on, 1197
heater induced, due to conditions within

valves, 81, 84, 540, 1196-1198
capacitive coupling, 788, 1196-1197, 1198
emission heater-cathode, 1196, 1197
leakage heater-cathode, 81, 84, 540, 785,

1095, 1131, 1196, 1197
methods for minimizing, 785, 786, 1197

leakage from any electrode with ripple
voltage to another electrode, 1196

modulation of electron stream by
magnetic field of filament, 1196, 1197

summarv, 1197-1198
heater induced hum, avoided by d.c.

operation, 744, 74% 785-786
hum levels in receivers and amplifiers,

119^1200
in filtered rectifier output, 1192-1196
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Hum (continued)
in noise limiters, 1131
in phase discriminators, 1095
in phonograph combinations, 1309
in power amplifiers, 573-574, 599, 1199
in pre-amplifiers, 784-786
in radio receivers, 1237, 1239-1241, 1309-

1310
methods to reduce hum at minimum

setting of volume control, 1237, 1240
testing, 1309-1310, 1319
tracing, 1241

in ratio detectors, 1098
in record reproduction, 705, 706, 719, 722, 763
in rectified and filtered a.c. supply, 129
in rectified and filtered plate supply,

effect of feedback on, 309-310, 316,
348-352

power amplifiers, 573-574, 599, 1199
voltage amplifiers, 538-540
in unfiltered rectifier output, 1177

in voltage amplifiers, 483, 538-540
effect of coupling condenser on, 483
from grid bias supply, 539
from parallel feed, 538
from plate supply, 538
from screens, 539
from transformer-coupled amplifier, 538

level, pickup, 719, 722
modulation hum, 1198, 1199, 1239-1241,

1267, 1268, 1290, 1309, 1314
modulation of oscillator, 958, 993
neutralization in reflex receivers, in-

herent, 1145
neutralizing, 539, 785, 1200-1201, 1239
references, 804-805
screening, electrostatic, to reduce, 784, 1198
shielding of microphone and a-f trans-

formers to reduce, 207, 210-211, 781, 784,
1198

with pentode valves in pre-amplifiers, 786
with type 12AY7 low noise type 787-788
with type 5879 low noise type, 787, 1198

Hum bucking coil in loudspeakers, 840
Humidity cl^ges, oscillator frequency

variation due to, 955-956

Humidity, effect on resistors, 188-189
Hunting, definition. 1400
Hyperbola, 274
Hyperbola, equation to. 280
Hyperbolic cosine horns. 854
Hyperbolic exponential horns. 853-854
Hyperbolic functions. 269-271
Hyperbolic tables. 1421
Hypex horns. 853-854
Hypotenuse, 272
Hysteresis loop. 230
Hysteresis loss,

I

Illumination, units of.

230

1334
Image attenuation constant of 4-terminal

networks, 178, 179
Image frequency, 987
Image impedance, mid-series, 180, 181
Image impedance, mid-shunt, 180-182
Image impedances of 4-terminal net-

works, 177-179
Image phase constant of 4-terminal net-

works, 178, 179

Image ratio, 971, 978, 991, 1278, 1310
Image rejection by r-f stage, 913, 925-927
Image rejection circuit, 1256
Image transfer constant of 4-terminal

networks, 177-179
Imagery for describing reproduced sound,

604-605
Images, procedure to distingtiish from

^
signal, 990-991

Imaginary axis, 285
Imaginary part of complex quantity, 140, 285
Impedance, general, 139, 143

a complex quantity, 144
•erials, 901-906

Impedance (continued)
and admittance, 144-158
calculations, ideal transformers, 200-203
characteristic, of 4-terminal network, 179
conjugate, . 165
conversion from series to parallel, 157-158
driver transformer looking backwards, 591
grid input, 49-53
image, of 4-terminal networks, 177-179
iron-cored inductors, measurement

of, 250-251
iterative, of 4-terminal networks, 176-177
loudspeaker rating, 812, 874

blocked, 838
electrical, 837-838, 847-849, 856
free, 838
measurement source, 812, 874
motional, 838
standard, 874

matching in pentodes, definition, 160
maximum, determining parallel resem-

ance, 151-152
microphone electrical, 781
microphone nominal, 781, 782
microphone rating, standard for, 781
mismatching in filters, 186
of parallel combinations of L, C and

Ry 147-149
of parallel timed circuit, 149-152
of power supply, effect on a-f amplifiers,

535, 537, 574
of reactance and resistance in parallel,

graphical method, 149
of series combinations of L, C and Ry 144-147
of series-parallel combinations of L, C

and Ry 149-153
of two-terminal network, general pro-

cedure, 153
ratio of transformer, effect of losses on, 206
reactance and resistance

in parallel (chart), 1380-1381
in parallel (uble), 1380
in series (charts), 1384-1385
in series (table), 1382, 1383
in series or parallel, approximations

in, 1386
total effective plate supply per plate,

1165-1167, 1180
transmission lines, characteristic, 890-891
transmission lines, impedance-trans-

former action,
_

891-892
transmission lines, input, 892

ImpetUnce, resonant, of parallel timed
circuit, 411

Impedance, series, of tuned circuit, 409
Impedances, nerative stabilized, 389
Impregnation of coils, 477
Impulse, unit, as test for loudspeaker

transient response, 870

Incremental
.

change of voltage, 13
Index (indices), 255
Index of a logarithm, 256

Indicating instruments, 825
decibel meters, 825
noise meters, 827-829
power-level indicators, 825
power output meters, 825
sound level meters, 828
volume indicators, 823-824

Indoor aerials, 908
Induced grid noise, 939-940
Inductance, 140-144

Inductance, calculation of ((Hhapter 10) 429-449
flat spirals, 445-446
iron core, powdered, effect of, 1042
multilayer solenoids, 441-444

approximate formulae, 442-443
correction for insulation thickness, 442
current-sheet inductance, 441-442
design of multilayer coils, 443-444
effect of concentric screen, 444
universal coils, 444

mutual inductance, 446—448
references, 448-449
single layer coils or solenoids, 429-441

approximate formulae, 432
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Inductance, calculation of (continued)
current-sheet inductance, 429, 436-438

curves for, 436-438
design of single layer solenoids, 433-435
difference between L» and Lo, 435-437
effect of concentric screen, 438-441, 473
solenoid wound with spaced round

wires, 430
straight wire, 1287
toroidal coils, 445

Inductance, critical value of, with choke
input filter, 1182-1185

Inductance, grid input, 49-53
Inductance, ideal, 144
Inductance in a.c. circuits, 142-143
Inductance, mutual, 142
Inductance of composition resistors, 189
Inductance of iron-cored inductors, 242
measurement of, 250-251

Inductance of leads and electrodes, effect

of, 46, 50, 51, 53, 69, 930, 931, 932
Induaance of transformer primary,

a-f, 204, 207, 209
output, 212-214
variation with signal, 547

Inductance ratio of iron-cored inductors, 242
Inductance, units of.

Inductances in d.c. circuits.
Inductances in series and parallel.
Inductive circuits, impedance in.

Inductive circuits, power factor in.
Inductive circuits, power in.

Inductive reactance.
Inductive reactance, sigri of.

Inductive susceptance, sign of.

Inductor,
Inductor dynamic loudspeaker,
Inductor, clcctro-ma^ctic field due to,

Inductor, electromotive force induced in.

Inductor, figure of merit for.

Inductor, flux produced by,
Inductors, iron-cored,

design for choke-input filters,

design of liigh Q inductors,
design with d.c. flux,

Hanna’s method,
design with no d.c. flux,
flux density, maximum,
inductance, calculated,
inductance ratio,

length of magnetic path,
measurement of inductance

pedance,
permeability, effective,
permeability, incremental,
references,
resonant circuits, in,

see also under Magnetic circuit theory,
Transformers-

swinging choke, 249, 250, 1182
Inductors, radio frequency, design of

(Chapter 11), 450-480
intermediate-frequency windings, 453-459

air-cored coils, 453-454, 1041-1043
coupling, amount of, 458
direction of windings, 458
gear ratios for universsLl coils, 456-457, 1043
iron-cored coils, 454-455, 1041-1043
losses, 458
other ferromagnetic materials, 458-459
variable selectivity i-f transformers,

455-456, 1048-1050
see also under Transformers, i-f.

medium wave-band coils, 459-463
air-cored coils, 459-460
iron-cored coils, 460-461
matching, 462-463
permeability tuning, 461-462, 912, 913,

953, 1002, 1289
resonance solenoid design chart, 1386-1387

radio-frequency chokes, 474-475
other types, 475
pie-wound chokes, 474

rererences^ 478-480
aelf-capaacance of coils. 451-453

calculation for single layer solenoids,
451-452

1332
141
141
143
144
143
142
50
50
140
832
140
140
144
140

242-

253

249-

250
245-247

247-

249

248-

249

243-

245
243
242
242

242-243
im-

250-

251
242-243, 244
230, 243, 248

253
251.

and

Inductors, radio frequency (continued)
effcas of self-capacitance, 451
measurement of self-capacitance, 453

short-wave coils, 463—474
aerial primary windings, 474
design, 463-468
design charts, 466-473, 1386-1387
direction of windings, 474
matching, 468—471
resonance design chart, 1386-1387
self-capacitance, 472-474

tropic proofing, 476-478
baking, 476-477
flash-dipping, 477
general considerations, 476
impregnation, 477
materials, 477-478

Inequalities, 262

Infinite impedance detector—see under
Detectors, A-M reflex.

Infinite scries, 268-269
Infinity, definition, 261
Inflection, point of, 293, 508
Infrared rays, wavelengths of, 1363
Inharmonic distortion in loudspeakers, 870
Initial electron velocity of emission, 18
In-phase a-f amplifiers, 529
In-phasc gain cf push-pull amplifier, 528
Input admittance, components of, 51-53
Input admittance, converter signal grid,

970, 973, 976-978, 980-981

Input admittance, grid, 49-53, 113-117,
493-494, 927-934, 970-988

Input admittance, grid, due to
electron transit time, 50, 51, 930-932, 971,

975, 980, 985-986
grid-screen capacitance coupling, 53
plate-grid and ^id-cathode capacitance

coupling, 53
plate-grid capacitance coupling, 51-53,

493-494
Input admittance, short-circuit, 50-55

tests for, 113-117
Input admittance, valve, effeas of, 927-934
Input, antenna sensitivity test, deflation,

1297-1298
Input capacitance, change in, 927, 932-933

Input capacitance change with bias change,
value of cathode resistor for com-
pensation of, 56

Input capacitance, components of, 51
Input capacitance, grid, 49-53
Input capacitance of cathode follower, 323, 325
Input capacitance of pentode with feed-

back to screen, 345
Input capacitance, short-circuit, change

with iransconductance, 55

Input capacitances of pentodes, published
values, 56

Input circuit damping, 20, 70, 489, 1036, 1074,
1077-1078, 1084

Input circuit of network, definition, 160
Input conductance

converter signal grid, 976-978, 980-981,
982, 987-988

grid, 49-53
short-circuit, typical values of, 55
valve, at radio frequencies, 929-932

Input impedance of aerials, 904
Input impedance of reflex detector, 1085-1086
Input impedance, unloaded a-f trans-

former, 517
Input inductance, grid, 49-53
Input loading, valve, at radio frequencies,

928-934
minlDiizing by tapping down, 921

Input measurements on F-M receivers, 1316
Input power, peak grid. Class Bt, 590
Input reactance, grid.

Input resistance
cathode degenerative amplifler,
effect of feedback on,
grid,
grid, methods of increasing,
minimum grid. Class Bi,

49-53

.328
311-316
49-53

53
590



INDEX 1447

590
793

1314

1314

887
799

590

Input resistance (continued)
negative, instability due to, in Class B2

amplifier.
Input signal for pre-amplifiers, standard.
Input, standard mean signal, in F-M

receivers.

Input susceptance, converter signal
grid, 976-978

Input susceptance, grid, 49-53
Input voltage, standard, A-M, definition, 1297
Input voltages and powers in F-M re-

ceivers, standard.
Insertion loss of frequency dividing net-

works.
Insertion loss of mixers and faders.

Instability due to negative input resistance
of Class B2 amplifier.

Instability in A-M receivers, 1243-1244
Instability in F-M receivers, 1288-1289
Instability in r-f amplifiers, 942-944
Instability, low frequency, in F-M n;-

ceivers, tests for, 1319-1320
Instability of valve electrical characteris-

tics, 70
Insulating materials, properties of, 1372-1373
Insulation between valve electrodes, 69, 70, 73
Insulation heater to cathode, effect on

design, 81
Insulation resistance, interelectrode, tests

for, 73, 94

Integer, definition, 1400
Integral, 256, 294-298
Integral dual loudspeaker systems, 860
Integral triple, loudspeaker systems, 860
Integrals, definite, 296-298
Integrals, definite, average (r.m.s.) value

of sine wave. 298

Integrals, definite, average values by, 297-298
Integrals, indefinite 296
Integrating networks. 160
Integration, 294-298
Integration, areas by, 296
Integration, limits of, 296
Intensity, definition. 1400
Intensity of pressure, units of, 1330
Intensity, reference acoustical. 826
Intercommunicating systems. 867
Interference

co-channel, in F-M receivers, tests for,

1317-1318
in A-M receivers, reduction of, 1279-1280
masking, in F-M receivers, tests for, 1318
tests in A-M receivers, 1313-1314

Intermediate frequency, 964
Intermediate frequency, definition, 1400
Intermediate frequency transformers

—

see under Transformers, i-f.

Intermediate frequency windings, design
of, 453-459

Intermodulation, definition, 1400
difference frequency, 62
distortion, 611-616

comparison between methods, 616
difference frequency method, 613, 1322
effect of high frequency pre-emphasis

and de-emphasis, 616
equivalent single frequency power

output, 612
in amplifiers, 353, 1322
in loudspeakers, 871
individual sideband method, 613-614
Le Bel’s oscillographic method, 614-616
modulation method, peak sum, 614
modulation method, r.m.s. sum, 612
of r.c.c. triodes, 492-493
permissible, 613, 630-631
references, ..v.^33
relation with harmonic distortion,

612-613, 615
Williamson amplifier (A515 version), 347

production of spurious frequencies, 62
r-f, in A-M receivers, tests for, 1305
sum fr^uency, 62

Inter-station noise suppression, 1125-1130
Inverse functions, 276-277

Inversion gain of push-pull amplifier, 528
Inverted input a-f amplifiers, 325, 529
Inverted L aerials, 901, 902, 903-904, 907
Inverted T aerials.

Ion bombardment of cathode,
Ionic loudspeakers.
Ionization,
Ionization current
Ionization noise.
Ionized layers in atmosphere.
Ionosphere, effect on reception.
Ions, positive.
Iron-cored i-f coils, design of,

wave-band

907
3

831
3
19

783, 784
404, 901

901
3, 71

454-455,
1041-1043
coils,

460-461
Iron-cored medium

design of.

Iron cores in r-f inductors, 450, 470, 475, 1023,
1025, 1041, 1042, 1101

Iterative impedances of 4-terminal net-
works, 176-177

Iterative transfer constants, 176-177

J

) as operator, 283
j notation, 139, 283-284
Johnson noise—see under Noise, thermal

agitation.

Joule, 133, 1332, 1333

Kelvin temperature scale, 1334
Kilogram, measure of mass, 1332, 1333
Kilowatt hour, 133
Kinkless tetrodes, 8
Kirchhoff’s laws, 159, 160-161
Klipsch comer horn, 857-859

Labyrinth, acoustical, 850
Lacquer disc home recording, 701, 766-768
Ladder type attenuators, 796-797
Lamb noise silencer, 1130, 1131
Laminations for power transformers, 23^235,

240
Lamp characteristics, American panel, 1397
Lamp, tungsten, spectral energy curves, 1396
Lamps as control devices in volume ex-

panders, 685, 687-688
carbon filament, characteristics of, 685
tungsten filament, resistance charac-

teristic, 685
Lamps, dial, in a.c. d.c. receivers, 1266-1267
Lapel microphones, 780
Lateral recording, 701-774
Laws, in algebra, 265
Layer, ionized, in atmosphere, 404, 901
Layer winding, definition, 1401
Lead, definition, 1401
Leading voltage, current, 138
Leak amplifier, 600
Leakage current in valves, 19, 20, 51, 69, 70
Leakage currents in valves, tests for, 101, 102
Leakage currents of electrolytic con-

densers, 193
Leakage flux, 231
Leakage from any electrode \vith ripple

voltage to another electrode, hum
due to, 1196

Leakage, heater-cathode, hum due to,

81, 84, 540, 785, 1095, 1131, 1196, 1197
Leakage, heater-cathode, tests for, 73, 94, 123
Leakage inductance, 204, 207, 209, 210, 212,

217-219, 233
driver transformer, effect of, 590
output transformer

pentodes, effects of, 566
reduced tw bifilar winding, 594
triodes, effects of, 572-573

Leakage, valve, noise caused by, 784
Leaky grid detectors, 62, 1082-1084
Learned’s method of design of feedback

amplifiers, 365, 369-371
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Length, units of, 1329, 1332
Level control, L type, 889
Level, loudness, contours of, 826
Level, loudness, unit of, 826
Level, minimum perceptible change in, 807
Level, recorded, 702-703
Level, recorded, maximum instantaneous

programme peak, 702-703
Level, recorded, normal maximum, 703
Life, drift of characteristics during,

23-24, 70, 84, 530, 533
Life of condensers, service, 192
Life of valves, when to replace, 121
Life test, valve, end points, 88-89
Life tests, valve, 75, 85, 87-89
Life, ultimate electrical, of valve, 70
Life, working, of valves, 3, 70, 121
Light intensity, measure of, 1334
Light, spectral energy curves of sunlight

and tungsten lamp, 1396
Light, velocity of, 1396
Light, visibility curves of human eye, 1396
Light, wavelengths of, 404, 1363
Limen, 617-618
Limiters, amplitude, 1023, 1040, 1088, 1090,

1095, 1098, 1099, 1147-1150, 1296
A-M rejection by ratio detector, 1095-1096,

1103-1104
applications of, 1023, 1040, 1088, 1090,

1095, 1098, 1099, 1151
limiting by superregenerative detector, 1087
references, 1160
time constant of, 1148, 1149
typical circuits for F-M receivers, 1 149-1150

cascaded limiters, 1150
single stage, 1149

Limiters, noise peak, 694-698, 1130-1132
Limiters, output, 698-699
Limiters, peak, 681, 682-683
Limiters, volume, 681, 683
Limiting Class A amplifier, definition, 545, 572
Limiting ratings

—

se< under Valve ratings.
Limits m algebra, 265-266
Limits of integration, 296
Line, measure of flux, 1332, 1333
Line per square inch, 1332
Line voltage, definition, 1401
Line voltage fluctuations, 10
Line voltage operation, valve ratings for, 78, 79
Linear, definition, 1401
Linear elements in networks, 158, 948
1.inear equation, 279
Linear reflex detectors, definition, 1401
Linearity (transfer) characteristic of a-f

amplifiers, 587, 610, 611
321

418, 419
780
626
623

632, 834
1314
1329

I.ink,
Link coupling of tuned circuits.
Lip microphone.
Listener fatigue.
Listening levels, preferred.
Listening tests of loudspeakers,
Listening tests of receivers.
Litre, measure of volume,
Litz wire in coils, 450, 456, 466, 1042
Load, definition, 1401
Load impedance for pre-amplifiers, stan-

dard, 793
Load line, general, 24, 58

cathode, 2^30
cathode bias, r.c.c. triodes, 29-30, 486-487
composite, 576
curved, driver valve, 591
diode, 1075
elliptical, 30-34, 64, 213, 576
grid, 20
maximum signal dynamic, 551
screen, 513-514
screen and cathode combined, 515-516
shifted due to rectification, 551

lA>ad, loudspeaker, maximum output with, 881
Load, loudspeaker, on power/amplifiers,

546, 558, 566-567, 600-601, 881-882
Load, phase shift of, at low frequencies, 213
Load resistance

effect of change of, 43
matching of, with Class Ai triodes, 61
optimum with feedbadc, 311

Load resistance (continued)
power amplifiers, critical value of,

Class A pentode,
Class A triode, optimum,

r.c.c. pentode,
to give maximum gain,

r.c.c. triode.

Load, standard dummy, of receivers.

546
561

557-558
496
507
482
1299

Loading of input circuit by converter valve
admittance, 970, 973, 987-988

Loading of transformer-coupled a-f
amplifiers, 519

Loading, valve, effect of a.v.c. on, 971

Loading, valve, minimizing by tapping
down, 921

Locked oscillator—F-M detector. 1088,
1292-1293

1401
1418, 1419

268, 408, 424
267-268

280
1422-1423

1422
269

255-257

Locus, definition,
Logarithm tables.

Logarithmic decrement.
Logarithmic functions.
Logarithmic graph paper.
Log. scale interpolator,
Log. scales.

Logarithmic series.

Logarithms,
Loop aerials, 901, 904, 908, 921-922
Loop amplification, feedback, 356
Loop, feedback, 307, 336
Loss, copper, in power transformers, 235, 236
Loss, iron, in power transformers, 235
Loss, playback, 760
Loss, translation, 759, 770
Losses in transformers, relation between

copper and iron, 205
I.,oudness, 826-827

contours of equal loudness level, 826
definition, 1401
loudness directivity index, loudspeaker, 875
loudness efficiency rating, loudspeaker, 875
loudness units, 827
phon, unit of loudness level, 826
reference intensity, 826
reference pressure, 826, 828
reference velocity, 826
references, 830
relation between loudness and loudness

level, 827

Loudspeakers (Chapter 20), 831-879
acoustical data, summary of, 871-874

definitions, 871-872
electrical, mechanical and acoustical

equivalents, 872
musical scales, 873-874
pitch, international standard, 874
velocity and wavelength of sound, 872

baffles and enclosures, 842-851
acoustical labyrinth, 850
acoustical phase inverter (vented

baffle), 845-850
combination horn and phase in-

verter for personal radio re-
ceivers, 859

matched vented baffles, 847-849
equivalent electrical circuit, 848-849
flat frequency response, design

for, 849
impedance characteristic, elec-

trical, 847-849
special types of, 1489

unmatched vented baffles, 849-850
adjustable vent area, 849

enclosed cabinet, 843-845
acoustical damping to eliminate

standing waves, 843-845, 849
bass attenuation with, 844-845
critical damping, effects, of, 844-845
damping, 841, 844-845
equivalent electrical circuit, 844r-845
standing waves, in, 843

exterior of cabinet, design of, 850
flat baffles, 842
damping with, 833, S4iO-S42
dip In response with, 842
impedance characteristic with 837-838,

848
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Loudspeakert (continued)
irregular shape, 842
off-centre mounting, 842

open back cabinets, 842-843

fak in response, 843
loudspeaker, 850

bass reflex—see under Acoustical
phase inverter.

diaiMeristics, 833-834
colour codes for, 1343
cone movement, amplitude of, 834
damping. 833, 840-842, 844-845, 856

critical, 833, 840-841, 844-845
critical, definition, 840
effect on transient response, 833
electro-dynamic, enclosed cabinet,

841 844—845
electro-dynamic, flat baffle, 833, 840-842

electro-magnetic damping, 840
O of loudspeaker at bass resonance, 841

feedback of voltage, prc^rtional to
velocity of cone, »i41-842

source impedance, effect of zero or
negative, 841

deflectors, 839
diffusing lenses, 839, 858

direct radiator loudspeakers, •831-851,
860-864

condenser, 832
electro-dynamic (moving coil),

831, 833-851, 860-864
electro-magnetic, 831-832

balanced armature, 831-832
inductor dynamic, 832
reed armature, 831-832

piezo-electric (crystal), 832
direct radiators, definition, 831
directional characteristics, 834, 839-840, 856
directivity index, 875
distortion, 854-855, 868-871

cross-over, 856, 860^61, 868 p
frequency modulation, 855, 869
horn loudspeakers, occurring in, 854-855
inharmonic, 870
intermodulation, 871
non-linear, 836, 855, 868
phase shift characteristics, 838, 870
selective, below bass resonant fre-

quency, 600-601, 868
sub-harmonics and sub-frequencies, 871
transient, 833, 869-871

effect of other characteristics on, 869-870
testing for, 870-871

decay characteristic (Shorter’s
method) 870-871

square wave, 870
tone burst, 870
unit impulse, 870

dual and triple system loudspeakers, 860-861
choice of cross-over frequency, 860-861
co-axial and co-planar mounting, 860
compromise arrangements, 861
frequency dividing networks, 860, 887-889
integral dual systems, 860
inteml triple systems, 860
ovenap region, 856, 861

distortion in, 856, 860-861, 868
effects of unequal acoustical paths, 861

phasing of, 860
efficiency, 839, 854-855, 860
efficiency in terms of acoustical power,

875-876
electro-dynamic (moving coil), charac-

teristics of, 833-842
cone movement, amplitude of, 834
cones, practical, 834, 835-836, 839
corrugations in cones, 835-839
damping. 833, 840-842

critical, 833, 840-841
effect on transient response, 833

deflector for, 839
diffusing lens, 839
directional characteristics, 834, 839-840
duode, 837
efficiency, 839

elcctro-acoustical, 839
electro-mechanical, 839
maximum, frequency of, 839

Loudspeakers (continued)
equivalent electrical circuit, low fre-

quencies, 838
equivalent electrical series circuit, 839
frequency response, 833, 838

peaks in, 833, 834
hum bucking coil, 840
impedance, blocked, 838
impedance charaaerisiic, electrical,

837-838
impedance, free, 838
impedance, motional, 838
magnetic flux, effect on damping,

831, 840, 841
magnetic flux, effect on efficiency, 831, 840
magnetic flux, optimum for frequency

response, 840
magnets, types of, 831, 840
phase characteristic, 838
power output, maximum, 836
radiation resistance of piston, 835
resonant frequency, bass, 836, 837-841,

844-845, 848-849
rigid (piston) cone in infinite baffle, 835
source impedance, effect of, 833

special constructions for wide fre-

quency range, 836-837
double coil, double cone, 837
double coil, single cone, 836-837
multiple single coil, single cone, 836
single coil, double cone, 836

suspension, cone, 835-836
compliance, 836
non-linear, 836
resistance, mechanical, 836
spider (centre mounting), 835
stiffness, 836
stiffness-control by, 836
surround, annular, 835-836

equivalent circuits, 838, 839, 844-^5,
848—849

feedbadc of voltage proportional to
velocity of cone, circuit to give, 841-842

frequency response, 833, 838, 854-8 '5, 860
peaks in, 833, 834, 860-861

good qualities of, 834
grilles (grille cloth), 835
headphones (telephone receivers), 832-833

crystal, 833
inductor, 833
magnetic diaphragm 832

correction, circuit for, 833
mov^ armature, 833
moving coil, 833
ribbon, 833

horn, definition, 831
horns, 831, 832, 851-861

catenoidal, 854
combination horn and phase inverter

for personal radio receivers, 859
conical, 851, 854
comer, 856

I^psch, 857-859

damping and transients, 856
diwhragm and throat, 854-855
dinming lenses, use of, 858
directional characteristics, 856
distortion due to

frequency modulation, 855
sound chamber, 855
suspension, non-linear, 855
throat, 854-855

driving units, 855
efficiency, 855, 860
efficiency and frequency range, re-

lation between, 854-855
exponential, 851-853, 854

dimensions of, 852, 853
flare cut-off frequency, 852
flaring constant, 851, 852
minimum useful frequency, design
on basis of, 852-853

folded, 856-859
concentric, 856-857
low frequency, 856-858
reflex, directicmal, 856-857, 867
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Loudspeakers (continued)
ft^uency limitations, 854
highofrec^uency, 857-859
hyperbolic cosine, 854
hsrperbolic exponential, 853-854
hypcx, 853-854
impediunce, electrical, 856
multi-cellular construction, 858
public-address, use in open air, 867
rooms, use in, 856
sound chamber, 854-855

impedance characteristics, electrical,

837-838. 847-849, 856
impedance, standard for sound systems, 874
in operation, 861-867

acoustical feedback, avoidance of,. 866
acoustics of rooms, 864-865
background music in factories, 867

eflfi^ of noise level, 867
extension loudspeakers, 883-886
loudspeaker t4accment, 865-867
multiple loudspeakers, 867, 882-883
Haas eflect, 867
time delay in, 866

operation at long distances from
amf^ifier, 886

power required, indoors, 863-864
absorption coefficient, 863
chart—acoustical power to produce

intensity 80 db v’s room volume,
863, 864

reverberation time, 863-864
power required, outdoor, 861-863, 866, 867

chart-intensity v’s watts output at

specified distances, 862
public address, open air, 867
sound reinforcing systems, 866-867
sound systems (constant line v<Htage),

874, 883
stereophonic reproduction, 865-866

pseudo stereophonic effect, 866
intercommunicating systems, 867
ionic, 831
line source, 866-867
loudness directivity index, 875
loudness efficiency rating, 875

854
Loudspeakers (continued)

loudspeaker impedance. 874
857-859 loudspeaker loudness directivity

854 index. 875
853-854 loudspe^er loudness efficiency

853-854 rating, 875
856 loudspeaker measurement source
858 impedance, 812, 874
867 loudspeaker output eimressed in
856 decibels, in terms of acoustical

854-855 pressure. 812

loudspeaker load with power amplifiers,

558, 566-567, 600-601, 881-882
magnetic flux, effect on damping,

831, 840, 841
magnetic flux, effect on efficiency, 831, 840
magnetic flux, optimum for frequency

response, 840
magnets, types of, 831, 840

elecuomagnet, 831, 840
permanent magnet, 831, 840

matching, 880-882
matching Class A triodes, 881
matching pentodes, 881-882
metal cone, 836
network between power valve and loud-

spe^er, 880-889
optimum plate resistance, 880-881
output expressed in decibels, in terms

of acoustical pressure, 812
power rating from standard distribu-

tion lines, 874
pressure-frequency response (pressure

level), 875
pressure rating, 812, 862, 874
raring impedance, 812, 874
references, 876-879
references to matching, extension loud-

speakers and divider netwoiks, 889
reflections in rooms, effect of, 833, 841,

864-865
room resonances, 841, 864-865
sound system rating, 812-813
sound impedance, effect of, 833, 840-841,

844-845, 848-849
source impedance, effect of ' zero or

negative, 841
source impedance, measurement, 812, 874
standards for lou^peakers, 874-876
sound cquipinent, 874-876

loudspeaker directivity index, 875
loudspeaker efficiency in terms of

acoustical power, 875-876

loudspeaker power racing from
standard distribution lines, 874

loudspeaker pressure-frequency
response (pressure level), 875

loudspeaker pressure rating (pres-
sure efficiency), 812, 862, 3 74

loudspeaker ratmg impedance, 812, 3 74
loudspeaker standard test signals,

874-875
voice coil impedance for radio re-

ceivers, 874
voice coil impedance for sound

eouipment, 883
tests, listening, 632, 834
throttled air flow, 832
tweeter, 832, 866-861
types of, 831
vented baffle—see under Baffles and

enclosures.
vibration of walls etc., effects of, 864
voice coil impedance for radio re-

ceivers, standard, 874
Low level, definition, 1401
Low-pass filter, definition, 172, 1401
Lumen, 1334
Luminous flux, unit of, 1334
Lux (metre candle), 1334

M
M.K.S. system, 1331, 1332
Madaurin’s series, 299
Magic ^e tuning indicators. 1132-1136
Magnetic and electric fields of wave,

relation between, 867
Magnetic and electrical units, 1331-1333
Mametic circuit theory, 229-233
ur loadline, 232
BH characteristics, 230
coercive force, 231
flux density, 229
flux, lines of, 229
frin^g, 231
fundamental magnetic relationships, 229-231
hysteresis loop, 230
hysteresis loss, 230
leakage flux, 231
length of magnetic path, 242-243
magnetic circuit, 231-232
magnetic units and conversion factors,

232-233

magnetization curve, normal, 231
magnetomotive force, 229
permeability, 230
permeability, average, 231
permeability, effective, 242-243, 244
permeability incremental, 230, 243, 248
potential difference, magnetic, 231-232
reluctance, 229
remanence, 230
remanent flux density, 230
residual flux densi^, 230
see also under Transformers ; Inductors,

iron-cored.

Magnetic field, cner^ stored in, 141
Magnetic field of coil, kinetic energy of, 407
Magnetic field of radiated electromagnetic

wtergy^ 404
Magnetic field set up by inductor, 140
Magnetic field, valves used in, hum due

to, 785, 786, 788, 1 198
Magnetic recording, 701
Magnetic units, 232-233
Magnetization curve, normal, 231
Magnetizing current in power trans-

formers, 235
Magnetizing force, measure of, 1332
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Magnetcwnotive force, 229
Magnetomotive force, measure of, 1332

Magnets, types of, in loudspeakers, 831-840
Magnification factor, 144, 409, 424, 425

see also under Q factor.

Magnitude of complex quantity, absolute, 140
Mains filters, 475, 1279-1280
Mains operation, valve ratings for, 78, 79
Mains ventage fluctuations, 10
Mantissa, 256
Manual, definition, 1401
Marconiphone Model 12A pickup, 719

Masking effect of noise, 620-621, 625, 629, 679
Masking interference in F-M receivers,

tests for, 1318
Mass, units of, 1329, 1332
Matching and effects of mismatching, push-

ful!
pentodes, 584
triodes, 580-582

Matching generator to load, section of
transmission line for, 892

Matching, impedance, in networks,
definition, 160

Matching loudspeakers, 880-882
Matching of load with Class Ai power

triode,
. 61

Matching of medium wave-band coils, 462-463
Matching of short-wave coils, 468-471
Materials, ferromagnetic, 458-459
Materials for tropic-proofing coils, 477-478
Materials, properties of, 1372-1376
Mathematical sims, 1366
Mathematics (Chapter 6), 254-305
Maximal flatness feedback amplifiers,

367, 378, 382-385
Maximum grid circuit resistance—see

under Grid circuit resistance.

Maximum negative grid currents of
valves, 101-102

Maximum output (in receivers) definition, 1498
Maximum power output, distortionless

valve, 46, 60-61
Maximum power transfer theorem, 165
Maximum ratings, valve, 9, 75-80

absolute maximum system, 9, 77
design-centre system, 9, 77-80
see aJsa Valve ratings.

Maximum signal, definition, 1401

Maximum undistorted power output,
definition, 1298, 1315, 1401

Maximum value of function, conditions
for. 292

Maxwell, 229, 1332, 1333
Mayras method of designing feedback

amplifiers with flat frequency res-

ponse, 379-382
McIntosh amplifier, 544, 594-596
MeProud test of pickup and arm, 715
Mean frequency, geometrical, 1.30

Mean geometrical progression (geometrical
mean), 266—267, 272

Mean proportional, 272
Measurements—see under Tests and

measurements.
Medium of transmission of a wave, 403
Medium wave-band coils, design of, 459-463
Medium wave-band coils, matching of, 462-463
Mercury, pressure due to, 1330
Mercury vapour rectifiers, 1161, 1164, 1165

Mesh, definition, 159
Metallized paper dielectric condensers, 195
Meters for testing receivers, 1300
Metre, measure of length, 1329, 1332, 1333
Metric ton, 1329
Mho, 1332, 1333
Mho per centimetre cube, 1332
Mica dielectric condensers, 196
Mica, silvered, condensers, 196
Microgroovc recording, 701
Micron* measure of length, 1329
Microphones, 775—782

carbon, 775, 777-778
ceramic piezo-elearic, 779
condenser, 778
crystal, 775, 778-779

Microphones (continued)
crysul, optimum load for 788
definition, 7gl
directional charaaeristics, 779-780

bi-directional, 779, 780
cardioid, 780
non-directional, 780
poly-directional, 780
uni-directional, 780

directional pattern, standard Icr, 781
effective output level, 776
equalization of, 781
field response, definition, 781
impedance, electrical. 781
impedance, nominal, 781, 782
lapel, 780
lip, 780
moving coil (dynamic), 775, 779
output expressed in decibels, 808-810
output voltage and sound pressure,

relation between, 775
pre-amplifiers, for use with, 788-793
pressure gradient, 775
pressure operated types, 775
pressure ribbon, 775, 779
rating impedance, 781, 809
ratings, 776-777

power. 776
relationship between voltage and

power, 776-777
system rating, R.M.A., 776, 809-810,

812-813
typical, 777
voltage, 776
volume units, 776

references, 804
sound pressure with conversational

speech, 775
standards for, 781-782
throat, 780
transformers, 781
velocity operated types, 775
velocity ribbon, 775, 779

Microphonic, definition, 1401

Microphony
in a-f amplifiers, tests for, 1311, 1324
in receivers, tests for, 1311, 1312
in valves, 73, 84, 786, 957-959, 1241-1242
in valves, tests for, 74, 107, 113, 121
other than valves, 1241-1243, 1250-1251,

1253, 1256, 1311
Mil, measure of length, 1329
Miller effect, 51, 52, 70, 493-494, 512, 598,

923, 1062, 1157
Minimum value of function, conditions

for, 292
Minimum volume effect in reflex re-

ceivers, 1141, 1142
Mirror image, definition, 1401
Mistuning in F-M receivers, tests for, 1320
Mixed coupling in i-f transformers,

1025, 1044-1048
Mixer, definition, 1401
Aiixcrs and faders, 798-805

constant impedance mixers 801-804
bridge type, 802
choice of mixer circuit, 803
coil mixing, 802
parallel type, 801-802
precautions with studio type mixing

systems, ^3-804
series type, 802
series-parallel type, 802

electronic fader mixer using 6BE6, 797-798
fader, definition, 799
insertion loss of, 799
mixing, definition, 799
non-constant impedance, 798-801
common plate load method, 799-800
control of volume with, 800-801
parallel network mixer, 799
scries network mixer, 799
series network mixer, modified, 799

references, 805
Mixers, operation of frequency converters

and, 962-1001, 1017-1019
Modulation, anti-, bass frequency, 1116
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Modulation) definition, 1401
Modulation distonion, cross, 945, 1114
Modulation, downward, in F-M receivers,

tests for, 1320

Modulation envelope distortion, 944-945

Modulation hum, 1198, 1199, 1239-1241, 1267,
1268, 1290, 1309, 1314

Modulation of electron stream by magnetic
field of filament, hum due to, 1196, 1197

Modulation of groove in recording, 702
Modulation percentage applied to detector 1078
Modulation ratio, entieu, in diode de-

tectors, 1076-1077, 1081

Modulation, reduction in percentage, in
reflex receivers, 1143

Modulation rise in i-f amplifiers, 1112, 1114,
1117, 1118, 1232

Modulation, standard test, in F-M re-

ceivers, 1314
Modulation systems as d-c amplifiers, 532
Modulation, svstems of, 405-406
Modtilator valve (mixer), 962
Modulus of complex quantity, 140, 285
Molecules, 1

Monaural, definition, 1401
Monkey chatter, 1303-1304, 1305
Motort^ting, definition, 1401
Motorboating in a-f amplifiers, 535, 537
Mounting position for valves, 4, 80
Mov^ coil (dynamic) microphones, 775, 779
Moving coil loudspeakers, 831, 833-851,

860-864
Mu-faaor, definition, 14
Mu-factor, plate to screen, 35-36
Mu-factor, screen to control grid, 35
Mu-factors, interelectrode, 73
Multi-cellular horns, 858
Multi-grid valves as r.c.c. amplifiers, 516
Multi-grid valves in volume expanders,

685, 691-692

Multi-grid valves, power. Class A, 560-570
Multi-stage voltage amplifiers, 541
Multiple channel amplifiers for tone

control, 673-674, 676

Multiple feedback system, 365, 374-378
Multiple loop feedt^ck amplifiers, 375
Multiple loudspeakers, 867, 882-883
Multiples and sub-multiples, 1405
Multiplication, 260
Multipliers, 1363
Music and acoustics, references, 634
Music in factories, backgroimd, 867
Musical scales, 873-874
Muting (Q.A.V.C.), 1125-1130
bias^ diode systems, 1125-1126
circuits used with F-M receivers, 1 128-1130
inoperative audio amplifier, 1126-1128
inferences, 1139

Mutual characteristics, 17-18

Mutual charaaeristics, shift during life, 23-24

Mutual conductance, definition, 14
ste also Transconductance grid-plate.

Mutual conductance, graphical determina-
tion. 15, 16, 17

Mutual conductance of r.c.c. pentodes,
506, 507-508, 511

Mutual conductance of r.c.c. triodes, 493

Mutual conductance, tests for, 74, 103-104,
113, 123, 124

Mutual conductance, triode, of pentode, 34

Mutual inductance, 142

Mutual inductance, calculation of, 446-448

Mutual inductance coupling in aeriar

stages, 916-920
Mutual inductance coupling in i-f trans-

formers, 1023, 1025-1041, 1046, 1040-1050
Mutual inductance, coupling of tuned cir-

cuits by, 417
Mutual inductive coupling in r-f ampli-

fiers, 922-923
Mutual inductive coupling, tuned cir-

cuits, 418, 419

N
Nagaoka’s constant. 430
Naperian system of logarithms. 267
Natural resonant frequency. 407, 408, 424
Nautical mile. 1329

Needle talk (chatter), 714, 718,
Needles

fibre.

719, 760, 762

710
semi-permanent. 709
steel. 709, 711
thorn. 710
trailing,

se$ also under Stylus.
711, 726

Negative feedback—see under Feedback.

Negative grid current—see under Grid
current, negative.

Negative impedances, stabilized. 389

Negative transconductance oscillator, 953-954
Negative transconductance to provide bass

boosting. 648
Nepers, 825-826
Network, definition. 1401
Network, resistive, procedure with, 133

Networks (Chapter 4), 128-198
Networks, theory of. 158-171

active, definition. 160
between power valve and loudspeaker,

880-889
characteristic impedance of, 179
corrective, in fe^back amplifiers, 371
definitions, 159
differentiating and integrating, 160
four terminal, 166-167

bridged T section, 166-167
definition, 159
equivalent T and /7 sections, 167
image attenuation constant, 178, 179
image impedances, 177-179
image phiue constant, 178, 179
image transfer constant, 177-179
iterative impedances, 176-177
iterative transfer constant, 176-177
lattice section, 166, 167
77 section, 166, 167
T section, 166, 167

frequency dividing, 184-185, 860, 887-889
impedance matchmg, definition, 160
input circuit, definition, 160
input impedance of passive network, 169
Kirchhoff’s laws, 159, 160-161
minimum phase shift, 359, 374
multi-mesh, 167-170

flat, 167
mesh eq^uations, 167-169
mutual impedances, 167, 168
mutual inductance, 168, 169
self-impedance, 168

non-linear components in, 158, 170
non-linear elements in, 158, 170
Norton’s theorem, 165
Ohm’s law, 130, 131, 158
output circuit, definition, 160
par^lel combinations of L, C and /?, 147-149
parallel T, 176, 647, 651, 657, 675-676,

737-738, 745-749
passive, definition, 160
phase shift, 170
phase-shifting, in feedback line, 378
potential dividers, 161-164
problems, hints on solution, 159
references to, 171
series combinations of L, C and 144-147
series-parallel combinations of L, C and

R, 149-153
symmetrical, 179
Thevenin’s theorem, 164
transfer impedance of 4-terminal net-

work, 169
transients in, 171
two-terminal, definition, 159
two-terminal, general procedure to de-

termine impedance, 153
valve, general case, 64
Wheeler, 368, 377
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Neutralization, definition, 1401
Neutralizing,

effect on input capacitance, 1063
hum neutralizing, 539, 785, 1200-1201, 1239
in converters, 959, 969, 970, 975-977. 978,

992, 1000, 1001
in i-f amplifiers, 1065-1067, 1291
in reflex receivers, 1145

Neutron, Z
Newton, measure of force, 1332, 1333

Node, definition. 1401
Noise

audibility tests of receivers, 1310-1311, 1319
background, effect of volume expansion

on, 679, 763
circuit, 782-783
current noise, 783
current, of resistors, 190
diode, 1308, 1309
effect of feedback on, 309-310, ?15, 316
effect on sound reproduction, 624-625
equivalent noise resistance of valves,

783-784, 937-938, 967-968, 972-973,
978, 984, 1230

equivalent noise sideband input, 1307
factor, 1262, 1307-1309
factor of grounded-grid stage, 925
flicker effect, 783
impulse, effect on F-M receivers, 1148
in cathode followers, 327
in converters, 967-968, 972-973, 978, 984
in high fidelity reproduction, per-

missible, 630
in pre-amplifiers, 782-784
in receivers, 694-699, 1108, 1114, 1118,

1119, 1130-1132, 1229-1234, 1262, 1307-
1309,

a.v.c. and noise, 1108, 1114, 1118, 1119
1229-1234

measurement of, 1262, 1307-1309
noise limiting, 694-699, 1130-1132
tests for, 1307-1309
see also under individual stages

(amplifier, r-f, etc.)-

in superregenerative deteaors, 1087
induced grid, 939-940
inter-station noise suppression, 1125-1130
ionization, 783, 784
level, definition, 829
level in amplifier output, permissible, 625
level in amplifiers, measurement of, 1324
level in factories, effect on music, 867
level, weighted, standard, 829
low noise input stage, cathode follower

as, 789-790
low noise valve types, 786-788
man-made, reduaion of, 1279-1280
masking, effea of, 620, 621, 625, 679
masking of speech by, 629
measurement of sound level and noise,

827-830, 1324
acoustical noise, 827
elearical noise, 827
noise in amplifiers, measurement of,

829-830, 1324
broadcast systems, 829
sound equipment, 829, 1324

noise in receivers, measurement of,

1262, 1307-1309
objeaive noise meter, 828
radio noise, measurement of, 829-830

radio noise meter, 829-830
references, 830
sound level meter, American stan-

dard, 828
sound levels, typical—table, 828-829
weighting network, 827-828

noise audibility, test for, 1310-1311, 1319
noise bandwidth, 936
noise current, 935
noise faaor, 925, 1262, 1307-1309
noise-power output, average, 935
noise voltage, r.m.s., 935-942
of resistors. 189-190, 783, 1345, 1356
partition, in converters, 972, 984
partition, in pentodes, 783

Noise (continued)
peak limiters, 694-699

see also under Noise limiting in re-
ceivers.

random, 704, 782, 935-942
reduaion in A-M receivers, 1279-1280
reduaion in record reproduaion, 763-765
references, 634, 804-805, 945-946
resisunce fluctuation noise of resistors, 190
room, 620-621, 625
shot effea, 783, 787, 936-938, 1230
signal to noise ratio,

definition, for audio facilities for
broadcasting systems, 829

in receivers, tests for input to give
specified signal to noise ratio, 1302, 1303

in record reproduaion, 704-705, 766, 770
in reflex receivers, 1146
maximum possible in microphone

pre-amplifiers, 788
standard, in pre-amplifiers, for

broadcasting, 793
with crystal microphones, 788

suppressor, Olson, 763
suppressor. Price balanced clipper, 765
suppressor, Scott dynamic, 764
surface (needle scratch) and dynamic

range in record reproduction, 704-705
763-765

thermal agitation, 4, 189-190, 782, 788,
935-936

total noise calculations, 940-942
valve, 4, 70, 73, 81, 782, 783, 784, 788,

935-942, 967-968
tests for, 74, 107, 113, 124

valve leakage, 784
white, 619

Noise limiting in receivers, 694-699, 1130-1132
Lamb silencer, 1130, 1131
noise limiter, automatic threshold con-

trol, 695, 1131-1132
noise limiter, degenerative, 698
noise limiter, other types, 694-697
noise limiter, series diode, 694—696, 1131
noise limiter, shunt diode, 697, 1131
output limiters, 694, 698-699
references, 699-700, 1139

Non-linear, definition, 1401
Non-linear elements in networks, 158, 170, 948
Non-linearity in valves, 61, 948, 1164
Non-synchronous vibrators, 1202-1203
Norton’s theorem, 165
Nucleus of atom, 1

Null point indicator using electron ray
tuning indicator, 1134-1135

Numbering systems for valves, 10-12
Numerator, definition, 1401
Numerical values, 1406
Nyquist criterion of stability, 356, 375
Nyquist diagram, 338, 339, 356-359, 366, 375

Oaal sockets, use of pin No. 1, 81
Octaves and decibels, calculations in-

volving, 637-638
Oaaves, decades and frequency ratio

(table) 368
Oaode, 92
Oersted, 1332, 1333
Ohm, 1332, 1333
Ohm-centimetre, 1332
Ohm’s law, 130, 131
Ohm’s law in network analysis, 158
Olson noise suppressor, 763
On (and off) contact time in vibrators, 1 205
Open back cabinet, 842-843
Open-circuit, definition, 1401
Open-circuited electrodes, tests for,

73, 91-93, 123
Operating conditions, effea of change in, 42-44
Gyrating conditions for valves, typical, 80
O^ration of valves, recommended, 80-84
Operator, j as, 283
Operator, trigonometrical, 286, 287
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Operators, symbols, 1364
Optical methods of testing frequency test

records, 752-753
Orchestra level, maximum, 623
Orchestra, p>Mk acoustical power of, 623
Order, dchnitioo, 1401
Ordinate, 279
Orienting a>f transformers to give least

hum pickup, 785
Orthacoustic recording characteristic, 730-731

Oscillation, conditions for maintenance
of, 949-954

Oscillation due to instability, 943-944

Oscillation, parasitic, 316, 345, 365, 547, 562,
572, 582, 585, 587-588, 590, 952-953,

959, 1283
Oscillation, unstable, <>58-959
Oscillations, damped, 408, 424

Oscillators, general (Chapter 24) 947-961
beat frequency oscillators, 954, 960-961, 1263
Class A, B and C, 954
Colpitts, 952-953, 1290
conditions for maintenance of oscilla-

tion, 949-954
clcciron-couplcd, 953, 954, 958
factor of merit for oscillator valve, 950
feedback winding for good tracking, 1004
flutter, 955, 958
frequency stabilization, 957-958, 1289
frequency variation, causes of, 950, 955-956

at high frequencies, 968
due to changes in supply voltage,

949, 953, 955
due to oscillator harmonics, 956
due to temperature and humidity

changes, 955-956
frequency variation in converter os-

allators due to a.v.c. 963, 993-994
grid current, test for, 74, 111-112
harmonic operation of (harmonic mix-

ing\ 958, 964-966, 991 , 994-996, 1000,
1001, 1289

Hanley, 112, 951-952, 967, 1290
m superhet. receivers, comments on,

1244-1248
m superhet, receivers, requirements for, 954
iniriniuctum, 947—948
1,/C ratio of. 957
lotted oscillator F-M detector, 1088,

1292-1293
negative transconductance, 953-954
oscillator section of converter valves, 968

driven, 109
self-cxcited, 108-109

parasitic oscillations, 952, 953, 959, 1290
performance, tests for, 111-112
practical design, methods used in, 959-960
Q of circuit, 957
radiation from, in F-M receivers,

measurement of, 1311, 1320
references, 961
squegging, 958
tapping down on coil for stability, 957
tcmi>eralurc compcns.ation, J96, 956, 957,

1041
test circuit, Boonton, 112
tests for twcillator characteristics, 111-113
transconductance, phase shift of, 968
transconductance, test for, 74
tuned-grid, 950-951, 952
tuned-plate, 949-950, 951, 952, 994
tuned-plate operation of frequency con-

verters. 994, 1248
tuning capacitor plates, vibration of, 958-959
types of circuits, 947, 949-954
unstable oscillation, 958-959

Oscillatory transient response in feedback
amplifiers, 365, 367, 382, 386

Output admittance, short-circuit, 50-55
Output admittance, short circuit, test for, 117
Output capacitance of cathode follower,

323-324, 325
Output circuit of network, definition, 160
Output circuit of push-pull a-f voltage

amplifiers, 527-528
Output impedance of cathode follower, 320

Output level for pre-amplifiers, standard, 793
Output limiters, 698-699
Output, maximum, in receivers, defini-

tion, 1482
Output, normal (standard) teat, defini-

tion, 1298, 1315
Output power,

graphical determination of, 549
maximum undistorted, definitions,

1298, 1315. 1482
maximum undistorted, tests for, 1306, 1.318
of a-f amplifiers, tests for, 74, 105-106, 124,

1323
of distortionless valve, 46, 59, 60-61
of receivers, tests for, 1300, 1316
power-measuring device, 1299

Output power and distortion
pentode, single, 561, 563-565
push-pull pentodes, 583-584
push-pull thodcs, 577-579

Class Bt, 588-590
triode, single, 548-554
vs. load resistance, triode, 558
beam power amplifier, 570

Output power and plate dissipation.
Class Bt, 589

Output resistance, effect of zero or ne-
gative, on loudspeakers, 841

Output resistance of amplifier with feed-
back, 310-311, 313, 314

Output stage, definition, 1401
Output transformers—ste under Trans-

formers, a-f.

Output voltage and distortion
r.c.c. pentode, 510-511
r.c.c. triode, 491-493
transformer coupled a-f amplifiers, 518-519

Over-coupled i-f transformers, 1031-1034
Overlap region with dual system loud-

speakers, 856, 861
Overloading characteristics
power amplifiers, 560, 563
reflex receivers, 1141, 1142, 1146

Overloading, effect of bass boosting on, 640
Overmodulation in recording, 729
Overtones, 92

Pad, 794, 888
Padded signal circuits, 1013-1017
Padder condenser, 1003-1004, 1010-1017
Padder f^cedback, 1001, 1247
Paper dielectric condensers, 194-195
Paper dielectric condensers, metallized, 195
Parabola, 274
Parabola, equation to, 280
Parallel Class A amplifiers, 570-571
Parallel combinations of L, C and R, 147-149
Parallel, condensers in, 135
Parallel connection of batteries (cells), 129
Parallel, definition, 1401
Parallel-feed in transformer-coupled a-f

amplifiers, 519, 520, 645, 650
Parallel impedance, conversion from

scries to, 157-158
Parallel, inductances in, 141
Parallelogram, 273
Parallel operation of rectifiers, 1165
Parallel, reactance and resistance in, 1380-1381
Parallel, resistances in, 132-133

graphical method, 1 32
Parallel resonance, 150-153, 410-411, 424-425

determined by maximum impedance, 151-152
determined by unity power factor, 1 50

Parallel resonant frequency, 410
Parallcl-T network, 176,647, 651,657,

675-676, 737-738, 745-749
Parallel tuned circuit, impedance of, 149-152
Parameter, 281
Parameter, definition, 1401
Paraphase bass-treble tone control, 665
Paraphase, floating, 524-525, 534
Paraphase inverter, 524-526
Parasitic oscillation, 316, 345, 365, 547, 562,

572, 582, 585, 587-588, 590, 952. 953, 959,
1283
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Parry cathamplifier, 586
Partial difTerentials, 293-294
Panial differentials, valve coefficients as, 64-65
Partial triode operation of pentodes, 570, 587
Partition noise in converters, 972, 984
Partition noise in pentodes, 783
Pass band of filter, 180
Patchett tone control, 667-668
Peak acoustical power of orchestra, 623
Peak cathode current, maximum, 75
Peak clipping, effect on intelligibility of

speech, 629

Peak inverse voltage, maximum, 75
Peak inverse voltage of rectifiers, curves, 1177
Peak limiters, 681, 682-683
Peak limiters, noise, 694-698

Peak-reading voltage and current indicators, 1 19
Peak response of transformer-coupled a-f

amplifier at high frequencies, 209, 518

Peaks at high and low frequencies in feed-
back amplifiers, 336, 359, 378-379, 383

Pentagrid converters, 8, 961-1001

Pentagrids in volume expanders etc.,

685, 688-689
Pentodes, general, 7-8

amplification factor,

plate to screen, 35-36
screen to control grid, 35
triode, 35-36

capacitances, input,
published values, 56
with feedback to screen, 345

cathode follower, use as, 324
characteristics at low plate currents, 65
characteristics, cathode current, 16-17
characteristics, specific tests for, 101-108
mutual conductance, triode, 34
operation at low screen voltage, 84
partition noise, 783
phase splitter, use as, 524
plate detectors, 508, 1084-1085
plate resistance, triode, 36
power, general, 8

ideal, 561
load resistance, 561
matching to loudspeaker, 881-882
operating conditions, 561-563
panial triode operation of, 570, 587
push-pull. Class A, ABi, 583-587
quiescent push-pull, 592-593
ratio plate /screen currents, 562
shunt filter across load, 567, 636
si^le Class A, 560-570
tri(^e operation of, 547

pre-amplifiers, use in, 783-786
hum with, 786
low noise types, 786-787
noise resistance values, r.c.c. 783-784
triode operation with screen as

anode, 785, 787
remote cut-off, 8, 516, 945
remote cut-off, in volume expanders,

684, 688-689
resistance-capacitance* coupled, 496-5 1

7

attenuation and phase shift character-
istics with incomplete by-passing,

496-500
dynamic characteristics, 26-27, 503-506
equivalent circuit, 512
gain at mid-frequency, 506-508
output voltage and distonion, 510-511
phase shift/frequency characteristics 512
plate resistance, 507-508, 511-512
ratio of plate/scrern currents, 514, 515
remote cut-off valves, use of, 516
screen supply from voltage divider, 506
tabulated characteristics, comments on, 517
triode operation with screen as

anode, 785, 787
sharp cut-off, 8, 496-517
sharp cut-off, use as limiters, 1147-1150
suppressor-grid controlled, in volume

expanders, 686, 689-690
triode operation of, 34-36. 785, 787

connection of suppressor grid, 36
Penultimate, definition, 1401

Period, definition, 1402
Periodic phenomena, 278-279
Periodicals, titles of, 1367-1369
Permanent magnet loudspeakers, 831, 840
Permeability, 230, 231
Permeability, effective, 242-243, 244
Permeability, incremental, 230, 243, 248
Permeability of free space, 1332
Permeability tuning, 461-462, 912, 913, 953,

1002, 1289
Perveance, definition, 14, 71
Perveance of diode, test for, 117-118
Perveance of triode, test for, 118
Phase angle, 139, 140
Phase angle of load at low frequencies, 213
Phase anide, tuned circuits, 412, 413, 417, 422,

425
Phase compressor, 527, 528

Phase discriminator, 1088-1095, 1153-1156,

527, 528

1153-1156,
1292-1293

alternative arrangement, 1095
basic circviit, 1089
design data and example, 1090-1095

coefficient of coupling, 1090
discriminator characteristic, 1092
drscriminator sensitivity, 1090
generalised curves, 1091

limiter discriminator combination, 1292-1293
typical circuit arrangement, 1090
voltage relationships, 1089

Phase distortion, amplifier without, 389

Phase inverter, normal, 524
cathode-coupled, 347-348, 532
choke-coupled, 355
cross-coupled, 527, 663-664
phase inversion in power stage, 585-586
Schmitt, 526, 670

Phase modulation, 405-406

Phase shift

and attenuation, relation between, 359-364
anode to grid voltage, 50
at high and low frequencies, 316, 353, 355
coupled tuned circuits, curves for, 422
of attenuation characteristic, deter-

mination of, 362-365
of loudspeakers, 838, 870
of r.c.c. pentode, 512

mination of,

of loudspeakers,
of r.c.c. f>entode.

incomplete cathode and screen by-
passing, 498-500

incomplete screen by-passing, 498-499
of r.c.c. triode, 494—495

incomplete cathode by-passing, 485-486
of transformer-coupled a-f amplifiers,

206, 207, 214, 518
with feedback, 342, 343, 352, 389

Phase splitter, 329-330, 522-524
with positive feedback, 354, 523

Phasing of loudspeakers, 86C
0 detector, 1293
Philips-Miller engraved film system, 701
Phon, 826
Phonograph, definition, 1402
Phot (centimetre-candle), 1334
Photo emission, 2

Photometric units, 1334
Physical and chemical constants, 1376
Physical properties of valves, funda-

mental, 69-70
Physical units, general, 1329-1334
Pickering cartridges, 718
Pickering turnover pickup, 718
lockups, general, 714-723
arm resonance, 712, 714, 716, 719, 720, 722
armature of, 702
armature resonance, 712, 714, 716, 719, 720,

722
armature resonance, effect on har-

monics, 716
capacitance, 722
damping of arm resonance in, 716
damping of armature resonance in, 716
distortion in, 718, 719, 723, 762
dynamic mass, 718, 719, 721, 722
dynamic (moving coil), 715, 719-720
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Pickups (continued)
eddy ctirreni, 723
effective vertical pressure of, 702, 708, 709,

712, 718-722, 768-769
electromagnetic, 715, 717-719

effect of shunt capacitance, 738-739
frequency of armature resonance af-

fected by record material, 716
hum level, 719, 722
ideal constant velocity, frequency

characteristic of, 724
lacquer discs, for use on,
magnetostriction,
nettle armamre,
offset angle, optimum,
offset-arm,
piczo-clcctric (crystal).

piezo-electric, response curves,
pressure, effective vertical,

ribbon,
straiaht-arm,
strain sensitive.

768
721
717
726

725-726
715, 716, 717,
720-721, 752

742
702

716, 722
725-726
721-722

testing of, 715, 716-717, 762
tracking capability, checking, 762
underhang, optimum, 725-726

Picofarad, 1363
Pie-wound r-f chokes, 474
Piezo-electric loudspeakers, 832
Pin straighterver, valve, 80
Pinch effect, 711, 712, 720, 757, 760
Piston cones in infinite baffle, ideal, 835
Pitch, definition, 1402
Pitch, international standard, 874
Placement, loudsx>eaker, 865-867
Plane figures, 272
Plastics, composition of, 1375
Plate and screen currents, average, push-

pull pentodes, 584
Plate characteristics, general, 15-17
Plate circuit decoupling in a-f amplifiers,

535-537
Plate circuit decoupling without de-

coupling condensers, 537
Plate circuit efficiency, maximum with

loudspeaker load, 880-881
Plate conductance, definition, 14
Plate conducunce testing, 124
Plate current, 2, 6
Plate current, average, push-pull triodes.

Class A, ABi, 579-580
Plate current commencement, test for, 74

Plate current in power amplifiers, creeping 596
Plate current near cut-off, effect of rate of*

change in, in Class ABi, ampli-
fiers, 572-573

Plate current of Class A triode, calculated
optimum, 557

Plate current, peak hot-switching tran-
sient, 1163, 1180-1181

Plate current test, triodes and multi-
grid, 103, 109, 113

Plate current test, zero signal diode, 101
Plate currents, low, valve characteristics at, 65
Plate decoupling circuit gives bass boost-

ing, 643-644
Plate detector (anode bend), 57, 62, 508,

1084-1085
Plate dissipation

theory, general, 63-64
triode. Class A, 559
triode. Class B 2 , relation between power
output and plate dissipation, 589

triode, push pull, at max. sigrial, 578
triode, resistance loaded, 26

Plate efficiency, Class A pentode, 562
Plate efficiency. Class A triode, 559
Plate efficiency, Class Bi>, 589
Plate efficiency in power amplifiers, de-

finition, 545
Plate reflex superhet. receivers, design

of, 1143-1145
Plate resistance, d.c., 14
Plate resistance (variational) 13, 14, 72
. control in volume expanders, 685, 692-693
definition 14, 72

Plate resistance (variational) (continued)
effective, feedback circuit to give
jxwitive, zero or negative values, 314

effective, of cathode follower, 318
effeaive, with feedback, 311, 313, 314,

315, 316
graphical determination of, 15, 18
of cathode degenerative amplifier, 328-329
of power amplifiers, optimum, 546, 880-881
of r.c.c. pentodes, 507-508, 511-512
of r.c.c. triodes, 493
teats for, 74, 104-105, 111, 113
triode plate resistance of pentode, 36

Plate series compensation, 536, 643-644
Plate shunt compensation, 640-643, 660-661,

733-734
Plate supply by-passing in a-f amplifiers, 535
Plate supply impedance per plate, trans-

former, 99
plate supply voltage of r.c.c. amplifier, 482, 496
Plate-to-screen amplification factor, 35-36

Plate voltage, effect of change of, on
characteristics, 42-43

Plates, 5
Playback characteristics, 728, 731-732
Playback cu/vc, AES standard, 731-732
Playback, direct 701, 766-768
Playback loss, 760
Playthrough in A-M receivers, 1081, 1082, 1237

circuit to reduce, 1235, 1237, 1240

Playthrough in reflex receivers, 1140-1143,
1145-1146

Poisoning of emission, 2
Polar coordinates, 283
Polarity, definition, 1402
Polarity, indications of, 130
Polish of jewel stylus tip, 7)2
Polydirectional microphones, 780
Polyethylene discs, 705
Polygon, 273
Positive feedback—see under Feedback.
Positive grid current—ire under Grid

current, positive.
Positive ions, 3, 71
Potential, definition, 1402
Potential difference, definition, 1402
Potential difference, magnetic, 231-232
Potential dividers, 161-164
Potentiometers, 161-164, 1356
Pound weight, measure of force, 1330, 1332
Poundal, measure of force, 1330
Sower, absolute, expressed in decibels, 807-808
Power amplifier valves
beam power valves, 8, 569
pentodes, 8
triodes, 7

Power available at receiver from aerial, 893
Power, average (effective), 134
Power factor, 144
Power factor of condenser, 140
Power factor of electrolytic condenser, 193

Power factor of tuned circuit, relationship
with Q, 144, 409

Power factor, unity, determining parallel

resonance, 150, 410
Power-flux per unit area at receiver 896-897
Power gain, expressed in decibels, 810
Power gain of aerials, 894
Power grid detector, 1084
Power m d.c. circuits, 133
Power in reactive circuit, 140, 143-144
Power in resistive a.c. circuits, 133-134
Power level indicators, 825
Power line operation, valve ratings for, 78, 79
Power output—see under Output power.
Power output meters, 825
Power pack, definition, 1402
Power, peak acoustical, of orchestra, 623
Power rating of loudspeakers on standard

distribution lines, 874
Power, reactive, 144
Power required, loudspeakers, indoors, 863-864
Power required, loudspeakers, outdoors,

861-863, 866, 867
Power supply, effect of impedance in,

on a-f amplifiers, 535, 537 574
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Power supply regulation, effect on power
amplifiers, 547-548, 551, 562, 568-569,

572, 582, 584
Power transfer between two dipole

aerials, 892-893

Power transfer theorem, maximum, 166
Power, units of, 1332
Power, wattless, 144
Powers in algebra, 260-261
Powers of numbers, 255, 257
Practical systems of units, 1331, 1332
Pragilbert, 1332. 1333
Pragilbert per weber, 1332, 1333
Praoersted, 1332, 1333
Pre-amplifiers, 782-793, 804-805

gain-controlled, 693
hum in, 784-786
introduction, 782
microphone, 788-793

cathode follower as low noise input
stage, 789-790

crystal microphones, for use with, 788-790
general, 788
grid resistor, limitations on, 788

see also wider Grid circuit resist-

ance, maximum.
incorporating mixing, 799-801
load resistance for crystal micro-

phones, optimum, 788
low impedance microphones, for use

with, 790-793
signal to noise ratio, maximum

possible, 788
si|ni^ to noise ratio with crystal

microphones, 788
microphony in, 786

see also under Microphony,
noise in, 782-784
pickup, 732, 733-736, 737-741, 744-749
power gain ratings of,

references,
standard, for broadcasting,

input signal,
output level,

signal to noise ratio,

source and load Impedances,
standarcL for sound equipment,

amplifier gain, defimtion,

809
804-805

793
793
793
793
793
793
793
793

786-788
787

786-788

source impedance, 793
valves for use in, 786-788

selection and treatment of, 787
special low noise types, 786-788
type 6AU6, operation with screen as

anode, 785, 787
types 6AU6, 12AY7, 1620, 5879, 786-788

Pre-emphasis and de-emphasis, high fre-

quency, effect of, 763

Pre-emphasis characteristic in F-M re-

ceivers, 1315

Pre-emphasis, high frequency, in record-
ing characteristics, 717, 727, 728-729

in terms of time constant, 728

Pre-emphasis with volume compression,
effect of, 683

Preferred listening levels, 623

Pre-heating before testii^ valves, 91, 101, 125
Pressure, effective vertical, on records,

702, 708, 709, 712, 718-722, 768, 769

Pressure efficiency, loudspeaker, 812, 862, 874
Pressure-frequency response, loudspeaker, 875
Pressure ^dient microphones, 775
Pressure, intensity of, units of, 1330
Pressure level, loudspeaker, 875
Pressure microphones, 775
Pressure rating, loudspeaker, 812, 862, 874
Pressure, reference acoustical, 826, 828
Pressure ribbon microphones, 775, 779
Pre-tuned r-f stages, 924-925
Price balanced clipper noise suppressor, 765
Primary windings, shon-wave, aerial, 474
Printed circuits, 1283-1285
Prism, rectangular, 275
Processing of records, 705
Progression, arithmeucal, 266-267
Progression, geometrical, 266-267

Progression, harmonic, 266-267
Progressions and Series, 266-267
Proofing, tr<mic, of coils, 476-478
Propemes of materials, 1372-1376

conducting materials, 1374
insulating materials, 1372-1373
plastics, composition of, 1375
references, 1376
resistance of a conductor at any tem-

^rature, 1376
weights of conunon materials, 1375

Properties of valves, fundamental phy-
sical, 69-70

Proportion, 262
Protons, 2
Pseudo-stereophonic effect, 866
Public address audio a.v.c., 693
Public address, open air, 867
Public address, use of horn loudspeakers

in open air, 867
Pulling (pull-in) in converters, 971, 990
Pulse generators for valve characteristics, 119
Pulse methods, valve characteristics by, 118-119
Pulse modulation, 406
Pulse waveform, 130
Pulses, distortion by a-f amplifiers, 540-541
Pumping in peak and volume limiters, 682
Push-pull

•equivalent circuit of, 576-577
fimdamcntal principles of, 571-573
methods of exciting, 521-527
pentodes. Class A, ABi, 583-587
theory of, based on infuiite series, 572-577
triodes. Class A, ABi, 571, 582
voltage amplifiers, 527-528

impedance-coupled,
treatment.

Pyramid,
Pyramid windings of coils.

mathematical

Q factor, definition, 1402

Q factor of condenser, 140

Q factor of tuned circuit, 145, 409-426
Q factor, relationship with power factor,

144, 409
Q of loudspeaker at bass resonance, 841
Q of oscillator circuit, 957
Q of shon-wave coils, design for opti-

mum, 463-472
Quadrant (of circle), 276, 1330
Quadrature electronic reactances, 1157-1160
Quadrilateral, 273
Quality control of valves, 85
Quality factor of coil, 409

see also Q factor of tuned circuit.

Quality switch (tone control), 659
Quarter-wave aerial, 909-910
Quenching oscillator in superregenerative

detectors, 1087, 1224
Quiescent, definition, 1402
Quiescent push-pull pentodes, 592-593
Quieting-signal sensitivity, tests for 1317

R.C.A. light-weight pickup, 719
R-J loudspeaker, 850
Radial lead, definition, 1402
Radian, 1330
Radians, 272
Radiated electromagnetic energy, 404
Radiation efficiency of aerial, 903
Radiation from local oscillator in F-M

receiver, tests for, 1311, 1320
Radiation from superregenerative de-

tector, 1087
Radiation resistance of aerial, 902, 905, 906
Radiation resistance of piston, 835
Radio-frequency amplifiers—see under

Amplifiers, radio-frequency.
Radio-frequency chokes, design of, 474-475
Radio-frequency chokes, self resonant, 475
Radio-frequency, definidon, 1402
Radio telegraphy, 405
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Radio telephony, modulation systems, 405
Radius compensation, 711, 770
Radius of curvature, minimum, in re-

cord, 703-704
Random noise (fluctuations), 704, 782, 935-942
Rate of change of function with its in-

dependent variable, 289-291
Rate of chaise of plate current near

cut-off, enect of, in Class ABi am-
plifiers, 572-573

Rating impedance, loudspeaker, 812, 874
Rating im^dance of microphone, stan-

dard for, 781

Rating, loudspeaker pressure, 812, 862, 874
Rating systems

—

see under Valve ratings.

Ratings, microphone, 776-777
Ratings, voltage, of composition re-

sistors, 187
Ratio detectors, 1088, 1095-1105

a.f.c- voltage from, 1098
a.v.c., use of, 10^
a.v.c. voltages from, 1097
balanced circuit, 1098
circuit, types of, 1098-1099
ciroiits, practical, 1101
design considerations, 1099-1101
diodes for use with, 1099
inpui/output cxirves, 1098, 1099
measurements on, 1102-1105
operation of, 1097
receivers incorporating some features

of, 1022, 1024
references, 1138
typical output curve, 1096
unbalanced circuit, 1098-1099

Rationalized systems of units, 1331, 1332
Reactance, capacitive, 1 38
Reactance chart (reference only), 1387
Reaaance, ^d input, 49-53
Reactance, induaive, 1 42
Reactances, capacitive—table, 1378-1379
Reactances, electronic, 1151, 1156-1160
Reactances, inductive—stable, 1377
Reactances, signs of, 50
Reactive component of impedance of

aerial, 903

Reactive loads, 30-34
Reactive power, 144
Real axis, 285
Real part of complex quantity, 140, 285
Receivers, a.c./d.c.

barreuers for, 1213-1214, 1266
design of, 1264-1268
dial lamps, 1266-1267
earth connection, 1268
modulation hum in, 1240
rectifier, 1267
rectifiers for, 1165

series resistor to limit current, 1165
series resistor operation, 1264-1266
valve order, 1198, 1267—1268

Receivers, A-M suoerheterodyne, design

of (Chapter 3«, 1228-1286
a.c./d.c. receivers, 1264-1268

see also under Receivers a.c./d.c.

a.c. operated receivers, 1256-1264
4-valve receivers, 1256-1259
superhet. with a-f amplifier, 1256
superhet. with i-f amplifier, 1257-1258
superhet. with reflexing, 1258-1259
t-r-f receivers, 1256

5-valve receivers, 1259
larger receivers, 1260
receivers, communication, 1260-1264

see also under Receivers, com-,

munication.
battery receivers^ 1268-1274

see also under Receivers, battery,

car radio, 1275-1278
see also under Receivers, car,

conuct potential biasing, 1280-1281
frequency ranges, 1250-1256

band-spread receivers, 1253-1256
circuit to give linear scale, 1255-1256

dual wave receivers, 1251—1252
checking resonance in unused coils, 1252

Receivers, A-M superhet. (continued)
drive ratios, 1252
flywheel tuning, 1252

medium frequency receivers, 1250-1251
multi-band receivers, 1252-1253

fuses, 1281-1282, 1395
general design, 122^1250

a-f response, 1234-1239
a.v.c. and noise, 1229-1234

see also under Automatic volume
^ control.

cabinet design, 1248-1249

converters, frequency, operation
of, 1244-1248

see also under Frequency converters,
feedback in, 1235-1239, 1241

compensated negative feedback and
feedback tone control, 1235, 1237

negative current feedback, 1236
see also under Feedback,

field testing, 1250
frequency-compensated tone con-

trol, 1234-1239
hum in, 1239-1241

see also under Hum.
instability in, 1243-1244
microphony in, 1241-1243

see also under Microphony,
oscillator, local, 1244-1248

see also under Oscillators,
ratings, checking, 1249-1250
ventilation, 1249

interference, reduction of, 1279-1280
introduction, 1228

parasitic oscillations, 1283
see also under Parasitic oscillation,

printed circuits, 1283-1285
references, 1285-1286
specifications and requirements, 1229
spurious responses, 1278-1279

see also under Spurious responses,
tests and measurements

—

see below
tropic proofing, 1282-1283

commercial tropic proofing, 1282-1283
vibrator-powered receivers, 1270-1272

dry batteries, characteristics of, 1272-1274

Receivers, A-M, tests and measurements,
1297-1314

acoustical tests, 1314
antenna sensitivity-test input, defini-

tion, 1297-1298
automatic volume control charaaeristic, 1 307
bandwidth, definition, 1298
battery receiver tests, dry, 1301, 1313

battery end-of-life tests, 1313
lowest filament voltages used for

testing battery valves, 1313
definitions j 1297, 1298
distortion, 1314
distortion, harmonic, 1306
equipment required, 1298-1300

audio-frequency attenuator, 1299
audio-frequency generator, 1299
distortion factor meter, 1309
equipment for acoustic^ tests, 1300
meters, 1300
output power-measuring device, 1299
standard dummy antenna, 1299
standard signal generator, 1298-1299
wave analyser, 12^

frequency response, 1305
frequency shift, 1310
harmonic generation, r-f, 1305
hum, 1309-1310

acoustical measurement, 1310
hum distortion, 1309
hum modulation, 1309

image ratio, 1310
image sensitivity test input, 1310
interference tests, 1313-1314
intermediate-frequency-response ratio. 1310
intermediate-frequency-response sensi-

tivity, 1310
intermodulation, r-f, 1305
maximum undistorted output, 1306
maximum undistorted output, definition, 1298
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Receivers, A-M, tests and measurements
(continued)

measurements only requiring simple
instruments, 1301-1302

dissipation measurements, 1302
measurements on many valves, 1302
power transformers, temperature rise, 1302
voltage and current measurements,

1301-1302
microphony, 1311, 1312
noise, 1307-1309

effects on sensitivity measurements, 1302
ensi,

noise factor,
1307

1307-1309
noise audibility (listening test), 1310-1311
normal test output, definition, 1298
operating conditions, 1 300- 1301

operating voltages, 1300-1301
output measurements. 1300

phono^aph combinations. 1311-1312
fidelity, electric. 1311-1312
output, maximum. 1312
rumble. 1312
wow or flutter. 1312

radiation from local oscillator. 1311
references. 1327
signal to noise ratio, tests for input to

give specified. 1302, 1303
spurious responses. 1310

image response. 1310
spurious response ratio. 1310

standard antenna, definition. 1298
standard dummy antenna. 1299
standard dummy load. 1299
standard input voltage, definition1, 1297
tests, performance. 1302-1314

blocking interference. 1304
cross-talk. 1304
gain of individual stages. 1303
regenerative effects. 1303
selectivity. 1303-1305
sensitivity. 1302-1303
two-signal. 1304-1305
vdiistle interference. 1304-1305

tuning tests. 1312

Receivers, A-M, types of (Chapter 34)
1223-1227

crystal, 1223
references, 1227
regenerative, 1223
lee also under individual stages (R-F

amplifiers, etc.)<

superheterodyne, 1225-1226
communication—see under Receivers,

communication.
double frequency changer, 1253
reflex, 1140-1146

superregenerative, 1087, 1224
synchrodync, 122^1227

tuned radio frequency, 912-915, 1224, 1256
reflex, 1 146
use of reflex detector in high fidelity, 1086
volume control circuit, 1257

tuning methods, 913

Receivers, battery
a-f response, 1236
converter problems, 1246-1248
design of, 126^1274
end-of-battery-life tests, 1313
feedback, negative current, 1236
instability in, 1243-1244

loudspeaker, combination horn and
phase inverter, for personal porubles, 859

operation with reduced battery voltages, 1247
portable. 1021, 1115
series filament operation, 1115, 1250
tests, 1301, 1313

Receivers, car (automobile)
batte^ voltage variations, 1206, 1277
chassis pickup of vehicular receivers,

1313-1314
design of, 1275-1278
elimlnaUon of hash, 1210-1211, 1270-1272,

1275-1276
interference tests, 1313-1314

Receivers, car (continued)
valve operating conditions, 1277-1278
vibrator power supply for, 120^1212

Receivers, communication
aerial input, 912-921, 1263
A-M, design of, 1260-1264
a.v.c. circuit design in, 1108, 1116
band changing, 1261
bass attenuation in, 649
beat frequency oscillator, 954,960-961,1263
cross-modulation, 1264
diversity reception, 1263-1264
frequency coverage and calibration,

1260-1261
mobile F-M, limiters for, 1149-1150
muting (q.a.v.c.) for, 1125
noise limiting in, 1130, 1131
selectivity, 1262
sensitivity and noise, methods of

measuring, 1262
signal stren^h meter (S meter), 1263
stability, frequency, 1262
variable bandwidth crystal filters for,

1051-1061, 1262
volume control and a.v.c., 1262-1263

Receivers, F-M
aerial and r-f design, 1287-1289, 1294
a.v.c., use in, 1097, 1099, 1112, 1288,

1291-1296
composite F-M/A-M i-f trans-

formers, 1024-1025, 1294-1295
converter circuit, 1290
de-emphasis curve, 75 microseconds, 638
de-emphasis time constant, 1092, 1093, 1293
design of (Chapter 36), 1287-1296

comparison with A-M, 1287
detectors in, 1088-1105, 1295
F-M/A-M receivers, design of, 1294-1296

aerial input circuit, 1294
general considerations, 1295-1296
i-f amplifier, 1294-1295
r-f section, 1294

F-M detection and A-M rejection,
1088-1105, 1292-1293

i-f amplifiers in, 1022, 1024-1025, 1290-1292,
1294-1295

tracing regeneration in, 1290-1291
i-f transformers in, 1024-1025, 1037-1041
limiters, amplitude, 1147-1150

applications of, 1023, 1040, 1088, 1090,
1095’, 1098, 1099

muting in, 1128-1130
.oscillator desi^, 947-961, 1289-1290
phase discriminator in, 1088-1095
references, 1296
r-f amplifiers in, 915-946, 1287-1289
superregenerative detectors in, 1087
tests and measurements—see below.

tuning indicators for, 1135-1136

Receivers, F-M, tests and measure-
ments, 1314-1320

a.v.c. characteristic, 1307, 1318
definitions, 1314-1315
distortion, harmonic,- 1306, 1318

maximum-deviation distortion, 1318
downward modulation, 1320
frequency drift, 1310, 1319
hum, 1309-1310, 1319
low frequency instability, 1319-1320
maximum undistorted output, 1306, 1318
mistuning, 1320
noise audibUity, 1310-1311, 1319
operating conditions, 1300-1301, 1316

input measurements, 1316
output measurements, 1300, 1316

radiation from local oscillator, 1311, 1320
receiver adjustments, 1316-1317
references, 1327
spurious radiation, open field method

of measurement of, 1320
spurious responses, 1310, 1319
standard de-emphasis characteristic, 1315
standard input values (powers, volt-

ages), 1314
standard mean-signal input, 1314
standard pre-emphasis characteristic, 1315
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Recciven, F>M, tests and measurements
(continued)

standard test freouendes, 1314
standard test modulation, 1314
standard test output, 1298, 1315
standard v*h-f dummy antennae, 131^, 1316
standard 300-ohm antenna, 1315
testing apparatus, 1315-1316

standard signal generator, F-M, 1315-1316
standard signal generator for ampli-

tude-suppression testing, 1316
two-signal testa, 1316

tests, 1317-1320
amplitude-modulation suppression, 1318
frequency response, 13()5, 1318
intmerence, co-channel, 1317-1318

beat-note component, 1317
cross-talk component, 1317

interference, masVdng, 1318
selectivity, 1318
sensitivi^, 1317

deviation sensitivity, 1317
maximum-deviation sensitivity, 1317
maximum sensitivity, 1317
quieting-signal sensitivity, 1317

tuning characteristic test, 1319
undistorted output, maximum, 1298, 1315

Receivers, radio, pickups for connection
to, 751, 752

Receivers, reflex (Chapter 28), 1140-1146
advantages and disadvantages of, 1140-1141
a.v.c. desi^, 1142
bass boosting in, 1141, 1146
bubblii^ in, 1141, 1142
comparison between plate and screen

reflexing, 1146
description of reflex amplifiers, 1140
design of plate reflex superhet. re-

ceivers, 1 143-1 145
design of screen reflex superhet. re-
efers, 1145-1146

design of t.r.f, reflex receivers, 1146
distortion in, 1140, 1141, 1145, 1146
four valve receivers, design of, 125^1259
hum neutralixation, inherent, 1145
minimum volume effect, 1141, 1142
modulation, reduction in percenuge, 1143
negative feedba<i( in, 1141, 1143, 1145
neutralization in reflex stage, 1145
operating conditions of reflex stage, 1143
overloading charaaeristics, 1141, 1142, 1146
pUy-through, 1140-1143, 1145-1146, 1240

circuit for reducing, 1240
references, 1 146
regeneration in, 1143
sensitivity, receiver, 1144, 1146
signal to noise ratio, 1146
some characteristics of reflex re-

ceivers, 1142-1143

Receivers, telephone (headphones), 832-833
Redproc^, dennition, 1402
Reciprocity theorem, 165

Recording characteristics, 727-732, 766, 770

Records, reproduction from (Chapter
17), 701-774

acoustical radiation (needle talk), 714, 718,
719, 760, 762

American recording standards, 702
amplitude, critical, 704, 708
amplitude, peak, 702-703, 709
automatic record changers, 705-706, 727
bibliography of disc recording, 702
buzz, 715, 722, 759
complete amplifiers for reproduction of
sound from records, 744-751

compliance at stylus tip, lateral, 712, 717-722
compliance at stylos tip, vertical, 712, 718-722
constant amplitude recording, 703-704, 727
constant velocity recording, 703-704, 727
discs, characteristics of, 706-709
discs, materials for, 706, 766, 769
distoition and undesirable effects, 757-762
due to stylus wear, 761
non-linear, in pickups, 718, 719, 723, 762
non-linear, in recordings, 756, 762, 766,

769

Records, reproduction from (continued)
playba» distortion, 708, 757-760
tracing distortion, 708, 757-760

effect of recording characteristics
on tracing distortion, 759-760

harmonic, 757-758
intermodulation, 758-759
other distortion effects, 760
ratio of intermodulation to har-

monic, 758-759

dust on vinyl records, 706, 713
equalizers for record reproduction, 732-744
applymg negative feedback to pickup, 743
equalizer, position of, 732, 743
equalizers and equalizing amplifiers,

738-743
for crystal pickups, 741-743
for electromagnetic pickups, 738-741

equalizers, high frequency (de-
emphasU), 736-737, 739-740, 744-751,

770
equalizers, low frequency, 732-736
equalizing, corrective, 728
equalizing, definition, 727, 728
equalizing to give standard playback

curve, 731-732
high-frequency attenuation (scratch

filter), 214, 737-738, 746-751
input transformers, 743-744
rumble filter, 744-749

fine groove (microgroove) recording,
701, 706-709

flutter, 761
flutter, tests for, 1312

frequency characteristic of ideal con-
stant velocity pickup, 724

frequency range, desirable top Unfit to, 704
frequency range, filters to limit high,

214, 6%. 655-658, 737-738, 746-751, 763
frequency range of recording, 704
frequency test records, 702-703, 716,

752-757
banded tone, 752, 753-756
gUdina tone, 752, 753
optical method of testing, 752-753
special test records, 756-757

glossary of disc recording terms. 702
groove diameter for reasonable fideUty,
minimum, 759

hinge frequency, 759
hum in record reproduction, 705, 706, 719,

722, 763
introduction to disc recording, 701-706

lacquer disc home recording (direct
playback), 701, 766-768

amplifier, 767-768
cutter head, 767
cutting stylus, 767
distortion, 766
embossed groove recording, 768
equalization of cutter, 767
hot stylua recording technique, 767
materials for discs, 766
motor and turntable, 767
pickups for lacquer discs, 768
recording characteristics, 766
signal to noise ratio, 766, 770
standards for disc home recording, 766

lateral recording, 701-774
lateral recording, principles of, 702-706
MeProud test of pickup and arm, 715
magnetic recording, 701
mechanical groove recording, 701
methods usm in sound recording, 701-702
needle scratch, 704-705, 763-765
needle talk (chatter), 714, 718, 719, 760, 762
needles, fibre, 710
needles, semi-permanent, 709
needles, steel, 709, 711
needles, thorn, 710
needles, trailing, 711, 726

Mtf also StylL
noise reduction, 765-765

analysis of noise, 763
high frequencypre-emphasis and de-

emphasis, eff^ of. 763
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Olson noise suppressor, 763
Price balanced clipper noise suppressor, 765
Scott dynamic noise suppressor, 764
volume expansion, effea on noise, 763

pickup arm resonance, 712, 714, 716, 719,
720, 722

pickup, armature of, 702
pickup armature resonance, 712, 714, 716,

719, 720, 722
pickup distortion, 718, 719, 723, 762
pickup dynamic mass^ 718, 719, 721, 722
pickup, electromagneuc, effect of shunt

capacitance, 73S-739
pickup, hum level, 719, 722
pickup needle armature type, 717
pickup output expressed m db, 810
pickups, 714-723
pickups, armature resonance, effect on

harmonics, 716
pickups, capacitance, 722
pickups, damping of arm resonance in, 716
pickups, damping of armature resonance

in, 716

pickups, dynamic (moving coil), 715, 719-720
Fairchild transcription, 720
Lexington moving coil, 720

pickups, eddy current, 723

pickups, electro-magnetic (moving
iron), 715, 717-719

Audak polyphase, 719
Connoisseur, 718
Decca ffrr type D, 717-718
E.M.I. and Marconiphone Model

12A, 719
G.E. variable reluctance, 719
Goldring Headmaster, 718
Pickering home phonograph cart-

ridge, 718
Pickering transcription Model 16 IL, 718
R.C.A. Ught-weight, 719
W.R.N. standard transcription, 718

pickups for conneaion to radio re-

ceivers, 751-752
pickups for fine groove, 715, 717-723

pickups for 78 r.p.m. 715, 717-723
pickups, frequency of armature reson-

ance affected by record material, 716
pidcups, magnetostriction, 721

pickups, piezo-electric (crystal\ 715, 716,
717, 720-721

ceramic (barium titanate) 720-721
other materials, 720
response curves of typical crystal

pickup, 742
Rochelle salt, 720-721
use of, in record players, 752

pickups, ribbon, 716, 722
Brierley pickup, 722

pickups, strain gauge, 721-722
pickups, testing of, 715, 716-717, 762

pickups, types of, 715
pinch effect, 711, 712, 720, 757, 760
playbadt loss, 760
pre-amplifiers for use with pickups,

732, 733-736, 737-741, 744-749
pre-emphasis, high frequency, difficul-

ties with large degree of, 729

pressure, effective vertical, 702, 708, 709,

712, 718-722, 768-769
processing of records, 705
radius compensation, 711, 770
radius of curvature, minimum, 704
record players, 751-752
references, 771-774
recorded level, 702-703
recorded level, maximum instantaneous
programme peak, 702-703, 708, 709

recorded level, normal maximum, 703

recording characteristics, 727-732, 766, 770
constant amplitude, 727
coiuunt velodty, 727
croas-over frequency, 7M
high-frequency pre-emphasis, , ,

727

,

728-729

Records, reproduction from (continued)
ideal theoretical, 727
measurement of recorded velodties, 729
playback curve, A.F.S. standard, 731-732
practical recording characteristics, 730-731
pre-emphasis in terms of time con-

stant, 728
nimble, 705, 706, 744, 1312
scratch filters, 214, 636, 655-658, 737-738,

^ ..
746-751, 763

shellac pressings, 701, 704-708
side-thrust on grooves, 723, 726-727
signal to noise ratio, maximum, 704-705,

766, 770
single point contact, 710
skating, groove, 710, 713
sound on film, 701
spedfication for motor and turntable

unit, 705
8p>eed of rotation for recording, 701

speed of rotation, tolerance in, 701
stroboscope, use of, 702
styii, 702, 704, 706, 708, 709-714
styli, colour codes for, 711
styii, diamond, 710, 711, 714, 717, 718,

719, 720
styii, osmium, 711, 714
styh, oval, 710
styii, permanent, 710-714
styii, sapphire, 710-714, 717, 718, 719, 720,

722
styii, tungsten carbide, 710, 711, 717, 722

see ah^ Needles.
stylus force, venical, 702, 708, 709, 712,

718-722, 768, 769

stylus force, vertical, minimum for
tracking, 712, 715, 719, 720

stylus, N.A.B. secondary standard, 711
stylus tip, jewel, polish of, 712

stylus tip, shape of, 710
stylus wear, method for giving positive

indication of, 714
surface noise and dynamic range,

704-705, 763-765

testing distortion in sound recording,
propKJsed standards, 762

testing phonograph combinations, 1311-1312
testing pickups for harmonic distortion, 762

testing pickups for intcrmodulation dis-

tonicn, 762
tracldng, 723-727

distortion due to imperfect tracking,
723-726

general survey, 723-725
minimum distortion, how to design

for, 725-726
other effects of imperfect tracking, 723-725
pickup, offset arm, 725—726
pickup, optimum offset angle, 726
pickup, optimum underhai^, 725-726
pickup, straight arm, 725-726
stylus friction, infiuence of, 726-727

traclung c^ability of pickup, checking, 762
tracking efficiency of pickup and arm,

test for, 715
tracking error, 712, 723-727*

transcription records, reproduction
from, 701, 731, 769-771

distortion, 769
equalization, high frequency de-em-

phasis (N.A.B.), 770
materials for records, 769
N.A.B. and B.B.C. charaaeristics, 769
radius compensation, 711, 770
recording cnaracteristics, 730, 770
signal to noise ratio, 770
sound track, 770
translation loss, 759, 770
wear, record, 769

translation loss, 759, 770
tumuble, effect of wobbling or eccen-

tric, 761
tumubles and driving mechanism, 705
types of discs, 701, 766, 769
liltrasonic frequencies, 704
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velocity, critic^, 704, 708

velocity of stylus tip, transverse, 702-703

vcrti^ recording, 701

warping, effect of record,

723J
ZZ: 626, 705, 760l m'l

Recovery time of peak limiters, 682-683

Rectangle, ^73

Rectification (Chapter 30), 1161-1191

biphase half-wave, 7, 1 61

conduction period, jjoj

copper oxide recufiers, llo9

curves, constant current, 1165, 1167-1169

curves, constant voltage, 1165-1169

curves, published, use of, 1165-1169

definition,

effect, in po»«

equivalent circuit,
.

i^64

filtering—J«
fiill-wavc% 1161“1169j 1173"Ilo5

hif-wave, 6, 1 161, 1 163, l^lj72,^ 1

impedance per plate, total effecti« plate

supply, 1165-1167, 1180

parallel operation of rectifiers, 1165

power supply regulation, 1164. 1182

principles of, of
references,

ripple, u
^^73

ripple current through filter con-

densers,

ripple faaor (percentage), 1176, 1177

selenium rectifiers,
, MS?

series resistors to limit current, 1165, 1173

shunt diode bias supplies, 1188-1191

symmetry, lack of,

test, power diodes, 74, 99

test, signal diod«, a,,.™ iiR'iiiRft
transformer heatinp:, 236-237, 118^1186

valve ratings, majtimum, 116^1164
valve rertifiers, high vacuum, 1161-1191

valve rectifiers, mercury vapour, 1161, 1164
1 165

valves and types of service,

voluge and current wavefoims,
}

161-1162

voltage doubler, 1174,

voluge multiplying rectifiers,

voltage quadrupler. Ho' 1188

voltage tripler, n®'
with choke-mput filter, 1162 1164,wiin cnoKc V

1167-1169, 1182-1185

design curves,
118:J

diode current, i^ak, 1{S3

inductance, critical value 6^ llf2- 8d

swinging choke,
. .

249-250, 1182

tran^ent current, initial, H85

with cond«n.er-inpm^fiU«,^^^^^

analysis and design curves, 1170-1181

aproximations • when capacitance is

large, 1178, 118U

diode currents, determination of

peak and average, 1174-1176

peak inverse voltage, curves, 1177

procedure when complete data not
^ available,

symbols, ^^70

transformer secondary r.m.s.

transient plate current, lyuk

switching, 1163, ir80-1181

Rectified and fiUered a.c. supply, 129

see also under Rectification.

Rectified sine wave,
Rectifier, equivalent arcuit for, 1104

Rectifier in a.c./d.c. receivers, n67
Rtpi armature loudspeakers,

Reference acoustical intensity, 826

Reference acoustical pressure, 826, 828

Reference acoustical velocity, 826
Reference frequency in tone control, 636
References to periodicals, abbreviations

and form of, 1367-1369
Reflected load impedance in transformers,

200-203
Reflection coefficient of transmission lines, 891

Reflection effects in filters, 178

Reflections in rooms, effects of, 833, 841,
864-865

Reflex detector, 326, 1085-1086
Reflex horn loudspeakers, 856-857, 867
Reflex receivers—see under Receivers,

reflex.

Regeneration in converters, controlled, 988—989
Regeneration in i-f amplifiers due to

coupling between diode detector

and signal grid, 1081

Regeneration in reflex receivers, 1143

Regenerative coupling in a-f amplifiers, 535
Regenerative detector, 1086-1087
Regenerative effects in receivers, tests for, 1303

Regulation of power supply, effect on
power amplifiers, 547-548, 551, 562,

568-569, 572, 582, 584

Regulation of transformers, 205-206
Regulation, power supply, 1164, 1182
Regulators, current and voltage (Chapter

33), 1213-1222
barretters, 1213-1214, 1266
current regulators, 1213-1214, 1266
references, 1222

voltage regulators, 1214-1222
gaseous tube types, 1214-1215
valve types, 1215-1222

screen used to correct for input
voltage changes, 1219-1220

simplest series form, 1218-1219
valves suitable for use, 1218
with controllable output voltage,

1220-1221
with extremely good regulation,

1221-1222
wet electrolytic condenser, use as, 193

Reluctance, 229
Reluctance, units of, 1332
Remanence, 230
Remanent flux density, 230
Replacement of valve, when to effect, 121

Reproduction, high fidelity, 630-632
Residual flux density, 230
Residual volume effect—see under Play-

through.
Resistance, 130-133
Resistance-capacitance coupled pentodes,

496-517
Resistance-capacitance coupled triodes,

482-495
Resistance-capacitance filters, 172-176
Resistance, equivalent noise, of valves,

783-784, 937-938, 967-968, 972-973, 978,
984, 1230

Resistance, equivalent series loss, of aerial, 902
Resistance, grid input, 49-53
Resistancej interelectrode, tests for, 73, 94
Resistance-loaded amplifiers, 24-27, 58-59,

482-517
Resistance, loudspeaker suspension, mech-

anical, 836
Resistance of a conductor at any tem-

perature, 1376
Resistance of any valve electrode, de-

finition, 14
Resistance of grid circuit, maximum

—

see under Grid circuit resistance.

Resistance of space, intrinsic, 897
Resistance, output, effect on loudspeakers,

833, 840-841, 844-845, 848-849
Resistance, series, of electrolytic con-

denser, 192
Resistance, units of, 1332
Resistances in parallel, 132-133
Resistances in parallel, graphical method, 132
Resisunces in series, 131-132
Resistances, interelectrode variational, 73
Resistive component of impedance of

aerial, 90.
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Resistivity of earth, 896
Resistivity, units of, 1332
Resistor, heating of, 134
Resistors, characteristics of, 186-191, 1344-1347
ambient temperatures, 187, 1345-1346
capacitance of, 189
carbon, 186, 1344-1346

composition, 186
standard composition, 1344-1346

cracked carbon (high stability), 186, 190,
1345-1346

colour codes for, 1335-1336
de-rating characteristic (dissipation),

187, 1345, 1346
de-rating characteristic (voltage),

187, 1345, 1346
dissipation, 186-187
effect of frequency on resistance, 189
effect of humidity on resistance,

186-189, 1345, 1346
effect of soldering, 188, 1345, 1346
effect of temperature on resistance,

188, 1345-1347
effect of voltage on resistance, 188, 1345
inductance of, 189
negative temperature coefficient, 158, 190,

1267
noise of, 18^190, 783, 1345
potentiometers, 191, 1356
preferred values, table of, 1337-1339
references, 198, 1358-1360
stability, 186
standard resistors, 1344-1360
temperature coefficient, 190, 1346
temperature rise, 187, 1394
thermistors, 158, 190, 1267
tolersuices in resistance, 186, 1344-1347
variable composition, 191, 1356
voltage coefficient, 1345, 1346
ventage ratings, 187, 1345
wire-wound, 186, 1346-1347

non-inductive, 186
standard, 1346-1347

Resonance/frequenev table, a-f, 1386
Resonance, parallel, 150-153, 410-411,

424-425
determined by maximum impedance, 151-152
determined by unity power factor, 150

Resonance, r-f solenoid design chart, 1386, 1387
Resonance, series, 145, 409, 412, 424
Resonance with LC hum filters, avoiding, 1193
Resonances in unused coils, checking, 1252
Resonances, room, 841, 864-865
Resonant circuits, iron-cored inductors

in, 251
Resonant circuits to provide bass boost-

ing, 644-645, 666-667, 736
Resonant frequency, 408,409
Resonant frequency, loudspeaker bass,

836, 837-841, 844-845, 848-849
Resonant frequency, natural, 407, 408, 424, 948
Resonant frequency of Colpitts oscillator, 952
Resonant frequency of Hanley oscillator, 951
Resonant frequen^ of negative transcon-

ductance oscillator, 954
Resonant frequency of tuned-grid os-

cillator, 950, 951

Resonant frequency of timed-plate os-
cillator, 949, 951

Resonant frequency, parallel, 410
Resonant frequenaes, primary, of aerial

and r-f coils, measurements of, 1325
Resonant impedance of parallel tuned

circuit. 411
Reverberation time, 863-864
Reversible self-rectifying vibrators, 120:^1204
Revolution (angular measure), 1330
Ribbon microfmone, pressure, 775, 779
Ribbon microphone, velocity, 775, 779
Ripple, 1161, 1173
Ripple current ratings of electrolytic

condensers, 193-194, 1358
Ripple current through filter condensers,

1181-1182
Ripple factor (percentage), 1176,1177
Ripple frequency, defimtion, 1402

in rectified and filtered a.c. supply, 129

Rocking tuning control, 990
Roll-on, definition, 1402
Roll-off frequencies in a-f amplifiers, high, 631
Room noise, 620-621, 625
Room resonances, 841, 864-865
Rooms, acoustics of, 864-865
Root mean square, 134, 1298
Roots, 255, 261
Routh-Hurwitz criterion of subility, 356
Rumble filters, 744-749
Rumble in phonograph combinations,

tests for, 1312
Rumble in record reproduction, 705, 706, 744,

1312

S-meter, 1263
Sabin, definition, 863
Safety margin in feedback amplifiers,

359, 367, 368, 372
Saw-tooth waves, 130, 301
Scalar, definition, 1402
Scales, musical, 873-874
Schmitt phase inverter, 526, 670
Scientific notation in arithmetic, 255
Scott dynamic hoise suppressor, 764
Scratch filters for record reproduction,

214, 636, 655-658, 737-738, 746-751, 763

Scratch, needle, 704-705, 763-765
Screen and bias stabilized amplifier, 593-594

Screen and cathode by-passing of r.c.c.

pentode, incomplete, attenuation and
phase shift charaaerisdes, 498-500

Screen by-pass r.c.c. pentode, 496-499
Screen by-pass, r-f, series resonant.

944, 1289, 1291

Screen by-passing, attenuadon slope and
phase angle, 360-361

Screen by-passing of r.c.c. pentode, in-
complete, attenuadon characteristics,

496-497

Screen by-passing of r.c.c. pentode, in-
complete, phase shift/frequency char-
acteristics, 489-499

Screen characterisdes of pentode, 16-17

Screen circuit decoupling, 537
Screen, concentric, effect on inductance

of coils, 438-441, 444, 473

Screen-coupled cathode follower, 326, 532
Screen-coupled direct-coupled amplifier, 532
Screen current, average, push-pull Class

A, ABi, pentodes, 584

Screen current. Class A pentode, 562
Screen current test, 103, 109, 113
Screen dissipadon. Class A pentode, 562

Screen grid of tetrode or pentode, 7
Screen loadlines, 513-514
Screen rmneradon in converters, 988-989
Screen renex superhet. receivers, design

of, 1145-1146
Screen series resistor, r.c.c. pentode, de-

tenninadon of, 505-506

Screen source reguladon, effect on power
amplifiers, 562

Screen stopper, type 807, 563
Screen stop^rs, general, 91, 1283
Screen supply from voltage divider, r.c.c.

pentiMe, 506

Screen supply, r.c.c. pentode, 496
Screen to control grid amplificadon factor, 35
Screen transconductance, 34
Screen voltage, low, operadon at, 84
Screen voltam supply, valve ratings for, 79
Screening, dectrostadc, in power trans-

formers, 233, 786, 1198, 1279

Screening, electrostadc, to reduce hum, 784
Screens around coils, design of, 466, 473
Screw thieadti 1388-1391
American screw threads, 1388
B.A. screw threads, 1389
self-tapping screws, drill sizes for, 1391
unified screw threads, 1390
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Screw threads (continued)
Whitworth screw threads, 1389
wood screws, 1391

Scroggie*s method for a.v.c. characteris-
tics, 1114, 1232

Secant of an angle, 272
Second, measure of time, 1332
Secondly eudsaitm, 2, 7, 8, 21, 39, 69, 71
Sectionalized windings in transformers, 221-223
Sector of drdc, 273-274
Seleaivity, 412-417, 425-426, 917-918, 920

adjacent channel, F-M, 1040
curves, universal, 421-422
curves, universad, applications of, 1027,

1031, 1035, 1055
expanding, 455-456, 1048-1050, 1260, 1262
graphical metliods, 416-417

smgle tuned circuit, 416-417
two identical coupled tuned circuits, 417

of aerial stages, 917-918, 920
of A-M receivers, adequate, 1040-1041
of coupled circuits of equal Q, 415-416, 426
of coupled circuits of unequal Q, 416, 426
of coupled circuits—tuned pnmaryj

tuned secondaiy, 414-415, 426
of coupled circuits—tuned secondary,

413-414, 425
of identical tuned circuits in cascade, 421
of i-f amplifiers, 1026-1028, 1031-1033,

1035-1037
of single tuned circuit (series and

parallel), 412-413, 425
of superregenerative receiver, measur-

ing, 1087
of variable bandwidth crystal filters,

1055-1056
tests in receivers, 1303-1305, 1318
variable, i-f, 455-456, 1048-1050, 1260, 1262

Selenium rectifiers, 1169
Self-bias operation—see under Cathode

bias.

.Self-rectifying vibrators, 1203, 1204
Semi-infinite straight line, definition, 362
Sensitivity, deviation, tests for, 1317
Sensitivity, maximum-deviation, testt for, 1317
Sensitivity of power amplifiers, definition, 545
Sensitivity, power. Class A triodc, 559
Sensitivity, quieting-signal, test for, 1317
Sensitivity tests on A-M receivers, 1302-1303
Sensitivity tests on F-M receivers, 1317
Series arm of network, definition, 159
Series combinations of L, C and fii, 144-147
Series, condensers in, 135
Series connection of batteries (cells), 129
Series, definition, 1402
Series expansion : general case, 63
Series expansion : valve with resistance

load. 61-62

Series, Fourier, 299-302
Series impedance of tuned circuit, 409
Series in algebra, 266-267
Series, inductances in, 141
Series, infinite, 268-269
Series, Maclaurin’s, . 299
Series-parallel combinations of L, C and

R, 149-153
Series, reactance and resistance in, im-

pedance of—ubles and charts, 1382-1385
Series, resistances in, 131-132

Series resistors, electrode voluges sup-
plied through, 70

Series resistors to limit rectifier current,
1165, 1173

Series resonance, 145, 409, 412, 424
Series, Taylor’s, * 298
Series to parallel impedance, conversion

from, 157-158
Service tester practice, 121-125
Service testers

a.c. versus d.c. test voluges. 124
charaaeristics which should he tested, 122
methods of testing in, 123-125
types of commeraal, 122-123

Service testing of valves, 121-125
Sheet metal gauges, 1393
Shellac pressings, 701, 704r'708

Shielding a-f transformers to reduce hum,
207, 216-211, 781, 784,

Shielding of leads, magnetic, in pre-ampli- ^

fiers, 786
Shon-dreuit, definition, 1402

Short-dreuit feedback admitUnce, 50-55
tesu for, 117

Short-dreuit feedback admittance,
methods of increasing in i-f amplifiers, 1064

Short-circuit forward admittance, 50-5.“

teals for, 111
Short-dreuit interlectrode admittances, 69
Short-dreuit input admittance, 50-5'

tests for, 113-11.

Short-dreuit input capadtance, change of,

with transconducunce, 5*

Short-dreuit input conductance, typical
values of, 5i

Short-dreuit output admittance, 50-5?
tests for,

Short-dreuits, intcrclectrode.
ir

tests for,

73, 91-93, 12
463-46>
466-47.

long dis-

404, 901
404, 901

for loud-
870-871

Short-wave coils, design of,

charts,
Shon-wavc communication,

tance,
forecasting frequendes for,

Shorter’s method of testing
speaker transients.

Shot effect noise, 783, 787, 936-938, 1230
Shunt arm of network, definition, 159
Shunt capadtance coupling in i-f trans-

formers, 1023-1024
Shunt, definition, 140^
Shunt diode bias supplies, 1188-119..
Sibilant speech sounds, distortion of,

with volume compression, 683
Sideband cutting in receiver, equalization

of, 65-^

Sideband, definition, 1402
Side-chain amplifier in volume expansion, 686
Side frequency, definition, 1402
Side-thrust on grooves of record, 723, 726-72'
Siemens, 1334
Signal dreuits, padded, 1013-101'
Signal generator, standard, 1298-1299,

1315-131^
Signal strength meter, 126:
Signal to noise ratio in microphone pre-

amplifiers, 788, 79’
maximiun possible, 78
standard, in pre-amplifiers for broad-

casting,
with crystal microphones.

Signal to noise ratio in record reproduc-
tion, maximum, 704-705, 766,

Signal volUge, definition, 1402
Silicon crystal detectors, 113"

Silvered mica dielectric condensers, 196
Simple harmonic motion, 278-279, 702
Sine of an angle, 272, 27!:

Sine wave alternating current, 129, 130, 278
Sine wave, average (r.m.s.) by definite

integrals, 29^

Sine wave, derivative and integral of, 13r
Sine wave, distorted, 13
Sine wave, fundamental, 130, 299-36
Sine wave, harmonic frequency, 130, 36
Sine wave, rectified, 130, 30i
Single channel sound system vs. dual

channel, 62
Single time constant dreuit, 35S
Siting diode circuit, 1108, 1117, 1257, 129
Sinusoidal, definition, 140:
Skating, groove, 710, 711
Sky (space) wave, 404, 896, 89*.

Slide rule, 257-25/
Slide rule, special calculations on, 258, 822-82
Sliding screen, effect on gain, 28-2'

Slope, negative,- 25, 28
$lope of bass boosting frequency charac-

teristics. maximum, 64
Slope of curve, 280, 289-2^
Slope of dynamic characteristic, r.c.c.

pentode, 506, 507-f

79:
781

77C
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Slope of mutual characteristic, 17
Slope, rate of change of, 289-291
>mall compared with, definition, 1402
Sockets, octal, use of pin No. 1, 81
Sockets, valve, connections to, 80, 81
Soft valve, definition, 1402
Soldering, effect on composition resistors,

188, 1345, 134^
Soldering valves into wiring, 81
Solenoids, multilayer, design of, 443-444
Solenoids, multilayer, inductance of, 441-444

. Solenoids, single layer, calculation of
self-capacitance, 451-452

Solenoids, single layer, design of, 443-445
Solenoids, single layer, inductance of, 429-441
Solids, surfaces and volumes of, 275
Sound chamber in horn loudspeakers, 854-855
Sound, critical frequency bands, 621-622
Sound equipment, loudspeakers, standards

for, 874-876
Sound level and noise, measurement of, 827-880

acoustical noise measurement, 827
electrical noise measurement, 827
noise in amplifiers, measurement of, 829-830

broadcast systems, 829
sound equipment, 829

noise level, definition, 829
noise level, weighted, standard, 829
objective noise meter, 828
radio noise, measurement of, 829-830

radio noise meter, 829—830
references, 830
sound level meter, American standard, 828
sound levels, typical - table, 828-829
weighting network for measurements,

827-828
Sound level and peak acoustical power,

difference between, 623
Sound level—see also under Volume level.

Sound levels, nomogram for adding two
component, 821-822

Sound levels, preferred listening, 623
Sound on film, 701
Sound pressure with conversational

speech, 775
Sound reinforcing systems, 866-867
Sound, reproduced, imagery for describ-

ing, 604-605
So.ind system, complete, 810, 812-813
Sound system rating, 812-813
Sound system, single channel vs. dual

channel or stereophonic, 627

Sound systems, constant line voltage, 874, 883
Soum', velocity and wavelength of, 872
Sound waves, 403
Source impedance, effect of zero or nega-

tive, on loudspeakers, 841

Source impedance for pre-amplifiers,
standard, 793

Source impedance, loudspeaker measure-
ment, 812, 874

Space charge, 3, 71
Space charge coupling in converters,

963, 975-977, 980
Space charge, effect on input capacitance, 51
Space charge tetrodes as power amplifiers, 569
Space current, 70

see also Cathode current.
Space current, definition, 1402
Space, intrinsic resistance of, 897
Space (sky) wave, 404, 896, 897
Spark plates in car xadio, 1277
Specifi^tion for power transformers, 241
Specifications for atf transformers, 228
Specifications for motor and turntable

unit, 705

Speech and noise, references, 634
Speech articulation, 628-629, 630
Speech clippers, 693-694
Speech, compression of, 684
Speech, conversational, sound pressure

with, 775
Speech, declamatory, 629
Speech, masking by noise, 629
Speech peak dynamic range, 628
Speech power, 628

Speech reproduction, 628-630
Speech reproduction, distortion in, 629
Speech reproduction, frequency ranges

for, 630
Sphere, 275
Spider cone suspension, 835
Spirals, flat, inductance of, 445-446
Split-reed synchronous vibrators, 1204
Spurious frequencies
formed by intermodulation distortion, 62
from converters, 62, 987, 995, 1247
in A-M receivers, 1116, 1278-1279

tests for, 1310
spurious response ratio, 1310
image response, tests for, 1310
image ratio, tests for, 1310

in F-M receivers, 1112, 1294, 1295, 1310,
1319

Spurious radiation in F-M receivers, open
field method of measurement of, 1320

Spurious-response ratio, 1310

Spurious responses—see under Spurious
frequencies.

Sputter in rectifier valves, 100
Sputtering, 3
Square wave testing for loudspeaker

transients, 870
Square wave testing of a-f amplifiers, 1324
Square waves, 130, 301, 870, 1324
Squeals (squeaks) in A-M receivers, 1246, 1312
Squegging, 958, 992, 1001, 1244, 1246
Squelch systems, 112^1130
Stability factor (Becker), 388
Stability in a-f amplifiers, tests for, 1324
Stability in feedback amplifiers, 356-378

see also under Feedback.

Stability in i-f amplifiers, 1065-1067
Stability in r-f amplifiers, 942-944
Stability in voltage amplifiers, 535-538
Stability margin in feedback amplifiers,

359, 367, 368, 372
Stability of composition resistors, 186
Stability of electrical characteristics of

valves, 69, 70
Stabilization, frequency, 957-958, 992-996
Stabilized amplifier, bias and screen, 593-594
Stacking factor in power transformers, 235
Stage gain, test for, 74, 108
Stagger tuning of i-f transformers, 1026
Staggering attenuation characteristics of

feedback amplifiers, 364-365, 367, 382-385

Stand-by operation of valves, 84
Standard a.c. waveform, 130
Standard distribution lines, loudspeaker

power rating, 874
Standard test signals, loudspeaker, 874-875
Standards, American recordmg, 702
Standards for loudspeakers, 874-876
Standards for microphones, 781-782
Sundards for pre-amplifiers, 793
Standards for vibrator power transformers, 1207
Standards for vibrators for auto-radio, 1205
Standing-wave ratio of transmission lines, 891
Standing waves in enclosed cabinets, 843
Statampere, 1332, 1333
StatcoiUomb, measure of charge, 1332, 1333
Statfarad, 1332, 1333
Stathenry, 1332, 1333
Static characteristics, 71, 72
Statmho, 1332, 1333
Statohm, 1332, 1333
Statvolt, 1332, 1333
Step circuit in feedback amplifiers, phase

angle, 361
Step in attenuation characteristic, 368, 371

Stephan’s formulae for inductance of
coils, 442, 443-444

Steradian, definition, 1402
Stereophonic reproduction, 627, 865-866
Stiffness of cone suspension, 836
Stop band of filter, 180
Stopper resistors, 91, 326, 560, 562, 563, 958,

959, 1000, 1283
Storage battery operation, valve ratings

for, 78, 79

r.O.H—47
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Straight line, equation to, 280
Strain, definition, 1403
Stress, definition, 1403
Striking voltage of gaseous voltage regu-

lator, 1214
Stroboscope, use of, in recording, 702
Styli (needles), 702, 704, 706, 708, 709-714
Styli, colour codes for, 711

sec also under Needles.
StyU, diamond, 710, 711, 714, 717, 718, 719,

720
Styli, osmium, 711, 714
Styli, oval, 710
Styli, permanent, 710-714
Styli, sapphire, 710-714, 717, 718, 719, 720,

722
Styli, nmgsten carbide, 710, 711, 717, 722
Stylus force, vertical, 702, 708, 709, 712,

718-722, 768, 769
minimum, for tracking, 712, 715, 719, 720

Stylus friction, influence of, 726-727
Stylus, N.A.B. secondary standard, 711
Stylus tip, jewel, polish of, 712
Stylus tip, shape of, 710
Stylus wear, method for giving positive

indication of, 714
Sub-frequencies in loudspeakers, 871
Sub-harmonic, definition, 1403
Sub-harmonics in loudspeakers, 871
Sub-multiples and multiples, 1405
Subscript, definition, 1403
Subscripts for magnitude letter symbols,

1364-1365
Subsidiary feedback, 375-378
Subsidiary voltages and attenuation char-

acteristics in feedback amplifiers,
summation of, 372-375

Subtraction, 260
Sunlight, spectral energy curves of, 1396
Superheterodyne tracking, 1002-1019
Superposition theorem, 165
Superregenerative detector, 1087
Superscript, definition, 1403
Supersonic, definition, 1403
Supplementary angles, 272
Supply impecUmce per plate, plate, 99
Supply voltage, oscillator frequency varia-

tion due to changes in, 949, 953, 955
Suppressor characteristics, 21-22
Suppressor grid as detector, 22, 1257
Suppressor grid, connection of, with

triode operation, 36
Suppressor grid controlled pentodes in

volume expanders, 686, 689-690
Suppressor grid of pentode, 8
Suppressor, noise—see under Noise.
Surface noise and dynamic range, 704-705,

763-765
Surface wave, 896, 897
Surgeproof electrolytic condensers, 193
Surround, annular cone, 835-836
Susceptance and conductance from re-

actance and resistance, chart for de-
termining, 155, 156

Susceptance, grid input, 49-53
Stisceptance of arms and networks, 153-154
Susceptance, sign of, 50, 153
Susceptance, signal grid input, in con-

verters, 976-978
Suspension, cone, 835-836
Swarf in recording, 766
Swinging choke, 249-250, 1182
Symbols, standard, and abbreviations,

1363-1371
abbreviations, 1366-1367

titles of periodicals, 1367-1369
graphical, standard, 1376-1371
magnitude letter symbols, 1364

subscripu for, 1364-1365
with subscripts, 1365-1366

mathematical signs, 1366
multipliers, 1363
references to periodicals, form of, 1369
references to symbols and abbrevia-

tions, 1369
Symmetrical, definition, 1403

Symmetrical networks, 179
Synchrodyne receiver, 1226-1227
Synchronous vibrators, 1203, 1204
Synthetic bass, 616, 676
System rating, R.M.A. microphone, 776,

809-810, 812-813

Tables, charts and sundry data (Chapter
38) 1329-1423

(for details see Contents),
decibel tables, 813-821

Tangent of an angle, 272, 275
Tangent to a curve, 280, 291
Tap, definition, 1403
Tapping down on oscillator coil for

stability, 957
Taylor’s series, 298
Telephone receivers (headphones), 832-833
Temperature changes, oscillator frequency

variation due to, 955-956
Temperature characteristic of valve heater,

10, 11
Temperature coefficient of composition

resistors, 190, 1346
Temperature coefficient of resistivity of

copper, 237
Temperature compensation of tuned cir-

cuits, 196, 956, 957, 1041
Temperature, effect of, on capacitance of

electrolytic condensers, 192, 193
Temperature, measurement of, 1334
Temperature rise of composition re-

sistors, 187, 1394
Temperature rise of power transformers,

236-237
tests for, 1 302

Temperature rise of wire-wound re-

sistors, 1394
Term, definition, 1403
Terminal, definition, 1403
Tertiary, coils in i-f transformers, 1048-1049
Tertiary, definition, 1403
Test records, frequency, 702-703, 716, 752-757
Testing apparatus for receivers, 1298-1300,

1315-1316
Testing of a-f amplifiers for frequency

response at different levels, 626, 1323
Testing of a-f power amplifiers, 548, 1321-1325
Tests and measurements

amplifiers, a-f, 548, 626, 1321-1325
amplitude of frequency test records,

optical methods, 752-753
coils, 453, 1325-1326
coils, self-capacitance of, 453
distortion in sound recording, proposed

standards for, 762
inductance and impedance of iron-cored

inductors, 250-251
phonograph combinations, 1309, 1311-1312
pickups, 715, 716-717, 762
ratio detectors, 1102-1105
receivers, A-M, 1297-1314
receivers, F-M, 1314-1320
recorded velocities, 729
references, 1327
transformers, a-f, 207, 227-228, 626
transformers, power, 236-237, 1302
valves, 68-127

Tetrodes, 7
kinkless, output, 8, 569
space charge, as power amplifiers, 569

Thermal agitation noise, 4, 189-190, 782,
788, 935-936

Thermionic emission, 2, 3, 69
Thermistors, 158, 190, 1267
Thevenin’s theorem, 164
Thom needles, 710
Threshold howl with regenerative de-

teaors, 1087
Throat microphones. 780
Throat of horn loudspeakers, 854-855
Throttled air-flow loudspeakers, 832
Throw-in (and out) frequency (a.f.c.), 1154
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Thump in volume limiters and ex-
panders> 683, 688

Thyritc, 158
Time constant, 137, 141, 172, 173, 536

de*emphasis curve with time constant
75 microseconds, 638

of a.v.c. filter circuits, 1105-1106, 1109,
1115-1117, 1233

of diode detector circuits, 1080-1081
of r.c. filters, 172, 173, 638

. recording pre-emphasis in terms of, 728
single time constant circuit, 359

Time delay in loudspeaker installations, 866
Time-efficiency of vibrator, 1205
Time, units cf, 1332
Titles of periodicals, abbreviations of, 1366-1369
Tolerance, definition, 1403
Tolerances in components, effect of, on

stability in feedback amplifiers, 359, 371
Tolerances in composition resistors,

186, 1344-1347
Tolerances in electrolytic condensers, 192
Tolerances in elements in tone control

networks, 639
Tolerances in screen series resistors and

cathode bias resistors, effect on r.c.c.

pentodes, 515-516
Tolerances in valve characteristics, 9, 15, 88

screen currents, 9
Tonal balance, 617, 632
Tone burst for testing loudpeaker tran-

sients, 870

Tone compensation and tone control
(Chapter 15), 635-678

attenuation expressed as time con-
stant, 638

automatic frequency-compensated volume
control, 672-674, 1234-1239

method incorporating inverse volume
expansion with multi-channel am-
plifier, 673-674

bass attenuation, 649-652
see also under Bass attenuation,

bass boosting, 640-648
see also under Bass boosting,

calculations involving decibels per
octave, 637-638

combined bass and treble controls,
658-669, 739-740, 746-751

continuously variable controls, gen-
eral, 662

dual controls, 664-668
ganged controls, 664
single control, 662-664

fixed bass and treble boosting, 662
quality switch, 659
step-type using feedback, 669-670
steppea controls, general, 658
umversal step-type, not using in-

ductors, 660-661
universal step-type using inductors,

661-662
combined bass controls, 653

stepped controls, 653
combined treble controls, 658
damping of tuned circuits, 639
distortion due to tone control, 606, 636-637
elements of tone control filters, 639
feedback to provide special attenuation

characteristics at low or high fre-

quencies, 671-672
feedback to provide tone control,

330, 336, 347, 378-379, 645-647, 651, 655,
667, 669-672, 741, 748-751, 757-758

fundamental circuit with R and C for
constant input voltage, 639

f

ieneral considerations, 636
imitation of frequency range by filters,

214, 636, 65^658, 737-738, 746-751, 763
see also Bass attenuation,

listener and tone control, 677
multiple channel amplifiers, 673-674, 676
position of equalizer and tone control, 636
purpose of tone compensation* 635-636
references to tone control and tone

compensation, 677-678
see also under Equalizing.

Tone compensation and tone control
(continued)

synthetic bass, 616, 676
tolerances of elements, 639
tone control, definition, 636
tone control in volume expanders,

position of, 686
treble boosting, 653-655

see also uftder Treble boosting,
whistle filters, 673-616

crystal filters, 675
narrow band rejection filter, 675
parallel-T network, 675-676
resonant circuit filters, 673-675

Tone control—see under Tone compensa-
tion and tone control.

Top bend of dynamic characteristic, 508
Top bend rectification, 508, 1084-1085
Toroidal coils, inductance of, 445
Torque of turntable unit, 705
Tracking capability of pickup, checking, 762
Tracking error in record reproduction,

712, 723-727
Tracking in record reproduction, 723-727, 729

Tracking, superheterodyne, 1002-1019
arithmetical-mean tracking, charts for, 1014
arithmetical-mean tracking, formulae

for, 1010, 1015-1017
centre tracking frequency, 1004
charts for geometrical-mean tracking,

1005-1009
circuits used for tracking analysis, 1002
feedback winding for sood tracking, 1004
formulae and charts for design, 1005-1011

worked examples, 1011-1013
general treatment, 1002-1004
geometrical-mean tracking, charts for,

1005-1009
high impedance primsiries, effect on

tracking, 1003
minimizing tracking error, 1233
padded signal circuits, 1013-1015

worked example, 1015-1017
padder, 1003-1004, 1010-1017
padder, ];wssible arrangements of, 1003
permeability circuits, 1002
references, 1017-1019
three point tracking, 1002-1019
tracking curves, typical, 1003
two point tracking, 1002

Transconductance, conversion, defini-
tions. 14, 109, 964-967

Transconduaance, conversion, tests for,

74, 109-111, 124
Transconductance, definition, 14

Transconduaance, grid-plate, 14, 72
see also Mutual conduaance.
tests for, 74, 103-104, 113, 123, 124

Transconduaance, mixer, test for. 111
Transconductance, screen, 34
Transconduaances, intcrelectrode, 73
Transcription records, reproduction from,

701, 731, 769-771
Transducer, definition, 1403
Transfer charaaeristics, 17

Transfer coefficient, 306
Transfer (linearity) charaaeristics of a-f

amplifiers, 587, 610, 611
Transformer-coupled amplifiers, 27-34

Transformer plate supply impedance per
plate, 99

Transformers, aerial coupling,
capacitance coupling,
coefficient of coupling,
fixed tuned,
gan^ capacitor tuned,

diffictilties with,
inductance tuned,
mutual induaance coupling,

high-impc^ance primary,
top capacitance coupling,

tapped induaance.

912, 916-921
921

918-920
912, 921
912-922

913
912

912, 916-920
918
918

912, 920-921

Transformers and iron-cored inductors
(Chapter 5), 199-253
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Transformers, audio-frequency, 206-228
amplification at mid-frequency, 209
** building out ” into half section filter, 214

capacitance due to layer winding, chart 224
capacitance due to random windiqg,

chart, 225
colour code, 1342
core materials, 206-209, 210, 214

high permeability alloys, 206-209
silicon steels, 206-207

core, weight of steel in, 208

d.c. polarization, effect of, 207
device to give improved high frequency

characteri tics, 214

distortion due to core, 206, 207, 210, 211,
212, 213, 214-217, 227

distortion in cores, method of measur-
ing, 207

driver transformer design, 591
driver inductance, 59

1

driver resistance, 591
looking backwards impedance, 591
McIntosh amplifier, 595-596

d^ver transformer leakage inductance,
effects of, 590

efficiency, 228, 567
frequency response, 206, 207, 209, 227, 518

frequency response and distortion, 209, 217
interstage transformers. Class A and

B, 209-210
low-level transformers, 210-211
output transformers, 211-217

hum in, 206, 207, 210-211, 540, 781, 785
insertion copper loss, 214
leakage inductance, 207, 209, 210, 212
leakage inductance chart, 219
leakage inductance, designing for low,

217-219
loss, 228
microphone, 781
mixing windings, 221-223
operating level, 206-207
orienting to reduce hum, 785
output, effect on frequency response

variation with output level, 626, 1323
output, matching with, 880, 881-882

output primary resistance, effects of, 566
output transformer leakage inductance,

effects of, 566, 572-573
output transformer, power handling

capacity, 227, 631
output transformers for special ampli-

fiers,

McIntosh, 594-595
Williamson, 346-347

output transformers, tests for charac-
teristics, 227-228

phase shift in, 206, 207, 214, 518

primary inductance, effect on frequency
response, 207, 209, 212-214

primary inductance, output trans-

formers, 212-214
random winding, 223-227
references, 252

sectionalizing windings, 221-223
shielding to give hum reduaion,

207, 210-211, 781, 784, 1198
specifications for, 228
spiral cores of grain-oriented silicon

steel, 208
winding capacitances, 207, 209, 210, 212

winding resistances, 214
u€ also Amplifiers, a-f transformer

coupled.
Transformers, ideal, 199-203

auto-transformers, 200
double-wound, 199
impedance calculations—multiple loads,

201-203
impedance calculations—single load, 200-201
transformed (reflected) lo^ imped-

ance, 200-203
Transformers, input, for record pre-

amplifiers, 743-744

Transformers, intermediate frequency C
cans for, 1043
capacitance, values of, for tuning,

1021, 1024, 106/.

colour code, 1 342
commonly used circuits, 1022-1025
composite F-M/A-M, 1024-1025
construction, 1041-1043
coupling factors, 1023-1024
coupling factors, calculation of, 414—416,

419-421, 1023-1024, 1043-1048
coupling factors, measurement of,

1025, 1030-1031, 1033-1034, 1102
coupling, mixed, 1025, 1044-1048
design of coils, 454-455, 1041

enclosed in powdered iron pots, 1042
F-M i-f transformers, 1037-1041

bandwidth requirements, 1037-1038
distortion in, 1038-1039, 1068-1069
example, 1039-1041
frequency deviation, method for

measuring, 1039
introduced amplitude modulation,

1038-1039
L C ratios in, 1024
nuxed coupling, 1025, 1044—1048

mutual inductance coupling, 1023, 1025-1041,
1046, 1048-1050

design methods, 1025-1048
critically-coupled, 1026-1031

k measurement, 1025, 1030-1031
over-coupled, 1031-1034

k measurement, 1033-1034, 1102
under-coupled, 1035-1037

selectivity of, 1026-1028, 1031-1033,
1035-1037

shunt capacitance coupling, 1023-1024
stagger tuning of, 1026
tappmg down in, 1024, 1040
television receivers, for, 1026
tertiary coils, 1048-1049
triple tuned, 1026
variable (expanding) selectivity, 455—456,

1048-1050
windings, design of, 453-459

Transformers, parallel-fed, ultimate slope
of attenuation characteristic, 360

Transformers, power, 233-241
area, cooling, 237
build of winding, 236
coil data, table, 240
colour code, 1342-1343
copper loss, 235, 236
core losses, 234
core material, 234-235
core size, 235
currents in windings, 236-237, 1177, 1188,

1185-1186
efficiency, 233, 235
elecuostatic screening, 233, 786, 1198, 1279

flux density, 235
iron loss, 235
laminations, 234-235
leakage inductance, 233
magnetizing current, 235
mean length of turn, computing, 241
primary turns, 235
references, 252-253
secondaries, turns for, 235
specifications for, 241
stacking factor, 235
temperature rise, 236-237

standard tests for, 237, 1302
typical design, 237-241
vibrator transformer design, 1205-1207
wire gauges choice of, 236
see also under Inductors, iron>cored.

Transformers, practical, 204-206
capacitances, 204, 207, 209, 219-227
core loss, 204
effects of losses, 205-206
efficiency, 205
equivalent circuit, 204, 205
impedance ratio, effect of losses on, 206
inductances of windings 204
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rransformers, practical ^’continued)
leakage inductances, 204, 207, 209, 210,

212, 217-219
maximum efficiency, condition for, 205
regulation, 205-206
regulation, effect of copper loss on, 206
relation between copper and iron losses, 205
resistances of windings, 204
iee also Magnetic circuit theory.

Transformers, quarter wave, 892
Transformers, radio frequency, 922-925
choke-capacitance coupling, 924
grounded-grid stages, 925
high-impedance primary, effect on

tracking, 1003
mutual inductance coupled, 922-923

coefficient of coupling, 923
high-impedance primary, 923
low-impedance primary, 922
top-capacitance coupling, 923

parallel-tuned circuit, 923-924
untuned and pre-tuned, 924-925

Transient current with choke input
filters, initial, 1185

Transient, definition, 540
Transient distortion in a-f amplifiers, 540, 582
Transient plate current, peak hot-switch-

ing, 1163, 1180-1181
Transient response, effect of damping on

loudspeaker, 833
Transient response, oscillatory, in feed-

back amplifiers, 365, 367, 382, 386

Transient response, testing feedback am-
plifier for, 366

Transient waveform distortion in volume
limiters, 683

Transients, 137, 141, 483, 540, 582, 683
Transistors, 1138

Transit time effects in valves, 47, 50, 51, 69,

93(^32, 968, 971, 975, 980, 983, 985, 986
Transitional coupling factor, 416, 1031
Translation loss, 759, 770
Transmission lines, 890-892

characteristic impedance of, 890-891
correct termination for, 890-891
impedance-transforming action of, 891-892
input impedance, 892
matching generator to load, section of

line for, 892
quaner-wave transformer, 892
reflection coefficient, 891
standing-wave ratio, 891
standing-waves on, 891
velocity of propagation along, 891
wavelength in cables, 891

Transnussion of intelligence,

Transmission units,

Trapezoid,
Traps (band elimination

finition.

Treble attenuation,
by constant k filter,

by M-derived filter,

by multiple channels,
by negative feedback,

by parallel-T network,

by RC network,
by shunt capacitance,

by step-type control,
de-emphfl^is for record

405-406
826
273

filters), de-
172

655-658
657
657

739-740
657-658, 746-751,
1235, 1237, 1238

176, 657, 675-676,
737, 738, 746-751

660-661
174-176, 655-656,

660, 661-662
660-661

reproduction,
736-737, 744-751

distortion with, 636-637
scratch filter for record reproduction,

214, 636, 655-658, 737-738, 746-751, 763
whistle filters, 673-676

Treble boosting, general, 653-655
automatic frequency-compensated tone

control—see under Tone compensa-
tion.

by feedback, 379, 655, 667, 669-670, 672,
1235-1237

by inductance, in grid circuit, 654
by multiple channels, 739-740

Treble boosting (continued)
by network incorporating inductors, 661-662
by RC network, 660-661, 664
by resonant circuits, 654, 666-667
by step-type control, 660-661
distortion with, 606, 637
equalization of side-band cutting, 654
methods not involving resonance or

feedback. 653-654, 660-661, 664
conventional {RC) circuit, 653-654

Treble, definition, 1403
Triangle, angles of, 272
Triangles, 272-273
Trigomctrical operator, 286, 287
Trigometrical relationships, 271-272,275-278

angles of any magnitude, 276
approximations in, 271-272, 278

Trigometrical scries, 269
Trigometrical tables, 1420

hyperbolic tables, 1421
Trimmer condensers, 197, 1356
Triode amplification factor of pentodes, 35-36
Triode characteristics, specific, tests for, 101-108
Triode, dissipation of resistance-loaded, 26
Triode, dynamic characteristics of,

25-26, 72, 491
Triode of pentode, 34

Triode-heptode, 8, 963
Triode-hexode, 8, 963
Triode operation, connection of sup-

pressor grid, 36
Triode operation of pentodes, 34-36, 547,

785, 787
6AU6 pentode with screen as anode, 785, 787

Triode operation of power pentodes, 547
Triode operation of power pentodes,

partial, 570
Triode-pentode, 8
Triode plate resistance of pentode, 36
Triodes, ^
Triodes, characteristics at low plate

currents, 65

Triodes, crystal, 1138
Triodes, general purpose, 482
Triodes, nigh mu, 482
Triodes, matching of load resistance with, 61
Triodes, matching to loudspeaker, 881
Triodes, power amplifier, 7
Triodes, power, figure of merit for, 61
Triodes, push-pull, Class A, ABi, 571-582
Triodes, remote cut-off, in voltime ex-

panders, 689

Triodes, r.c. coupled, 482-495
comments on tabulated characteristics, 495
equivalent circtiit, exact, 494
gain /frequency characteristic, 494—495
maximum output voltage and distortion,

491-493
phase shift/frequency characteristic,

494-495
Triodes, single, Class A, 548-560
optimum op>erating conditions, 555-558

Triodes, twin, 8
Trip mechanisms in record changers, 705-706
Triple system loudspeakers, 860-861

integral, 860

Tropic proofing, commercial, 1282—1283
Tropic proofing of coils, 476-478
Tuned circuit, parallel, impedance of, 149-152
Tuned circuit, parallel resonance de-

termined by maximum impedance, 151-152

Tuned circuit, parallel resonance de-
termined by unity power factor, 150

Tuned circuit, series (series resonance),
145, 409, 412, 424

Tuned circuits, 407-428, 947-948, 1034-1035
coupling of, 418-421, 1022-1050
complex (mixed) coupling, 420-421
high impedance (top) coupling, 418
i-f transformers, 1022-1050
liidt coupling, 418, 419
low impedance (bottom) coupling,

^8, 419
mutual inductive coupling, 418, 419
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Tuned circuiu (continued)
in cascade, identical, gain and selec-

tivity of, 421
in tone control, damping of, 639
references, 427-428
single, 407-413, 416-417, 421-428, 947-948,

1034-1035
stunmary of formulae, 423-426

Tuned grid oscillator, 950-951, 952
Tuned pUte osdUator, 949-950, 951, 952, 994
Tuning indicators, 1132-1136, 1139

electron ray type (** Magic Eye ’*) 1132-1136
for F-M receivers, 1135-1136
miscellaneous methods, 1132
null pint indicator using, 1134-1135
references, 1139
shunting of detector diode by, 1074
wide angle tuning with, 1134

Tuning methods in radio receivers, 913
gang capacitor tuned, 912-925

difficulties with, 913
inductance (permeability) tuned, 461-462,

912, 913, 953, 1002, 1289
push-button, 1151,1260

Tuning test of receivers, 1312, 1319
Tuning, permeability, 461-462, 912, 913, 953,

1002, 1289
Turnover voltage in germanium detectors,

1136, 1137
Turntable and driviim naechanistn, 705
Tumuble unit, specincation for, 705
Tweeters, 832, 860-S61
Tsrist drUl siz^ 1392
Typical operating conditions for valves, 80

U
Ultimate attenuation, 174, 359-364, 637
**Ultra-lmear*' operation of pentodes, 570, 587
Ultrasonic, definition, 1403
Ultrasonic freouencies, recording of, 704
Ultraviolet light, wavelengths of, 404, 1363
Under-coupled i-f transformers, 1035-1037
Undistorted output, maximum, 1298, 1306,

1315, 1318
Unidirectional current, definition, 1403
Unidirectional microphones, 780
Unilateral elemenu, 159
Unit impulse for testing loudspeaker

transients, 870
Units, 1329-1334

electrical and magnetic uniu, 1331-1333
absolute e.g.s. dectrostatic system, 1331,

1332
absolute c.g.s. electromagnetic

system, 1331, 1332
absolute m.k.s. (Giotm) system, 1331, 1332
absolute system, demiition, 1331
pcactkal systems, 1331, 1332
ratioaalized svatons, 1331, 1332
relationships between, 1333
unradonalizcd systems, 1331, 1332

photometric units, 1334
physical units, general, 1329-1330
temperature, 1334

Unity, definition, 1403
Universal coils, gear ratios for, 456-457
Universal coils, inductance of, 444
Unrationalized systems of uniu, 1331, 1332
Unstable osdUation, 958-959
Untuned r-f stages, 924-925

Vacuum, 69, 70
Valve, amplification by, 13
Valve basing and electrode connections, 69
Valve characteristic curves, 15-24

cathode current characteristics of pen-
tode, 16-17

cathode loadlines, 29-30
chanctetistics by curve tracer methods,

119-120
chancteristics hy pulse methods, 118-119
characteristics, db|»ay of, 120

Valve characteristic curves (continued)
composite* characteristics for push-pull

ampHfiers, 574-577, 581

constant current curves, 22-23
diode curves (detection and a.v.c.), 1075, 1076
dynamic characteristic of r.c. pentode,

26-27, 72, 505-506
dynamic characteristic of r.c. triode,

25-26, 72, 491
elliptical loadlines, 30-34, 64, 213
G curves, 23
grid current charaaeristics, 18-21
grid loadlines, 20
1^ line, 24, 58
maximum plate dissipation curve, 550
mutual characteristics, 17-18
plate characteristics, pentode, tetrode, 15-17
plate characteristics, triode, 15-17
plate characteristics, triode connection,

type 807, 1217
rectifier, constant current, 1165, 1167-1169
rectifier, constant voltage, 1165-1169
rectifier, published, use of, 1165-1169
screen characteristics, pentode, tetrode, 16-17
static characteristics,

suppressor characteristics,

transfer characteristics,

with feedback,

Valve characteristics (Chapter 2),
activation of cathode,
amplification factor,

mective, with feedback,

71, 72
21-22

17
390-399

8, 13-67
69

13, 72
311, 313, 314,

315, 316
i^raphical determination, 15, 16, 18

arcing in rectifier valves, 100
calculation of, other than published, 40-42
capacitance grid-plate, 7
capacitances, inteielectrode, 73
cathode current, total available average, 73
cathode current, total available peak, 73
cathode current—sss oho umUr Spare

current.
cathode follower, equivalent charac-

teristics, 318
change in operating conditions, effect

of, 42-44
characteristic parameters, derived, 72
conductance, definition, 14

contact potential, general—sm undar
Contact potential.

contact potential (grid-cathode), 18, 20, 39,
69, 70

control during manufacture, 85-89
conversion faaors, 36-40, 57, 493, 511, 568
conversion transconductance, defini-

tions and basis of. 14, 109, 964-967
distortion in

—

S44 unatr Distortion,

drift of characteristics during life,

23-24, 70, 84, 530, 533
durchi^iff, definition, 14
dynamic characuristics of pentode,

26-27; 72, 503-506
dynamic characteristics of triode,

25-26, 72, 491
effect of beater voltage on charaacris-

tics, 24
emission, thermionic, 2, 3, 69
equivalent electrode voltsM, 71
fiaure of merit for r-f amplifier valves, 927
filament, dissipation and temperature

characteristic, l(h 11
filament voltage/current characteristic, 10, ll
filaments on a.c. sumily, 6
functional characteristics, basic, 70-73
fundamental physical properties, 69-70
gas current, 3, 19, 51

gas pressure, 73
grid blocking, 21, 84
grid circuit resistance, maximum—

und^r Grid circuit resistance,

grid current characteristics. 18-21
grid current cross-over point, 19, 20
grid current commencement point, 19, 84
grid current, maximum negative, ty^cal

values, 101-102
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/alve characteristics (continued)
grid current, negative, 3, 19, 21, 51,

101-102, 484, 488
grid current, positive, 18, 21, 51, 484, 489
grid current, jKwitive, damping due to, 489
grid emission, 3, 5, 20, 21, 51
grid input admittance, 49-53

see also Signal grid input admittance,
grid input adbrnittance, components of, 51-53
grid input admittance, effeas of, 917, 927-934
grid input capacitance, 49-53
grid input capacitance, components of, 51
grid input conductance, 49-53, 929-932
grid input circuit damping, 20
grid input impedance, 49-53, 929
grid input inductance, 49-53
grid input loading at radio frequencies,

928-934
grid input reactance, 49-53
grid input resistance, 49-53, 939-940
grid input susceptance, 49-53
grid tcmp«ature, 5
^d variational conductance, 20
neater dissipation and temperature

characteristic, 10, 11

heater/fUament voltage, with reduced, 3, 73
heater voltage, 3, 10
heater voltage airrcnt characteristic, 10, 11
inductance of leads and electrodes,

effects of, 46, 50, 51, 53, 930, 931, 932
initial eleftron velocity of emission, 18
input capacitance, change in, 927, 928,

932-934
input capacitance, effect of space charge

on, 51
input capacitances of pentodes, pub-

lished values, 56
instability of electrical characteristics, 70
insulation between valve electrodes,

69, 70, 73
intcrelectrode admittances, 49-57, 69, 70

intcrelectrode capacitances, effect of,

7, 46, 51, 53, 69
interelcctrode resistances, 69
ionization current, 19
leakage current, 19, 20, 51, 69, 70
life, ultimate electrical, 70
life, working, 3, 70, 121
low plate currents, at, 65
mathematical relationships, concern-

ing, 57-65
maximum negative grid current, typical

values, 101-102, 788
microphony, 73, 84, 786, 957-959, 1241-1242
mu factor, definition, 14
mu factors, intcrelectrode, 73
mutual conductance, definition, 14
mutual conductance, graphical deter-

mination, 15, 16, 17

noise, 4, 70, 73, 81, 782, 783, 784, 787, 788,
935-942, 967-968, 972-973, 984

pcrvcancc, definition, i4, 71
photo emission, 2
plate d.c. resistance, 14
plate conductance, definition, 14
plate current, 6
plate resistance, effective, with feed-

back, 311, 313, 314, 315, 316

plate resistance, variational, 13, 14
plate resistance, variational, definition, 14, 72
plate to screen amplification factor, 3^36
poisoning of emission, 2
primary emission (other than cathode),

19, 20, 21, 69, 71
reduced heatcr/filament voltage, with, 3, 73
references, 66, 125-127
resistance of any electrode, definition, 14
reverse grid current—see under Negative

grid current.
screen to control grid, amplification

factor, 35
secondary emission, 2, 7, 8, 21, 39, 69, 71
series expansion ; valve with resistance

load, 61-62
short-circuit admittances, 69
short-circuit feedback admittance, 50-55

Valve characteristics (continued)
short-circuit forward admittance, 50-55
short-circuit input admittance, 50-55
shon-circuil input capacitance, change

with transconductance, 55
short-circuit input conductance, typical

values of, 55
short-circuit output admittance, 50-55
signal grid input admittance, con-

verter, 970, 973, 976-978, 980-981
negative, 977, 985-986

signal grid input conductance, con-
verter, 976-978, 980-981, 982, 987-988

negative, 976-978, 985-986
signal grid input susceptance, con-

verter, 976-978
negative, 976-978

space current, 70
sputter in rectifier valves, 100
stability of electrical characteristics, 69-70
stability of mechanical construction, 69-70
static characteristics, 71, 72
suppressor characteristics, 21-22
transadmittance, oscillator, 968
transconductance, definition, 14
transconductance, grid-plate, 14, 72

see also Mutual conductance,
transconductance, screen, 34

transconductance, suppressor-screen,
953-954

transit time effects, 47, 50, 51, 69, 930-932,
968, 971, 975, 980, 983, 985, 986

triode amplification factor of pentodes, 35-36
triode of pentodes, 34

fTt

triode plate resistance of pentode, 36
variational resistances, interelectrode, 73
voltages, with respect to cathode, 5

Valve coefficients, 13-14, 64-65
Valve coefficients as partial differentials, 64-65

Valve constants, 13-14
Valve electrode supply voltages, 6
Valve electrode voltages, datum point

for, 2, 5, 80
Valve electrode voltages, definition, 6
Valve electrodes supplied through scries

resistance, 70

Valve equivalent circuits, 45-47, 53-55, 59,
63, 512

Valve factors, 13-14
Valve gettering, 4, 69, 70
Valve networks, general case, 64
Valve numbering systems, »10-12
Valve pin straightencr, 80
Valve ratirtgs and limiting effect on

operation, 75—80, 85
capacitances, intcrelectrode, 75
characteristics usually rated, 75-77
electrode potentials, datum point for, 2, 80
general electrical ratings, 75
general mechanical ratings, 75
grid bias for a.c. or d.c, filament ex-

citation, 6, 80

grid voltage limits, 79-80
heater or filament voltage, 77, 78, 79
heater to cathode voltage, maximum, 75, 81
limiting ratings, 75
maximum average cathode current, 75
maximum electrode dissipations, 75, 1249
maximum grid circuit resistance—see

under Grid circuit resistance, maxi-
mum.

maximum peak cathode current, 75
maximum peak inverse voltage, 75
maximum ratings, 9, 75, 77-80
maximum ratings, interpretation of, 77-80

rating systems, 77-80
absolute maximum system, 9, 77
design-centre system, 9, 77-80

ratings for a.c. or d.c. power line opera-
tion, 78, 79

ratings for battery filament types, 79-80
ratings for dry-cell battery operation, 78, 79
ratings for indirectly-heated types, 78-80
ratings for rectifiers, 1163-1164
ratings for storage battery operation, 78, 79
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Valve ratini^s and limiting effect on
operation (continued)

screen voltage supply} 79
specific ad&tionaf electrical ratings

applied to particular types, 76-77
tolerances in characteristics, 9, 15, 88
typical operating conditions, 80

Valve sockets, connections to, 80, 81
Valve test specifications

basic manufacturing test specification, 85
characteristics, 75-77, 85, 86

see also under Valve ratings,

grid current, negative, typical values, 101-102
life test, 75, 85
mechanical and electrical tests, 85
quality contiol, 85
ratings—see under Valve ratings.

Valve vectors, 47-49
Valve wiring jig, 80
Valves for use in pre-amplifiers, 786-788
Valves, fundamental physical properties

of, 69-70
Valves, glass-based, sockets and connec-

tions for, 80, 81
Valves, hum due to conditions within,

81, 84, 540, 1196-1198
Valves, in magnetic field, hum with,

785, 786, 788, 1198
Valves in receiver, position of^, 957
Valves, low noise types, 786-788
Valves, mounting position for, 4, 80
Valves, recommended practice and opera-

tion, 80-84

Valves, soldering into wiring, 81
Valves, stand-by operation of, 84
Valves, testing of (Chapter 3), 68-127

acceptance testing, 120
admittance, short-circuit feedback, 117
admittance, short-circuit forward, 117
admittance, short-circuit input, 113-117
admittance, short-circuit output, 117
ampliheation, t.c., 74, 105, 124
amplification factor, 74, 104, 113
back emission, 74, 100
basis of testing practice, 68, 84
beam tetrode characteristics, specific, 101-108
blocking, 107-108, 113
capacitances, interelectrode, tests for,

73, 95-99
characteristics by curve tracer methods,

119-120
characteristics by display, 120
characteristics by pulse methods, 118-119
control of characteristics during manu-

facture, 85-89
conversion stage gain, 74
conversion transconductancc (mixer),

74, 109-111, 124
converter characteristics, specific, 10^113
methods of operation,

oscillator driven,
oscillator self-excited,

static operation,

dimensions, physical,
diode characteristics, specific,

diode plate current, zero sigrud,

display of valve charaaeristics,
dissipation of electrodes,
distortion in power amplifier valve,
electrode continuity,
emission.

108-109
109

108-109
109

91
99-101

100
120
108

106-107
73, 91-93, 123
73, 94-95, 123

73emission-dependent dynamic test,

filament voltages, lowest used for testing
battery valves, 1313

fundamental characteristic tests, 73-75
fundamental physical propen ies, 69-70
gas current, 101, 102
grid current, commencement voltage,

test for, 73. 102, 109
grid current, negative (reverse)

tests for, 73, 101-102, 109, 124
typical maximtim values in new

valves, 101-102
grid current, positive, tests for, 73, 102
grid em^sion (prinury), 101, 102
grid emusion (second^), 102

Valves, testing of (continued)

R
rid leakage current, hot and cold, 101, 102
eater or filament current, 93-94

heater to cathode leakage, 73, 94, 123
hexaphase shorts and continuity test, 91-93
interelectrode insulation resistance,

73, 94, 102

life test end points, 88-89
life tests, 75, 85, 87-88
methods of testing characteristics, 89-120

general conventions, 90-91

microphony, 74, 107, 113, 121
mixers (frequency changers), 10^113

mixer conversion transconductance,
74, 109-111, 124

mixer plate resistance, 111
mixer transconductance, 111

mutual conductance (transconductance
grid-plate), 74, 103-104, 113, 123, 124

noise, valve, 74, 107, 113, 124
open-circuited electrodes, 73, 91-93, 123
oscillator characteristics, 113
oscillator grid current, 74, 111-112
oscillator performance, 111-112
oscillator transconductancc, 74
pentode characteristics, specific, 101-108
perveance of difxic, 117-118
pcrveance of triodc, 118
physical dimensions, 91
plate conductance, 124
plate current commencement, 74
plate resistance, 74, 104^105, 111, 113
positive voltage electrode currents,

103, 109, 113

power output, 74, 105-106, 124
power output. Class B amplifier 106
preheating before testing, 91, 101, 125
rectification (operation) power diodes,

74, 99-100

reaification, signal diodes, 100
reduced heater voltage, dynamic tests

at, 74-75
references, 125-127
service testers, a.c. versus d.c. test

voltages, 124

service testers, characteristics which
should be tested, 122

service testers, methods of testing in, 123-125
service testers, types of commercial 122-123
service testing and service tester prac-

tice, 121-125
short-circuits, interelectrode, 73, 91-93, 123
special characteristics, 113-118
stage gain, 74, 108
statistical sampling, 86
systematic testing, 86-88

design tests, 87
life tests, 87-88, 88-89
produaion tests, 86-88
recorded readings, 87
warehouse tests, 88

transconductance, grid-plate (mutual
conductance), 74, 103-104, 113, 123, 124

triode, pentode and beam tetrode
characteristics, specific, 101-108

Valves, types of
beam power valves. 8

combined valves, 8
component pans of, 4-6
diodes, 6-7
heptodes. 8-9
hexodes. 9
introduction to, references, 12

kinkless tetrodes. 8
low noise. 786-788
pentagrid converters, 8, 963
pentodes. 7-8
tetrodes. 7
triode-heptode, 8, 963
triode-hexode, 8, 963
uiode-pentode. 8
triodes, 7
twin triodes, 8
vacuum, types of, 4, 6-9

Valves, when to replace, 121
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Variable composition resistors, character-
istics of, 191, 1356

Variable, dehnition, 1403
Variable, dependent, 279
Variable, independent, 279
Variable-mu pentodes—see under Pen-

todes, remote cut-ofF.

Variable sele^ivity i-f amplifiers, 1048-1050
Variables in algebra, 265
Variables, three, graphical representation, 281
Variation (in algebra), 262
Variation, oscillator frequency, causes of,

950, 955-956
due to supply voltage changes, 949, 953, 955

Variational, definition, 1403
Variational grid resistance, minimum,

Class Bs, 590

Vector, definition, 1403
Vector diagram, 138, 143
Vector quantities, 139, 140, 285-287
Vectors, addition and subtraction, 282
Vectors and j notation, 282-284
Vectors, complex algebra with polar co-

ordinates, 286-287
Vectors, complex algebra with rectangular

coordinates, 285-286

Vectors, components of, polar, 283
Vectors, components of, rectangular, 283
Vectors, conversion from complex to polar,

283, 287

Vcrtors, exponential form, 287
Vectors, multiplication of, 282
Vectors, negative, 282
Vectors, radius, 283
Vectors, rotating U notation), 283-284
Vectors, scalar product of two, 282
Vectors, valve, 47-49
Velocities, recorded, measurement of, 729
Velocity, an^lar, 278
Velocity, critical, in recording, 704, 708
Velocity of electromagnetic radiation,

424, 1376, 1396

Velocity of emission, initial electron, 18
Velocity of propagation along transmission

lines, 891
Velocity of propagation of a wave, 403
Velocity of sound, 872
Velocity of stylus tip, transverse, 702-703
Velocity operated microphones, 775
Velocity recording, constant, 703-704, 727
Velocity, reference acoustical, 826
Velocity ribbon microphones, 775, 779
Velocity trip in record changers, 705-706
Vented bame loudspeaker, 845-850, 1489
Ventilation of equipment, 81, 1249
Versine of an angle, 278
Vertical aerials, 892, 893, 895, 896, 901, 904,

907, 909-910

Vertical and horizontal aerials, com-
parison between, 895, 896

Vertical recording, 701
Very small compared with, definition, 1403
Vibration of valves, 70, 81
Vibration of walls, effects of, 864
Vibrator power supplies (Chapter 32),

1202-1212

basic types, 1202-1203
interrupter (non-synchronous), 1202-1203
reversible self rectifying, 1203-1204
self-rectifying (synchronous), 1203, 1204
split-reed synchronous, 1204

choice of vibrator, 1203-1204
coil energizing, 1204

separate driver system, 1204
shunt coil energizing, 1204

K
neral principles, 1202—1205
sh eliminatmn, 1210-1211, 1270-1272,

1275-1276
on (and off) contact time, 1205
operation, 1202
references, 1212
standards for vibrators for auto radio, 1205
standards for vibrator power trans-

formers, 1207
time effidenev, 1205

Vibrator power supplies (cortinued)
timing capacitance, 1207-1209

cal^ation of timing capadtance,

1207-

1208
effect of flux density on capadtance,

1208-

1209
percentage closure, 1208

typical vibrator power supply dreuit, 1211
vibrator interference, elimination of,

1210-1211
vibrator-powered receivers, design of,

1270-1272
vibrator transformer design, 1205-1207
waveform and time efficiency, 1205
12, 24 and 32 volt vibrator supplies,

1211-1212
Vinyl discs, characteristics of, 705, 706-709,

769-771
Virtual cathode, 3, 70, 71, 973, 978, 986
Voice coil, definition, 1403
Voice coil impedance for radio receivers,

loudspeaker standard, 874
Voice coil impedance for sound equip-

ment, loudspeaker standard, 883
Volt, 1332, 1333
Volt-amperes, reactive, 144
Voltage, absolute, expressed in dcdbels, 808
Voltage amplifiers, a-f (Chapter 12), 481-543

see also under Amplifiers, a-f, voltage.
Voltage and current, 128-130
Voltage divider, screen supply of r.c.c.

pentode from, 506
Voltage dividers—see under Potential

dividers.
Voltage doubler, 1174, 1175, 1178, 1186-1187
Voltage, effect on resistance of composi-

tion resistor, 188, 1345
Voltage expressed in decibels (dbv), 776, 808
Voltage feedback—see under Feedback.
Voltage indicators, peak reading, 119
Voltage multiplying rectifiers, 1186-1188
Voltage quadrupler, 1187-1188
Voltage regulator valve to give good

oscillator frequency stabihty, 955
Voltage regulators, 1214-1222

gaseous tube types, 1214-1215
valve types, 1215-1222

as plate supplies for a-f amplifiers, 537
Voltage tripler, 1 187
Voltmeters, method of determining no

load voltage, 163-164
Volume compression and limiting,

679-681, 681-684
compression characteristics, 682, 684
compression of commercial sp^ch, 684
distortion caused by peak limiters or

volume limiters, 681, 683
introduction, 679-681
noise peak and output limiters, 694-699

instantaneous noise i>eak limiters, 694-698
output limiters, 698-699

peak limiters, 679, 682-683
peak limiters, definition, 681
public address audio a.v.c., 693
references, 699-700
speech clippers, 693-694
volume compression, 679, 683-684
volume compression plus limiting, 684
volume compressors, definition,- 681
volume limiters, 683
volume limiters, definition, 681

Volume controls, 794
characteristics of potentiometers, 191, 1356

Volume effect, mimmum, in reflex re-

ceivers, 1141, 1142
Volume expansion, compression and limit-

ing (Chapter 16), 679-700
compression, 679-681, 681-684

set also under Volume compression,
distortion in, 681,
effect on noise, 679
gain conTol devices, 6&.R.E.

lamps,
negative feedback,
penugrids and triode hexodes,
pentodes^ remote cut-off,
plate resistance control,
suppressor-grid control^
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Volume expansion, compression and
limiting (continued)

general principles, 679-681
ideal system, 680
limiuuons of, 679-680
references, 699-700
volume expanders, 686-692

desirable characteristics, 686
electronic methods, two groups of, 686
incorporating feedback, 688
incorporating lamps, 687-688

lamp>controlled feedback, 688
incorporating plate resistance control,

692-693
incorporating remote cut-off pen-

todes, 688-689
incorporating remote cut-off triodes, 689
incorporating suppressor-grid con-

trolled pentodes, 689-690
incorporating valves with five grids,

691-692
tone control, relative position of, 686

volume expansion, 679
effect on background noise, 679
practical problems, 680-681

Volume indicators, 823-824
%ee also under Volume units.

Volume level and peak acoustical power,
difference between, 623

Volume levels, preferred listening, 623
Volume range and hearing, 620-621

see also Dynamic range.
Volume range broadcast or recorded, 624
Volume range in musical reproduaion, 623-624
Volume range of sound reproducer, maxi-

mum, 679
Volume units, 776, 824

reference volume, 824
see also under Volume indicators,
vu, 823, 824

Volume, units of, 1329
vu, 823, 824

w

Warping, effect of record, 760-761
Watt, measure of power, 1332, 1333
Watt-second, 133
Wattless power, 144
Wave analyser, 1299
Wave antenna, 908
Wave motion, 403-404
Wave propagation, electromagnetic, 404, W1
Wave, sky (space).
Wave, suH^acc,
Wave tilt,

Waveform, cosine.
Waveform of vibrator.
Waveform, pulse.
Waveform, rectified sine.
Waveform, saw-tooth,
Waveform, sine.

Waveform, sine, distorted.

404, 896, 897
896, 897

908
278
1205

130, 302
130, 302
130, 301

129, 130, 278
130

Waveform, square, 130, 301, 870, 1324
Waveform, sundard a.c., 130
Wavelength, 403
Wavelength-frequency conversion table, 1362
Wavelength in cables, 891

Wavelength vs. frequency for record
modulation, 708

Wavelength vs. frequency on records, 708
Wavelengths of elecuomagnetic radia-

tion, 404. 424, 1363
Waves, cosmic radiation, wavelengths of

404, 1363
Waves, electromagnetic, introduction to,

403-404
Waves, samma rays, wavelengths of, 404, 1363
Waves, Hertzian, wavelengths of, 404
Waves, light, wavelengths of, 404, 1363
Waves, longitudinal, 403
Waves, sound, 403
Waves, transverse, 403, 404
Waves, water, 403
Waves, X rays, wavelengths of, 404, 1363
Wear, record, 706, 712-713, 723, 769
Wear, stylus, method for giving positive

indication of, 714
Wear, stylus, sapphire, 713-714
Weber, 1332, 1333
Weber per square metre, 1332, 1333
Weights of common materials, 1375
Wheeler networks, 368, 377
Wheeler’s formula for inductance of short

coils, 443
Wheeler’s formula for inductance of

solenoid.
Whistle filters.

Whistle, heterodyne.
Whistle interference,

Whistle interference in A-M
tests for.

Whistles, tests for.

White noise,

Whitworth screw threads,

Wide angle tuning with
tuning indicator,

Williamson amplifier, new,
A515 version.

432
673-676

1303
954

receivers,

1304-1305
1304, 1305

619
1389

electron ray
1134

745-751
346-347

748output transformer specifications, new,
output transformer specifications, ori-

gmal, 346-347
Windings of a-f transformers, mixing, 221-223
Windings of a-f transformers, random, 223-227
Windings of i-f transformers, direction of, 458
Wire t^les, 1408-1417

bare copper, 1408-1411
insulated copper, 1410-1413, 1416, 1417
resistance wire, 1414-1415

Wirewound resistors, characteristics of,

186, 1346-1347
Wiring, chassis, colour code, 1343-1344
Wiring jig, valve, 80
Wood screws, 1391

Work funaion, definition, 1403
Work, units of, 1332
Wow, 626, 705, 760, 1312

X
X rays, wavelengths of, 404, 1363

z

Zero signal, definition, 1403
Zero temperature, absolute, 1334
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SUPPLEMENT

In many cases brief summaries or comments are given, particularly with the

later references.

This Supplement completely supersedes the smaller Supplements included in

earlier impressions.

CHAPTER 1

INTRODUCTION TO THE RADIO VALVE
ADDITIONAL REFERENCES
1 lA. Metson, G. H., S. Wagener, M. F. Holmes and M. R. Child ** The life of oxide cathodes in modem

receiving valves ” Proc. I.E.E. 99. Part III 58 (March 1952) 69.

IIB. Nergaard, L. S. “ Studies of the oxide cathode” R.C.A. Rev. 13.4 (Dec. 1952) 464.
I IC. Hallows, R. W., and H. K. Milward “ Introduction to valves ” (Iliffe and Sons Ltd., London 1953).

CHAPTER 2

VALVE CHARACTERISTICS
ADDITIONAL REFERENCES
B23. Williams, L. E. ‘‘ Space-charge reactance tube ” Elect. 25.6 (June 1952) 166.

B24. Nergaard, L. S. “ Studies of the oxide cathode ” R.C.A. Rev. 13.4 (Dec. 1952) 464,
B25. Levy, I. E. “ The effect of impurity migrations on thermionic emission from oxide cathodes,”

Proc. I.R.E. 41.3 (March 1953) 365.

B26. Tillman, J. R., J. Butterworth, and R. E. Warren ‘‘ The independence of mutual conductance on
frequency of aged oxide-cathode valves and its influence on their transient response ” Proc. I.E.E.
100.5 Part IV (Oct. 1953) p. 8. This variation has been ascribed to an impedance at the interface
layer between the oxide coating and the nickel sleeve ; this article shows that the previous repre-
sentation of the impedance as a single parallel combination of R and C is inadequate. A compre-
hensive bibliography is given.

B27. Bounds, A. M., and P. N. Hambleton ‘‘ The nickel-base indirectly heated oxide cathode ”

E.E. 72.6 (June 1953) 536.

B28. Herrimarm, G., and S. Wagener (book) ” The oxide coated cathode ” 2 vols.. Chapman and Hall
(1951).

B29. Wright, D. A. ” A Survey of present knowledge of thermionic emitters ” Proc. I.E.E. 100.
Part III 65 (May 1953) 125. A valuable and comprehensive survey of the whole subject, with con-
siderable detail on oxide cathodes and extensive bibliography.

B30. Tillman, J. R., J. Butterworth and R. E. Warren “ The independence of mutual conductance
on frequency of aged oxide-cathode valves and its influence on their transient response ” I.E.E.
Monograph, Dec. 1952, Digest, Proc. I.E.E. 100. Part III 65 (May 1953) 175.

B31. Pullen, K. A. ” Using conductance curves in elccuonic circuit design ” Proc. National Electronics
Conference Vol. 6 (1950) 112.

B32. Pullen, K. A. ” G curves ” Tele-Tech 1953/4 “ UHF oscillator design notes ” 12.2 (Feb. 1953)
80 ;

” Conductance curves speed triodc r-c amplifler design ” 12.5 (May 1953) 80 ;
” Conduct-

ance curves speed pentode r-c amplifler design ” 12.7 Guly 1953) 44 ;
” G curves and impedance

ampliflers ” 12.9 (Sept. 1953) 71 ;
” G curves and degenerative ampliflers,” 13.4 (April 1954) 86.

Grid current characteristics
Watkinson, E. ‘‘ Control grid currents in radio receiving valves ” Proc. I.R.E. Australia 15i;6

(June 1954) 139. An introduction to the subject, with grid load lines and input resistance.

CHAPTER 3

THE TESTING OF OXIDE-COATED CATHODE HIGH-VACUUM
RECEIVING VALVES

ADDITIONAL REFERENCES
94. Kuder, M. L. ‘‘ Electron tube curve generator” Elect. 25.3 (March 1952) 118.

95. Smith, G. ” Two bridges for measuring valve parameters ” Electronic Eng. 24.289 (March 1952)
127.

96. Foster, B. C. ‘‘A simple valve comparator” Electronic Eng. 24.291 (May 1952) 220. (Simple
form of display comparator).

97. Brewer, R. “ Radio valve life testing” Proc. I.E.E. 98, Part III 54 (July 1951) 269.
98. Heins, A. J.

” Dyitamic measurements on receiving valves ” J. Britt. I.R.E. 12.1 (Tan. 1952) 63.
99. Metson, G. H., S. Wagener, M. F. Holmes and M. R. Child ” The life of oxide cathodes in

modem receiving valves ” Proc. I.E.E. 99, Part III 58 (March 1952) 69. Discussion 100
Part III 68 (Nov. 1953) 371.

100. Terman, F. E., and J. M. Pettit (book) ‘‘ Electronic Measurements ” McGraw-Hill Book Com-
pany, 2nd cd. 1952. pp. 289-310.

101. rlanagan, J. L. ” Vacuum tube testers ” Elect. 25.6 (June 1952) 139.

102. Rowe, E. G. ” Tcchm^ue of trustworthy valves ” Proc. I.R.E. 40.10 (Oct. 1952) 1166.
103. Acheson, M. A., and B. M. McElwec ” Concerning the reliability of electron tubes ” Proc. I.R.E.

40.10 (Oct. 1952) 1204.
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104. Knight, C. R. and K. C. Harding General considerations in regard to spedhcations for reliable
tubes ” Proc. l.R.E. 40.10 (Oct. 1952) 1207.

105. Koch, D. G. “ Increasing tube reliability in industrial circuits *’ Product Engineering. McGraw-
Hill Publishing Co., 23.6 (June 1952) 175. Reprinted in Radiotronics 18.1 (Jan. 1953) 14.

106. Levy, I. E. “ Shielding and mounting effects on tube bulb temperatures ” Tele-Tech. 12,2 (Feb.
1953) 72.

107. Eaglesheld, C. C. “ Vibration test for valves—use of repeated impaas ” W.E. 30.3 (March 1953)
57.

108. ** Special quality valves—announcement by B.V.A." Electronic Eng. 25. 304 (June 1953) 238.
109. Jones, W. R. Tube applications for increased reliability *’ Trans. l.R.E. Professional Group on

Quality (Control, PGQC-1 (Aug. 1952). Reprinted Proc. l.R.E. (Australia) 14.12 (Dec. 1953)
299. Demonstrates effect of cathode bias and screen resistors on spread of valve characteristics.

110. Wyman, J. H. “ Design factors that extend electron tube life ” Tele-Tech 12.11 (Nov. 1953) 80.
Effect of cathode temperature on life, voltage variations on cathode temperature, bulb temperature
on cathode temperature, high altitude and vibration on tube life.

111. “A pulse emission test for field testing of hot-cathode gas tubes ** R.C.A. Application Note A.N.-
157 reprinted Radiotronics 18.8 (Aug. 1953) 127.

112. Paul, F. A. “ Commercial, ruggedized and premium tubes ” Elect. 20.10 (Oct. 1953) 212. Gives
curves of variation of gm with time, type 6AK5, 5654, 5654 aged 500 hours.

113. Pi^er, H. J.
“ Performance evaluation of special red tubes *’ R.C.A. Rev. 14,3 (Sept. 1953) 413,

Gives performance data and curves for types 5691, 5692 and 5693.
1 14. Niehaus, E. H. “ Curve-tracer test set for vacuum tubes Tele-Tech 13.2 (Feb. 1954) 90. General

Electric development, plots smooth curves, 1% accuracy, directly on paper. Chopper provided
for use when dissipations would be exceeded.

115. Knight, L. ** Valve reliability in digital calculating machines*’ Electronic Eng. 26.311 (Jan. 1954)
9. Measures to reduce number of valve failures ; also applicable to other electronic equipment.

116. “ Special C^ality valves ” Jour. Brit. I.R.E. 15.5 (May 1953) 274. Based on statement by British
Valve Manufacturers* Association.

117. Paul, F. A. “ A comparison of the 6AK5 and 5654 tubes ” Trans. I.R.E.-PGCP-l (March 1954)
. 18. Type 5654 is Premium version of type 6AK5. Comparison on basis of vibration and shock.
118. Handley, P. A., and P. Welch “ Valve noise produced by electrode movement ’* Proc. l.R.E. 42.3

(March 1954) 565. Valve rattle ; resonances ; contribution of various electrodes ; calculation
of resonant frequencies of electrodes ; methods of measuring noise ; valve design.

119. Kurshaw, J., R. D. Lohman and G. B. Herzog “Cathode ray tube plots transistor curves’* Elect.

26.2 (Feb. 1953) 122. R.C.A. development.
120. Wood, R., and W. H. Hunter “ A method of analyzing the microphonic output of a tube and a

description of the CK6247 ’’ Proc. National Electronics Conf. 9 (1953) 111.
121. Wohl, R. J., S. Winkler, L. N. Heynick and M. Schnee “ Audio frequency impulse noise and

microphonism ’’ Proc. Nat. Electronics Conf. 9 (1953) 119.
122. Levy, I. £. “ The influence of a vacuum tube component temperatures on characteristics and life

**

Proc. Nat. Electronics Conf. 9 (1953) 621.

CHAPTER 4

THEORY OF NETWORKS

ADDITIONAL REFERENCES
(A) References to practical rcalstora
A34. Howes, J. W. “ The characteristics and applications of thernudly sensitive resistors or thermistors **

Proc. l.R.E. Aust. 13.5 (May 1952) 123. Reprinted Jour. Brit. l.R.E. 13.4 (April 1953) 228.
A35. Hooper, C. K. “ Subility characteristics _of standard composition resistors’’ Tele-Tech 11.9

(Sept. 1952) 88.

A36. Paul, F. A. “Resistor temperature coefficients’’ Tele-Tech 12.1 (Jan. 1953) 52.

A37. Kdm, L. B. “ The deposited carbon resistor, an essential component* of good audio design prac-
tice ’’ Jour. A.E.S. 1.1 (Jan, 1953) 42.

A38. Gibson, W. T. “ Thermistor prtxiuaion ’’ Elect. Comm. 30.4 (Dec. 1953) 263 i Post Office
Electri<^ Engineers’ Journal Part 1.46 (April 1953) 34.

A39. “ High temperature carbon film resistors Elect. 26.1 (Jan. 1953) 148. High subility, deposited
carbon film on ceramic.

A40. Langford-Smith, F. “ The use of cracked carbon resistors in amplifiers ’* Radiotronics 19.7
(July 1954) 84.

A41. Bell, D. A., and K. Y. Ctu^ “ Current noise in compdsition resistors *’ W.E. 31.6 Qune 1954) 142.
A valuable investigation into several features of current noise.

A42. Forman, A. J.
“ Thermistors : componenu for electronic control and measurement ** Tele-Tech

13.4 (April 1954) 72.

A43. “Metal film resistors’’ W,W. 60.7 (July 1954) 318.

(B) Rcfcrancaa topractical condanaera
B18. Maxwell, J. WT “ New low-temperature capacitors—electrolytic types for operation to—55* C**

Tele-Tech 11.6 Gone 1952) 53.

B19. Davidson, R. ** R.F. characteristics of capacitors '* W.W. 58.8 (Aug. 1952) 301.
B20. Van Buskirk, M. “ Elecuolytic capacitors, why and when *’ Jour. A.E.S. 1.1 (Jan. 1953) 46.
B21. Burnham, J.,

“ Breakdown and leakage resistance—investigation of metallized paper capadtort ’*

Trans. l.R.E. PGCP-1 (Mar. 1954) 3.

B22. Podolsky, and J. K. Sprague “ Some characteristics and limiutions of capacitor and resistor com-
ponents ’* Trans. l.R.E. PGCP-1 (March 1954) 33.

B23. Altenpohl, D. “ Inmrovements in the field of electrolytic capacitors ** Convention Record, I.R.E.
Nat. Conv. 1954, Part 3, p. 35.

B24. Geiser, D. T. “ An investigation of the lowest resonant frequency in commercially available bypass
capacitors ** Convention Record, l.R.E. Nat. Conv. 1954, Part 3, p. 43.
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ADDITIONAL REFERENCES TO NETWORKS (continued from page 171)

9.

Bacon, W., and D. P. Salmon i
“ Resistance-capacitance networks with over-unity gain *’ W.E.

30.1 (Jan. 1953) 20.
10. Lanfdord-Smith, F., “ Calculations of impedance with reactance and resistance in series “ Radio-

tronics ” 18.6 (June 1953) 80. Method applied to slide rule.
11. Brown, D. A. H. “The equivalent Q of RC networks** Electronic Eng. 25.305 (July 1953) 294.

Effective Q of RC networks used as frequency determining element in phase shift oscillator. Cor-
respondence 25.307 (Sept. 1953) 394-395 i 25.310 (Dec. 1953) 534 ; 26.314 (Apr. 1954) 177.

12. Oakes, F. “Simplified calculations—working out resonant circuit constants on the slide rule’*
W.W. 59.9 (Sept. 1953) 439.

13. Tyler, V. J.
“ Pocket reactance and resonance calculator ” W.W. 59.12 (Dec. 1953) 560.

14. Oakes, F. “ Resistances in parallel : calculating effective values on the slide rule ’’ W.W. 60.2
(Feb. 1954) 95.

15. Storch, L. “Rapid parallel-Z calculations** Tele-Tech 12.8 (Aug. 1953) 91. Uses concentric
circle graphical method.

ADDITIONAL REFERENCES TO FILTERS (continued from page 185)

1. Bolle, A. P. “Theory of twin-T RC-nctworks and their application to oscillators” Jour. Brit.
I.R.E. 13.12 (Dec. 1953) 571. A very thorough and comprehensive analysis, both of the general
properties, and the application to oscillators.

2. Linvill, J. G. “ RC active filters ’* Proc I.R.E. 42.3 (Mar. 1954) 555. Active transistor low-,
high-, and band-pass filters.

3. Mole, J. H. “ Filter design data for communication engineers ” (Spon, London, 1952).
4. Crowhurst, N. H. “ More about filters *’ Radio Electronics 24.4 (April 1953) 64 ; 24.5 (May 1953)

CHAPTER 5

TRANSFORMERS AND IRON-CORED INDUCTORS
ADDITIONAL REFERENCES
(A) General
A 12. “ The magnetic properties of the nickel-iron alloys ** Mond Nickel Co. Ltd. London, 2nd ed.

(June 1950).
A13. MacFadycn, K. A. (book) “ Small Transformers and Inductors** (Chapman and Hall, London,

1953). Covers most forms of iron-cored transformers, but treatment is on impedance basis,
using concept of complex permeability.

(C) Audio-frequency transformers
C35. Crowhurst, N. H. “ Measuring up an audio transformer” Audio Eng. 36.11 (Nov. 1952) 24.
C36. Ayres, W. R. “Power and voltage amplifiers’* Audio Engineering Society Lecture No. 2 (17

January 1952).
C37. Morris, A. L. “Tape wound magnetic cores” Electronic Eng. 24.295 (Sept. 1952) 416.
C38. Crowhurst, N. H. “ How good is an audio transformer ? ” Audio Eng. 36.3 (March 1952) 20.

C39. Crowhurst, N. H. “ Making the best of an audio transformer” Audio Eng. 37.1 (Jan. 1953) 40.
C40. Crowhurst, N. H. “ Audio transformer design” Audio Eng. 37.2 (Feb. 1953) 26.

C41. Crowhurst, N. H. “Audio Handbook No. 3 : The use of a.f. transformers” Norman Price (Pub-
lishers) Ltd., London, 1953.

C42. Halabi, T. “Audio transformer design charts” Elect. 20-10 (Oct. 1953) 193. Charts showing

f

)rimary inductance insertion loss, inductance with 4% silicon steel, leakage inductance, insertion
OSS due to leakage reactance, phase shift, and effect of primary inductance on reflected impedance.

C43. Howard, L. W. “ Review of new materials and techniques in high fidelity transformer design*’
Jour. A.E.S. 1.3 (July 1953) 265.

C44. Ayres, W. R. “ Output transformer design considerations ** Audio Bng- 37.4 (April 1953) 14.

Very brief survey.
C45. l.chncrt, W. E. “ Consideration of some factors concerning the use of audio transformers” Jour.

A.E.S. l.l (Jan. 1953) 105. Prediction of performance with source and load impedances other
than rated ; magnetic distortion; noise reduction ; matching of several impedances simultane-
ously.

(D) Power tranaformers
D27. Medina, L. “ Prevention of ionization in small power transformers ” Proc. I.R.E. Australia

15.5 (May 1954) 114. Application to transformers with voltages in excess of 2000 volts.

(E) Iron-cored inductor*
E20. Crowhurst, N. H. “ The design of high Q iron cored inductors * Electronic Eng. 25.309 (Nov.

1953) 478. Design for max. Q with zero d.c.

CHAPTER 7

NEGATIVE FEEDBACK

SECTION 7 : OVERLOADING OF FEEDBACK AMPLIFIERS
ON TRANSIENTS

Negative-feedback amplifiers often distort a signal, such as a pulse, which changes

rapidly with time, although the amplitude of the signal is less than that required to

overload the amplifier when the rate of change of the signal is small. This is because

the feedback voltage changes more slowly than the input voltage, with the result that

the voltage applied to the grid of one jf the valves becomes large enough to drive it

into grid current or beyond cut-off.
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The case of a cathode follower with a capacitive load has been covered in Sect. 2(i)(Y)

page 327.

The design of single-stage, two- and three-stage resistance-coupled amplifiers is

covered in Ref. J3, with curves, of which the following is a summary. In single stage

amplifiers the magnitude of signal required to overload the valve decreases as the

rise-time of the signal is reduced. In two-stage amplifiers, the voltage applied to

the first valve increases as the rise-time of the signal is reduced, but only if the gain

of the amplifier is very small is it possible for the first valve to be overloaded by a

signal which does not also overload the second valve. The second valve is, therefore,

normally the first to overload. If the time-constant of the first stage is sufficiently

large compared with that of the second stage, the input signal required to overload

the second valve does not decrease as the rise-time of the signal is reduced. In three-

stage amplifiers, the voltage applied to the third stage is never greater for a quick

change than for a slow change. Therefore, if the first two stages are designed not

to overload, the signal required to overload the amplifier is as large when it changes

quickly as when it changes slowly.

See also Ref. JIO.

ADDITIONAL REFERENCES TO NEGATIVE FEEDBACK
Jl. Shimmins, A. J. “Cathode follower operation—transient and steady-state performance with a

capacitive load ’’ W.E. 29.345 (June 1952) 155 ; letter H. H. Adelaar 30.2 (Feb. 1953) 49.

J2. MacDiarmid, I. F. (letter) “ Cathode-couoled amplifier “ W.E. 29.345 (June 1952) 169.

J3. Flood, J. E. “ Negative feedback amplifiers, overloading under pulse conditions ” W.E. 29.347
(Aug. 1952) 203.

J4. Thomas, A. B. (letter) “ Non-linearity in feedback amplifiers “ Proc. I.R.E. 37.5 (May 1949) 531.

J5. Shimmins, A. J.
“ Cathode follower performance “ W.E. 27.327 (Dec. 1950) 289.

J6. Mills, B. Y. “ Transient response of cathode followers in video circuits “ Proc. J.R.E. 37.6 (June
1949) 631.

J7. Flood, J. E. “ Cathode follower input impedance—effect of capacitive load “ W.E. 28.335 (Aug.
1951) 231.

J8. Cooper, V. J.
“ New amplifier techniques ’’

J. Brit. I.R.E. 12.7 (July 1952) 371. (“ Negative feed-
back amplifiers of desired amplitude frequency characteristics “ (p. 384) deals with maximal and
optimal flatness, based on Flood’s maximal flatness.)

J9. Baer, R. H. “Cathode follower response—Chart*’ Elect. 23.10 (Oct. 1950) 114.

JIO. Roddam, T. “Calculating transient response’’ W.W. 58.8 (Aug. 1952) 292. (Based on thesis
by G. F. Floyd of M.I.T. and covers overloading in feedback amplifiers on transients.)

Jll. Bell, D. A. “ Amplifier frequency response—effect of feedback ’’ W.E. 29.344 (May 1952) 118 ;

29.349 (Oct. 1952) 281.

J12. Bell, D. A. “ Cathode follower as high-impedance input stage ’’ W.E. 29.351 (Dec. 1952) 313.

J13. Colls, J. A. “ D.C. amplifiers with low-pass feedback ’’ W.E. 29.351 (Dec. 1952) 321.

J14. Miller, E. J.
“ A stable, high quality, power amplifier” Electronic Eng. 24.294 (Aug. 1952) 366.

J15. Garner, L. E. “ Improving amplifier response ” Elect. 25.9 (Sept. 1952) 213. Letter H. L. Arm-
strong 25.11 (Nov. 1952) 432.

J16. Wilson, J.
“ Design of the complete amplifier system ” Audio Engineering Society Lecture No. 4

(1952).

J17. Crowhurst, N. H. “Audio Handbook No. 2—Feedback” Norman Price (Publishers) Ltd.,
England, 1952.

J18. Hekimian, N. C. “Chart speeds design of feedback amplifiers” Elect. 25.9 (Sept. 1952) 153.

J19. Anspacher, W. B. “ Miniaturizing pentode amplifiers by positive feedback ” Proc. National Elec-
tronics Conference 6 (1950) 103.

J20. Kean, A. W. “ Anode-follower derivatives ” W.E. 30.1 (Jan. 1953) 5.

J21. Dunn, S. C. “ RC cathode follower feedback circuits ” W.E. 30.1 (Jan. 1953) 10.

J22. Reeves, R. J. D. “ Feedback amplifier design” Monograph No. 51, published Proc. I.E.E. Part
IV (Dec. 1952).

J23. Crowhurst, N. H. “ A new approach to negative feedback design ” Audio Eng. 37.5 (May 1953)
26.

J24. Ayres, W. R. “ Stability testing of feedback aniplifiers ” Audio Eng. 37.9 (Sept. 1953) 14.

J25. Sokal, N. O. “ Cathode-follower design charts ” Elect. 26.9 (Sept. 1953) 192. Charts show output
impedance vs. input voltage for nine tube types, and give required resistor value.

J26. Crowhurst, N. H. “ Why feed back so far ? ” Radio Electronics 24.9 (Sept. 1953) 36.

J27. Diamond, J. M. “ Multiple-feedback audio amplifier” Elect. 26.11 (Nov. 1953) 148. (Note by
editor : This uses feedback from plates of output stage to plates of preceding RC stage, and this
is regarded as undesirable owing to additional distortion produced in preceding stage). See
also Ref. J40. l.etter by W. B. Bernard, Elect. 27.1 (Jan. 1954) 401.

}

28. Ayres, W. R. “ Feedback from output transformer secondary ” Audio Eng. 37.7 (July 1953) 34.
29. Kuehn, R. L. “ Feedback—degenerative and regenerative Audio Eng. 37.4 (April 1953) 23.

Gives condition for oscillation.

J30. Miller, J. M. “ Amplifier with positive and negative feedback ” U.S. Patent, 2,652,458 (Bendix).
Reviewed by R. H. Dorf, Audio Eng. 37.12 (Dec. 1953) 2. Network in positive feedback circuit
to ensure reversal of phase to improve stability.

J31. Stockman, H. “ Inherent feedback in triodes ” W.E. 30.4 (April 1953) 94. Treats a triode as
a pentode with negative volugc feedback. This transformation makes it possible to obtain prac-
tical triode circuit formula from conventional feedback theory.
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J32. Rowlands, R. O. “ Harmonic distortion and negative feedback ” W.E. 30.6 (June 1953) 133.
More rigorous method than usually employed. The value of A in the expression giving reduction
in distortion is the slope of the output vs. input curve in the vicinity of the distortion. Sec also
correspondence, W.E. 30.9 (Sept. 1953) 232-233 ; 30.10 (Oct. 1953) 262 ; 30.11 (Nov. 1953) 291.
Sec also Refs. J35, J38.

J33. Mason, S. J.
“ Feedback theory—some properties of signal flow graphs ” Proc. I.R.E. 41.9 (Sept.

1953) 1144.
134. Ayres, W. R. “ Feedback from output transformer tertiary” Audio Eng. 38.1 (Jan. 1954) 10.

J35. Roddam, T. ‘‘ Distortion in negative feedback ampliflers—points at which simple theory breaks
down” W.W. 60.4 (April 1954) 169. This is an extension of Ref. J32. See also Ref. J38.

J36. West, J. C., and J. Potts ” A simple connection between closed-loop transient response and open-
loop frequency response ” Proc. I.E.E. 100 Part II. 75 (June 1953) 13. Digest, 100 Part III. 66
(July 1953) 250. Application primarily to servo-mechanisms.

J37. Onder, K. ‘‘A tone hurst generator” J. Acous. Soc. Am. 25.6 (Nov. 1953) 1154. Frequency
12 kc/s, used to test feedback amplifiers. Correction 26.3 (May 1954) 453.

J38. Zcpler, E. E. ‘‘Harmonic distortion and negative feedback” W.E. 31.5 (May 1954) 118, An
expansion of the treatment in Ref. J32.

J39. Brady, J. W. ‘‘Cathode-coupled valves—graphical methods of design” W.E. 31.5 (May 1954)

J40. Knapp, J. Z. ‘‘ The linear Standard Amplifier” Radio and TV News 51.5 (May 1954) 43. Sec
also Ref. J27 for same amplifier. Also compares transient and square-wave response with William-
son.

J4i. Hckimian, N. C. ‘‘ Feedback amplifiers with stabilized output impedances ” Tele-Tech 12.6
(June 1953) 103. This is the same as Bridge Feedback, R.D.H. Pages 313-314.

J42. Whittle, R. L. ‘‘ Design of cathode followers ” Tcle-Tech 12.7 (July 1953) 52.

J43. Favors, H. A. ” Designing cathode followers for pulse type circuit ” Telc-Tcch 12.8 (Aug. 1953)
80. Note that the blocks of Figs. 3 and 6 have been interchanged.

CHAPTER 9

TUNED CIRCUITS

ADDITIONAL REFERENCES
(B) Theory of R-F single-tuned circuits

B28. Morris, D. “ Q as a mathematical parameter” Electronic Eng. 26.317 (July 1954) 306. Suggested
definition of Q for use in circuits with Q less than unity.

(C) Theory of tuned coupled circuits

C48. Polishuk, H. D. ” High-Q coupled tuned circuits” W.E. 31.3 (March 1954) 428. Impedance
characteristics, resonant frequencies, rate of frequency deviation, input conductance, stored energy,
and power dissipation ratios.

CHAPTER 10

CALCULATION OF INDUCTANCE
ADDITIONAL REFERENCES
Approximate formulae for self and mutual inductance
25c. Lofgren, E. ‘‘ FormuU's approchos pour le calcul de I’inductance des bobines circulaires ” Revue

Genorale de L’Electricit(^ (Aug. 1949) 305.

25d. Lot^gren, E. ‘‘ Niirmeformler fur induktansen hos runda spolar ” Teknisk Tidskrift (Oct. 8,

1949) 711.
25c. Cosens, C. R. ” Tapped inductances—calculation of tapping points ’ W.E. 31.3 (March 1954)

74. Formulae for circular coils of square cross-section with inner diameter twice side of square.

CHAPTER 11

DESIGN OF RADIO FREQUENCY INDUCTORS
ADDITIONAL REFERENCES
(A) References to iron cores
A31. Tucker, J. P. ‘‘Powder metal IF cores” TV Eng. 2.10 (Oct. 1951) 22.

A32. ‘‘ Fcrroxcube ” Philips Tec. Com. 4 (1952) 3.

A33. Latimer, K. E., and H. B. MacDonald ‘‘ A survey of the possible applications of ferrites ” Com-
munication News (Philips Telecommunication Industries, Hilvci^um, Holland) LI.3 (Sept. 1950)

76 ;
reprinted in Philips Tec. Com. 4 (1952) 13.

A34. Wessels, P. S. ‘‘Design of slug-tuned superheterodyne receivers” Elect. 25.11 (Nov. 1952) 176.

A35. Champion, D. F. W., and E. G. Wilkins ‘‘ Magnetic powder cores—manufacturing techniques
and applications in radio and telephony ” W.W, 59.2 (Feb. 1953) 83-.

A36. Polydoroff, W. J.
‘‘ Powdered magnetic cores ” Tele-Tech 12.2 (Feb. 1953) 69.

A37. Owens, C. D. ‘‘ Analysis of measurements on magnetic ferrites ” Proc. I.R.E. 41.3 (March 1953)
359. Gives useful bibliography.

A38. Hoh, S. R. ‘‘ Evaluation of high-performance magnetic core materials” Tele-Tech 12.10 (Oct.

1953) ; 12.11 (Nov. 1953) 92, Curves showing core loss, a.c. characteristics and apparent
permeability of laminated, powdered and ferrite materials at low flux densities.

A39. Salpeter, J. L. ‘‘ Developments in sintered magnetic materials ” Proc. I.R.E. Aust. 14.5 (May
1953) 105. Reprinted in J. Brit. I.R.E. 13.10 (Oct. 1953) 499 ; Proc. I.R.E. 42.3 (March 1954)
514.

A40 Went, J. J. and E. W. Goiter *‘ The magnetic and electrical properties of Ferroxcube materials
**

Philips Tec. Rev. 13.7 (Jan. 1952) 181. Abstract Philips Tec. Com. 4 (1953) 18.
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A41. Went, J. J., G. W. Rathenau, E. W. Goiter and G. W. van Oosterhaut, “ Fcrroxdurc, a class of
new permanent magnetic materials ’* Philips Tec. Rev. 13.7 (Jan. 1952) 194. Abstract Philips
Tec. Coin. 4 (1953) 18.

A42. Six, W. “Some applications of Ferroxcube ” Philips Tec. Rev. 13.11 (May 1952) 301.
A43. “Applications ancl properties of Ferroxcube’’ Philips Tec. Com. 6 (1953) 11 ; 1 (1954) 20.

Reprinted from Electronic Application Bulletin 13. 3/4 (March/April 1952).

A44. Richards, C. E., and A. C. Lynch (book) “ Soft Magnetic Materials for Telecommunications ’*

Interscience Publishers, New York, 1953. Review Telc-Tcch 13.3 (March 1954) 52.

A45. Thomas, L. A. “ Modern trends in communication materials ’’ Jour. Brit. I.R.E. 13.7 (July 1953)
356.

A46. Rohan, P. “ Notes on permeability tuning for short waves ’’ Proc. I.R.E. Australia 15.5 (May
1954) 111. Discussion and formulae for calculation of components of the resonant circuits for
band-changing and band-spreading are derived.

A47. Harvey, R. L. “ Ferrites and their properties at radio frequencies ’’ Proc. Nat. Electronics Conf.
9 (1953) 287.

A48. Harvey, R. L. “Ferrite characteristics at radio frequencies” Tele-Tech 13.6 (June 1954) 110.

(B) References to inductance calculation
For curves assisting design of inductors for loudspeaker divider networks sec Chapter 21 Refs. 26, 27.

CHAPTER 12

AUDIO FREQUENCY VOLTAGE AMPLIFIERS
ADDITIONAL REFERENCES

(A) Resistance-capacitance-coupled triodes
A17. Ayres, W. R. “ Power and voltage amplifiers ” Audio Engineering Society Lecture (17 Jan. 1952).
A18. Kruse, O. “ Circle diagrams for resistance-capacitance coupled amplifiers ’’ Audio Eng. 37.2

(Feb. 1953) 22. Correction 37.3 (March 1953) 55.

A19. Ayres, W. R. “ R-C coupled amplifier charts ” Audio Eng. 37.10 (Oct. 1953) 12. Comments on
published charts (R.C.A.) and operating conditions of R.C. amplifiers.

A20. Stockman, H. (letter) “Degenerative pentode equivalent circuit” Proc. I.R.E. 41.6 (June 1953)
801. Derives useful formulae.

A21. Goodfriend, L. S. See Ref. B14.
A22. Pullen, K. A. “ Conductance curves spec^ triode r-c ampliher design ” Tele-Tech 12.5 (May

1953) 80.

(B) Resistance-capacitance-coupled pentodes
B13. Haycock, J. G. “ Pentode gain stabilizing circuit” Elect. 26.11 (Nov. 1 Sj 3) 200. Stabilizes gain

by using voltage-sensitive resistor in low potential section of screen voltage divider of r.c. pentode.
B14. Goodfriend, L. S. “ Bypass and decoupling circuits in audio design ” Jour. A.E.S. 1.1 (Jan. 1953)

111. Mathematical treatment of partially bypassed cathode and screen resistors, giving gain
and phase angle. Also triodes with decoupling network.

B15. Pullen, K. A. “ Conductance curves speed r-c amplifier design ” Tele-Tech 12.7 (July 1953) 44.

(C) Phase inverters
C28. Bourget, L. R. “ Phase splitter ” U.S. Patent No. 2,618,711. Described by R. H. Dorf “ Audio

Patents” Audio Eng. 37.3 (March 1953) 4. Claims perfect balance 20 to 150,000 c '^s.

C29. Wen Yuan Pan, “ Phase inverter with reduced hum ” U.S. Patent No. 2,626,321 (R.C.A.). De-
scribed by R. H. Dorf, Audio Eng. 37.6 (June 1953) 4, with circuit diagram. Uses no additional
components.

C30. Varkonyi, G. “ Cross-coupled inverter ” Audio 38.5 (May 1954) 8. Comparison between cross-
coupled and split-load—former is deficient at high frequencies and when directly coypled to driver
tubes and negative feedback is used, serious trouble is experienced with biasing of drivers, also
dynamic balance upset. Split-load type is excellent at high frequencies but gives*less low frequency
stability. See also letter J. Marshall Audio 38.6 (June 1954) 14.

C31. Boegli, C. P. “ Simplified cross-coupled amplifier” Radio and TV News 51.5 (May 1954) 62.
Eliminates input tubes of original circuit with some increase in distortion.

(D) Direct-coupled amplifiera
D42. McDonald, D. “ Constant current d-c amplifier” Elect. 25.7 (July 1952) 130.

(F) Pulse an^liflers and transients
F2. Boegli, <J. P. “ Transient and frequency response in audio equipment ” Audio Eng. 38.1 (Feb.

1954) 19. Mathematical analysis of the uptake characteristic when unit step input signal is applied
to amplifier or pickup.

(H) General
HI. Sodaro, J. F. “ The pass band of a transformer-coupled amplifier ” Audio Eng. 37.6 (June 1953)

24. Also gives abac for 1 and 3 db attenuation frequencies of a transformer.
H2. Villchur, E. M. “ Handbook of sound reproduction—Chapter 13, Voltage amplifiers and phase

splitters” Audio Eng. 37.10 (Oct. 1953) 42.

H3. Crowhurst, N. H. (booklet) “Amplifiers” (Norman Price, London, 1951).

CHAPTER 13

AUDIO FREQUENCY POWER AMPLIFIERS
ADDITIONAL REFERENCES

HI. Peterson, A. P. G. “ A new push-pull amplifier circuit ” G.R. Exp. 26.5 (Oct. 1951) 1. See also
Refs. E32, H2, H29, H45.
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H2.

H3.

“ Single-ended push-pull amplifier ’

H45.
W.W. 58.5 (May 1952) 203.

H22.

H23.

See also Refs. E32, HI, H29,

(output-transformer-less) amplifier” Audio Eng. 36.6

Sw al80^Refs^’HS°^H43°I145^'
Bo^K^t, 36.9 (Sept. 1952) 10, 14.

H4. Moir, J.
” Review of British amplifiers ” FM-TV 11.10 (Oct. 1951) 30.

operation of the Williamson amplifier” Audio Eng.
36.6 (June 1952) 26. See also Refs. H6, Hll.

—an examination of Ameri-^
See also Ref. H5.

1949) 11.

in-v. Sarser, D., and M. C. Sprinkle ‘‘ The Maestro—a POWER amplifier” Audio Eng. 36.11 (Nov.
1952) 19. Gives output 80 watts at 2% intermodulation.

HIO. Beaumont, J. H. ” Williamson type amplifier using 6A5’s ” Audio Eng. 34.10 (Oct. 1950) 24.
Hll. Hafler, D., and H. I. Kcroes ‘‘An ultra-linear amplifier” Audio Eng. 35.11 (Nov. 1951) 15.

See also Ref. H5.
H12. iGc^rt^M. V. ‘‘ The Williamson type amplifier brought up to date ” Audio Eng. 36.8 (Aug.

H13. Miller, E. J.
‘‘ A stable, high quality, power amplifier ” Electronic Eng. 24.294 (Aug. 1952) 366.

H14. Werner, C. L., and H. Berlin “ New medium-cost amplifier of unusual performance ” Audio Eng.
36.11 (Nov. 1952) 30.

H15. Williamson, D. T. N. ‘‘ High quality amplifier modifications ” W.W. 58.5 (May 1952) 173.
H16. ‘‘ Leak Point One Amplifiers” booklet by H. J. Leak and Co. Ltd., Brunei Road, Westway

Factory Estate, London, W.3.
H17. Pullen, K. A. ‘‘ Using conductance curves in electronic circuit design ” Proc. National Electronics

Conference Vol. 6 (1950) 112. See also Chapter 2 Refs. B14, B22, B32.
H18. Good, E. F. ” RC or direct-coupled power stage ” W.E. 30.3 (March 1953) 54. Gives conditions

for maximum efficiency for ideal triode with parallel feedback.
H19. Bender, W. G. ‘‘A power tube figure of merit” Audio Eng. 37.3 (March 1953) 21. Letters

A. J. L. Prasil 37.5 (May 1953) 10, G. B. Houck and W. G. Bender 37.6 (June 1953) 10.
H20. Postal, J.

‘‘ Simplified push-pull theory—a graphical, non-mathematical explanation,” Audio
Eng. (1) 37.5 (May 1953) 19 ; (2) 37.6 (June 1953).

H21. Bogen, L. H., and A. M. Zuckerman ‘‘ Loudness contour selector in new amplifier ” Audio Eng.
37.5 (May 1953) 31. David Bogen DB20 amplifier, distortion 0.3^,

i

total harmonic at 20 watts,
0.25% at 15 watts, 0.2% at 10 watts 1000 c /s. Combined plate and cathode loading. Loudness
contour-selection 5 positions. See also Ref. H25.
Werner, C. L., and H, Berlin ” Everyman’s amplifier—new low com ten watt unit described as
the Ford of the Hi-Fi industry ” Audio Eng, 37.10 (Oct. 1953) 40, Distortion 0.25 up to 9
watts output, 1% at 10 watts.

White, S. ‘‘ The White Powtron Amplifier ” Audio Eng. 37.11 (Nov. 1953) 32. Uses ultra-linear

amplifiers, with 2 channels, 20 watts main amplifier, 10 watts treble amplifier, with frequency
dividing network prior to both amplifiers. No distortion figures quoted. Employs mainly
negative voltage feedback, but also small degree of negative current feedback ; this is claimed to

eliminate ‘‘ power distortion ” caused by variation in loudspeaker i mpedance. See comment
Chapter 12 Ref. C30.

H24. Langford-Smith, F. ‘‘ Limiting Class A operation—a useful device for good quality push-pull
power amplifiers” Radiotronics 18.10 (Oct. 1953) 177.

H25. Fricborn, J. K. ‘‘ High quality circuits ” Radio Electronics 24.9 (Sept. 1953) 33. Includes
Brocincr UL-1 (ultra-linear), Bell 2200 (combined plate and cathode loaded), Bogen DB 20
(combined plate and cathode loaded—see also Ref. H21—with distortion curves) and Stromberg-
Carlson AR-425 (pentodes with overall feedback—with distortion curves).

H26. Hust, L. B. ‘‘ Extended Class A amplifier ” Radio and TV News 50.3 (Sept. 1953) 40. Two
triodes and two pentodes in push-pull parallel, output 50W. See R.D.H. p. 587 and Refs. E31,
E13.

H27. Marshall, J.
‘‘ Junior Golden-Ear amplifier” Radio Electronics 24.11 (Nov. 1953) 55. Modified

ultra-linear with push-pull 6V6. See also Ref. H33.
H28. Crowhurst, N. H. (booklet) ‘‘Amplifiers” (Norman Price, London, 1951').

H29. Yeh, Chai ‘‘ Analysis of a single-ended push-pull audio amplifier ” Trans. I.R.E.—PGA. AU-12,
(March-April 1953) 9. Theoretical analysis and experimental results. See also Refs. E32,
HI, H2.
Onder, K. ‘‘ A new transformerless amplifier circuit ” Jour, A.E.S. 1.4 (Oct. 1953) 282.

Corderman, S. A., and F. H. McIntosh ‘‘A new 30-watt power amplifier” Jour. A.E.S. 1.4

(Oct. 1953) 292. A Class ABl McIntosh amplifier. Sec also Ref. E28,

Pomper, V. H., ‘‘ The Scott 99A Amplifier ” Radio and TV News 51.2 (Feb. 1954) 66. 10 watts

output, distortion 0.8 hum 80 db below full output, pre-amplifier on same chassis. See also

Ref H38
H33. Marehall,'j. ‘‘The new Golden-Ear amplifier” Audio Eng. 38.1 (Jan. 1954) 17 ; pre-amplifier

and tone control 38.2 (Feb. 1954) 22. Power output 20 watts ;
distortion not stated. See also

Ref. H27. See comment Chap. 12 Ref. C30.
, .... ,

H34. Maepherson, C. H. ‘‘A medium-power tetrode amplifier with stabilized screen supply Audio
Eng. 38.2 (Feb. 1954) 30. Complete with pre-amplifier and tone control on single chassis. Out-
put stage 6V6-GT. Intermodulation distortion less than 0.5% up to 8 watts, 1.2% at 10 watts.

H35. Sterling, H. T., and A. Sobel ‘‘ Constant current operation of power amplifiers ” Jour. A.E.S.

1.1 (Jan. 1953) 16. Also Elect. 26.3 (March 1953) 122. Uses push-pull parallel 5881*8 in ‘‘ ultra-

linear ” Class A2 with high load resistance (12,000 ohms P-P) to give an approach towards constant

current operation. Each cathode with its own resistor and bypass ; matching of valves and sub-

sequent adjustments not required. Driver stage P-P 12B4’s as triode cathode followers, directly

coupled.
Onder, K. ‘‘ Audio amplifier matches voice-coil impedance ” Elect. 27.2 (Feb. 1954) 176. Bal-

anced transformerless amplifiers ; outputs 8 and 18 watts. See also Ref. H3.
Roddam, T. ‘‘ Grounded-grid A.F. amplifier ” W.W. 60.5 (May 1954) 214. Increased power

output, using positive feedback and negative overall feedback.
oi

” Tested in the Home ; Scott 99-A Amplifier” High Fidelity 4 : 2 (April 1954) 81.

tubes balanced automatically. See also Ref. H32.

H30.

H31.

H32.

H36.

H37.

H38. Output
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H39. Langford-Smith, F. “ Triodcs versus pentodes in high-fidelity output stages ” Radiotronics
19.7 (July 1954) 73.

H40. “ Equipment report—;-QUAD II ” Audio 38.5 (May 1954) 28.

H41. Bereskin, A. B. “ A high efficiency-high quality audio frequency power amplifier ” Trans. I.R.E.
PGA. AU-2.2 (March/April 1954) 49. Push-pull 807’s in Class B1 with 24 db feedback from
tertiary, output 50W for 0.7% distortion at 400 c/s. Direct coupling to output stage. Does not
require matched valves. Permits different plate and screen voltages. Uses special bi-filar output
transformers.

H42. Hafier, D. “ Ultra-linear operation of 6V6 tubes ” Radio and TV News 51.6 (June 1954) 43.

H43. Gilbert, F. H. “ The Stephens OTL amplifiers “ Radio and TV News 49.3 (March 1953) 45.

No output transformer, triodc output, distortion 0.1 at 18 watts. See also Ref. H3.
H44. Marshall, J.

** The importance of balance in push-pull amplifiers” Radio Electronics 24.7

(July 1953) 28.
H45. Dickie, D. P., and A. Macovski ‘‘ A transformer-less 25-watt amplifier for conventional loud-

speakers ” Audio 38.6 (June 1954) 22. Output 20 W into 16 ohms with 0.4% harmonic dis-

tortion. Three type 6080 valves with 6 triode units in parallel. See also Refs. HI, H3.

CHAPTER 14

FIDELITY AND DISTORTION
ADDITIONAL REFERENCES

(A) Distortion and fidelity—general
A56. Schjclderup, J. R. A proposed solution to the loudness control problem ” Audio Eng. 36.9

(Sept. 1952) 34.
A57. Robbins, J. G. “ The acoustic significance of the amplitude and phase of harmonics present in

a source of sound in a room ” J. Acous. Soc. Am. 24.4 (July 1952) 380.
A58. DeLange, O. E. ” Distortion measurement” U.S. Patent No. 2,618,686 (sec R. H. Dorf, Audio

Patents, Audio Eng. 37.3 (March 1953) 2. Visual method employing outphasing principle.

A59. Lampard, D. G. ” Harmonic and intermodulation distortion in ‘ power law * devices ” Proc.
I.E.E. 100.5 Part IV (Oct. 1953) 3. The calculation of the amplitudes of harmonic and inter-

modulation components produced when two sinusoidal voltages arc applied to a device whose
transfer characteristic is a simple power law—c.g. in variable density sound-on-film and use of
diodes in a.g.c. circuits.

A60. Aerovox, “Phase shift distortion test” reprinted Radio and Hobbies, Australia, 15.11 (Feb.
1954) 37. Combines output with input, phase reversed 180 degrees, to show distortion on CRO.

A61. Tyler, V. J. “Simple distortion meter” W.W. 59.9 (Sept. 1953) 431. Use filter-amplifier to
remove fundamental frequency (letter) G. H. Askew and R. Malchcll, W.W. 59.12 (Dec. 1953)
582.

A62. Wigan, E. R. “ Diagnosis of distortion—The Difference Diagram and its interpretation ” W.W.
59.6 (June 1953) 261.

A63. Peterson, A. G. “The measurement of non-linear distortion ” Presented at the I.R.E. Convention,
March 1949. Technical Publication B-3, General Radio Company, Cambridge, Mass. Com-
pares various methods of measurement.

A64. Prcsscy, D. C. “ Measuring non-linearity ” W.W. 60.2 (Feb. 1954) 60. The fundamental is

subtracted by frequency-insensitive element, using adding amplifier with one valve, and test signals
need not be pure sine wave. Corrections 60.3 (Mar. 1954) 128.

A65. “High fidelity—what is it? Some suggestions for a high-fidelity yardstick” Jour. A.E.S. 2.1

(Jan. 1954) 56.

A66. Bloch, A. “ Measurement of non-linear distortion ” Jour. A.E.S. 1.1 (Jan. 1953) 62. The har-
monic, heterodyne (CCIF) and intcrmodulation methods of measurement arc examined from a
mathematical standpoint.

A67. Maxwell, D. E. “ Comparative study of methods for measuring non-linear distortion in broad-
casting audio facilities ” Jour. A.E.S. 1.1 (Jan. 1953) 68. Compares harmonic, I.M. and C.C.I.F.
methods for essentially pure quadratic and cubic distortion, with frequency response uniform ;

limited to 8,000 c/s ; and increasing at low and high frequencies.
A68. Lampard, D. G. “ Harmonic and intcrmodulation distortion in ‘ Power law’ devices ”. I.E.E.

Monograph, Dec. 1952. Digest Proc. I.E.E. 100. Part III 64 (March 1953) 111. Mathematical
treatment deriving both intcrmodulation and harmonic distortion in terms of the index.

A69. I.R.E. Standards on Circuits : Definitions of Terms in the field of Linear Varying Parameter and
Non-Linear Circuits 1953. Proc. I.R.E. 42.3 (March 1954) 554.

A70. Dadson, R. S. “ The normal threshold of hearing and other aspects of standardisation in audio-
metry ” Acusiica 4.1 (1954) 151. NPL determination of normal threshold of hearing. Results
differ significantly from those of Sivian and White and given by Fletcher (Ref. A3).

A71. Jones, E. M. “ How much distortion can you hear ? ” Trans. I.R.E. PGA. AU-2.2 (March/April
1954) 42. 35% detected an increase of distortion from 0.3% to 0.9% at 1000 c/s and an increase
from 0.8% to 1.7% at 100 c/s ; 28% detected an increase in I.M. distortion from 1.5% to 3.7%
on tape ; 21% detected 1.3% I.M. distortion on a live performance.

(B) Intcrmodulation distortion
B23. Berth-Jones, E. W. “ Intcrmodulation distortion—its significance and measurement ” Jour. Brit.

I.R.E. 13.1 (Jan. 1953) 57.
B24. Scott, H. H. “ Intcrmodulation measurements” Jour. A.E.S. 1.1 (Jan. 1953) 56. Describes the

two main types of intermodulation measurements—modulation meters and beat tone measure-
ments, with comments. Good bibliography.

(D) Limited range, speech and noise
D20. Conference on speech analysis. Acoustical Society of America, J. Acous. Soc. Am. 24.6 (Nov.

1952) 581-642 (10 papers).
D21. Hirsh, I. J., and W. D. Bowman “ Masking of speech by bands of noise ” J. Acous. Soc. Am. 25.6

(Nov. 1953) 1175.
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CHAPTER 15

TONE COMPENSATION AND TONE CONTROL
Additional Tone Control Circuit

(see page 669)

Fig. 15.57C. Tone control circuit. Tolerances Ci, Ca, R^y C3 ± 5%. Pi
and Pa linear potentiometers y having a fixed tapping at 50% rotation. The
source impedance should not be more than 10,000 ohms. should normally be 0.05 fxF
if following stage has 0.25 MQ grid leak {Ref. 91). Type 6AU6 could be used as sub-
stitute for the type showny with suitable values of cathode and screen resistors, to give

an output of about 2 V r.m s.

Fig. 15.57D. Measured frequency response curves of circuit of Fig. 15.57C. Labels

on curves are resistance values between potentiometer slider amd centre of element. Dotted
curves are with P^ centre-tap disconnected from earth and with one 0.33 MQ resistor

connected from each end of P^ to earth {Ref. 91).

ADDITIONAL REFERENCES
91. Baxandall, P. J. “Negative feedback tone control—independent variation of bass and treble

without switches” W.W. 58.10 (Oct. 1952) 402. Correction 58.11 (Nov. 1952) 444.

92. Douglas, G. A. “ Simplified equalizer design—charts and tables to reduce complication and con-

struction hints to case building ” Audio Eng. 36.12 (Dec. 1952) 18.

93. “ The ‘ Vari-Slope ’ Pre-amplifier ” H. J. Leak and Co. Ltd., Brunei Road, Westway Factory Estate,

Acton, London, W.3. Uses modified twin-T resistor-capacitor networks in negative feedback
loops to give continuously-variablc slope of attenuation characteristic (from 5 db to 50 db over the

octave immediately following the cut-off frequency), and choice of two cut-off frequencies. See
also Ref. 99.

94. Villard, O. G., and D. K. Weaver “The Sclcctojcct ” Q.S.T. (Nov. 1949) 11 ; A. Q. Morton
“Oscillator/filter unit” W.W. 59.3 (March 1953) 129. „ ^ ^ ,

95. Villchur E. M. “ The selection of tone control parameters Audio Eng. 37.3 (March 1953) 22
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96. Mountjoy, G., and C. R. Shafer “ Tone control circuits ’* U.S. Patent 2,626,991 (Stromberg-
Carlson) described by R. H. Dorf, Audio Patents, Audio Eng. 37.6 (June 1953) 4. Two circuits

shown, with curves, each providing bass boosting, one with potentiometer control.
97. Barber. B. T. “ Flexible tone control ’* Audio Eng. 37.9 (Sept. 1953) 29. Americanized form of

Baxandall circuit. Ref. 91.
98. Villchur, £. M. “ Handbook of sound reproduction—Chapter 14. Tone control and equalization

**

Audio Eng. 37.11 (Nov. 1953) 25.
99. Crowhurst, N. H. “British audio circuits** Radio Electronics 24.11 (Nov. 1953) 74. Telrad,

Leak “ Vari-slope ’* and QUAD tone control circuits.

100. Dundovic, J. F. “ A three-channel tone-control ampliher ’’ Audio Eng. 37,4 (April 1953) 28.

Provides bass and treble boosting of varying slope and fixed hinge-point. Correction (new dia-
gram) 37.12 (Dec. 1953) 20.

101. Sisson, E. D. “ Resistance-capacitance networks in amplifier design ’* Jour. A.E.S. 1.1 (Jan. 1953)
1 16. RC networks reduced to 2 basic types, and attenuation and phase angle characteristics given.

102. Blics, F. R. “ Attentuation equalizers’* Jour. A.E.S. 1.1 (Jan. 1953) 125. Comprehensive treat-

ment of equalizers to correct overall gain-frequency characteristic with 1 1 charts.

103. John, R. S. “ Dynamic loudness control ’’ Radio and TV News, R.E.E. Supplement 49.5 (May
1953) 10. General principles and circuit giving frequency compensation varying with instantaneous
level.

104. O’Leary, M. G. “ Loudness control : the good and bad features of some popular types ** Radio
Elearonics 24.8 (Aug. 1953) 48.

CHAPTER 16

VOLUME EXPANSION, COMPRESSION AND LIMITING

ADDITIONAL REFERENCES

88. Pope, G. J.
“ Design for a constant volume amplifier ’’ Electronic Eng. 24.296 (Oct. 1952) 464.

Letters B, D. Corbett and G. J. Pope, 24.298 (Dec. 1952) 580.
89. Robens, D. E, Volume compressor, U.S. Patent, 2,596,510. See R. H. Dorf “Audio patents’*

Audio Eng. 36.12 (Dec. 1952) 2.

90. Scott, R. F. “Volume expanders and compressors’’ Radio Electronics 24.3 (March 1953) 41.
91. Culicetto, P. J. “Volume expander and compressor’’ U.S. Patent 2,615,999. Described by

R. H. Dorf Audio Eng. 35.5 (May 1953) 2. Second harmonic 0.35%, third harmonic 0.15%
with 17 db expansion ; or output level + 3 db for 22 db input level changes. Tubes 2/6 SNT-GT,
1-6J5, 1-6H6,

92. Schouten, G. H. “ A.G.C. by means of miniature NTC resistors with heating element ’* Philips
Tec. Com, 7 (1953) 9. Reprinted from Electronic Application Bulletin 12.2 (Feb. 1951) 33.
May be applied to public address a.v.c.

93. Robens, F. W., and R. C. Cunis “ Audio automatic volume control systems ’’ Jour. A.E.S. 1.4

(Oct. 1953) 310. Useful summary of limiting, compression and public address a.v.c. devices.
94. Nigro, J., and J. B. Minter “ Concert-hall realism through the use of dynamic level control ”

Jour. A.E.S, 1.1 (Jan. 1953) 160. Uses 6SK7 with cathode bias, screen varying from - 2 to 4 5
volts, and suppressor from 50 to 150 volts for dynamic control, and frequency response is a function
of the output level.

'

CHAPTER 17

REPRODUCTION FROM RECORDS
DISCS AND STYLI (Continued from page 709)

(D) R.C.A. 45 r.p.m. Extended Play (EP) records

These records have a maximum playing time of 7.9 minutes and the following

characteristics :

Grooves per inch, normal max. 300
Peak recording velocity 14 cm/sec.

Diameter innermost music groove 41 in. min.

Groove width 2.5 to 3.0 mils

Minimum permissible groove width 2.2 mils

The lead-out groove is reduced in length due to the smaller ending diameters.

All other faaors (except intermodulation distortion and groove velocity) as shown
on pages 708 and 709. For shorter selections (3 to 4 minutes or so) the number of
grooves per inch is selected to bring the last music groove to 4.875 inches, and the

lead-out groove is as described on pages 708 and 709. For longer selections the

number of grooves per inch is gradually increased and minimum recording diameter
decreased simultaneously to the limiting values stated above.
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SECTION $ (i) Standard Playback Curve
(Continued from pages 731-732)

The original AES Standard Playback Curve (Fig. 17. 15A) has now been revised,

and the new curve (Fig. 17.15D Curve B) has been adopted by the RIAA, AES,
NARTB (transcriptions) and leading American phonograph manufacturers. The
original curve is also shown as Curve A in Fig. 17.15D to enable a direct comparison

to be made.
This curve may be duplicated on a flat amplifier by the RC network of Fig. 17.15E

following a triode, or that of Fig. 17.15F following a pentode.

The history and details of the new curve are given by Moyer (Ref. 346).

Fig, 17.15D. {A) Old AES Standard Playback Curve ; {B) New RIAA—AES—
NARTB—RCA New Orthophonic Standard Playback Curve {RT\^).

Fig, 17.15E. Equalizing circuit following a triode {RT\5).

Fig, 17.15F. Equalizing circuit following a pentode {RT\t).

ADDITIONAL STANDARD FREQUENCY TEST RECORDS
(Continued from pages 753-757)

LXT 2695 Decca Microgroove Frequency Test Record

This record has been cut at 33-1/3 r.p.m. with the groove width, at the top, of

0.0037 of an inch (0.95mm) with an included angle of 90 + or - 1 and a radius

at the bottom of the groove of less than 0.0003. The recording is from outside to

inside in bands of constant frequency and in the following order :
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15 Kc/s (4- 12.5 db) ; 14 Kc/s ( f 13.1 db) ; 13 Kc/s (4- 12.9 db) j 12 Kc/s
(4-12.0db); 11 Kc/s (4- 11.5 db) ; 10 Kc/s (4- 10.5 db) ; 9 Kc/s (4- 10.1 db)

;

8 Kc/s (4- 9.2 db) ; 7 Kc/s (4- 8.5 db) ; 6 Kc/s (4- 7.3 db) ; 5 Kc/s (4- 5.9

db) ; 4 Kc/s (+ 4.6 db) ; 3 Kc/s (4- 3.6 db) ; 2 Kc/s (4- 1.9 db) ; 1 Kc/s
(0 db) ; 500 c/s (- 2.3 db) ; 250 c/s (- 6.6 db) ; 125 c/s (- 9.0 db) ; 60 c/s

(- 11.7 db); 40 c/s (- 13.9 db).

The recorded velocity at 1,000 cps is 1.2 cm per sec. r.m.s. These levels are

accurate to within 4- or — 0.5 db.

This record should be played with a pickup using a point radius of 0.001 of an

inch and with a vertical force of not greater than 10 grams.

ADOmONAL REFERENCES : REPRODUCTION FROM RECORDS
318. Godfrey, J. W. and S. W. Amos (book) “ Sound Recording and Reproduction ” (B.B.C.) Iliffe

and Sons Ltd., London, 1952.
319. Williamson, D. T. N. “High quality amplifier modifications” W.W. 58.5 (May 1952) 173.

320. “ What is a recording characteristic ” W.W. 58.5 (May 1952) 178.
321. Kelly, S. “ Further notes on thorn needles ” W.W. 58.6 (June 1952) 243.
322. Rabinow, J., and E. Codier “ Phonograph needle drag distortion ” J. Acous. Soc. Am. 24.2 (March

1952) 216.
323. New method of noise reduction which knows what noise is present—John M. Miller Jr. (assigned

to Bendix Aviation) U.S. Pat. 2,589,723. See summary R. H. Dorf. “ Audio Patents ” Audio
Eng. 36.7 (July 1952) 2.

324. Bauer, B. B. “ The wear of phonograph needles ” Trans. I.R.E. Porfcssional Group Audio (Nov.
1951).

325. Reiskind, H. I. “ Design interrelations of records and reproducers ” Trans. I.R.E. Professional
Group Audio, PGA-5 (Feb. 1952) 1.

326. Moir, J. “Review of British amplifiers” FM-TV 11.10 (Oct. 1951) 30. Gives circuits of
Acoustical pre-amplifier and QUAD main amplifier.

327. Beggs, G. E. “Precision pre-amplifier” Elect. 25.7 (July 1952) 121.

328. Kiebert, M. V. “ A pre-amplifier switching and equalizing unit for critical listening ” Audio Eng.
36.9 (Sept. 1952) 21.

329. Voigt, P. G. A. H. “ Some pickup design considerations ” Audio Eng. 36.10 (Oct. 1952) 64.

330. Shirley, G. “ Danger ! worn needles ” High Fidelity 1 : 4 (Spring 1952) 28.

331. McLachlan, K. R., and R. Yorke “ Objective testing of pickups and loudspeakers ” J. Brit. I.R.E.
12.9 (Sept. 1952) 485.

332. Bixler, <3. C. “ A commercial binaural recorder ” Jour. S.M.P.T.E. 59.2 (Aug. 1952) 109.
333. Markow, E. W. “ Record improvement with H-F cut-off filters ” Audio Eng., 36.11 (Nov. 1952)

27.
334. Cook, E. “Recording binaural sound on discs” Tele-Tech 11.11 (Nov. 1952) 48.

335. Cook, E. “ Binaural discs ” High Fidelity 2.3 (Nov.-Dee. 1952) 33.

336. John, R. S. “ Constant amplitude pickup compensation ” Radio Electronic Engineering (April
1951) lOA.

337. “ Elements and Practice of Sound Recording.” Lectures presented by the New York Chapter
of the Audio Engineering Society (Nov. 10, 1949 to Feb. 23, 1950).
1. Psychoacoustical aspects of the recording problem, (A) H. F. Olson, (B) W. B. Snow.
2. The recording process—a survey, (A) C. J. Le Bel, (B) C. R. Sawyer.
3. Disc recording—lathes, recording heads, reproducers, (A) T. Lindberg, (B) N. C. Pickering.
4. Disc recording—characteristics, distortion, lacquers, styli, (A) H. E. Roys, (B) E. Cook.
5. Disc recording—test procedures and processing, (A) F. W. Roberts, (B) K. R. Smith,

and others on magnetic and film recording etc.

338. Carlson, E. V. “ A ceramic vibration pickup ” Trans. I.R.E.—PGA PGA-10 (Nov.-Dee. 1952) 2.

339. Pickering, N. “ Effect of load impedance on magnetic pickup response ” Audio Eng. 37.3
(March 1953) 19.

340. Goldmark, P. C. “ The Columbia ‘ 360 ’ ” Audio Eng. 37.3 (March 1953) 28. Also E. T. Canby
“ Record Revue ” page 46.

341. Woodward, J. G., and J. B. Halter “ The measurement of the lateral mechanical impedance of
phonograph pickup ”

J. Acous. Soc. Am. 25.2 (March 1953) 302. See also Ref. 342.
342. Woodward, J. G., and J. B. Halter “ The lateral mechanical impedance of phonograph pickups ”

Audio Eng. (1) 37.6 (June 1953) 19 ; (2) 37.7 (July 1953) 23. Measures complex mechanical
impedance 30-10,000 c/s, with equivalent mechanical system of crystal pickup. Curves of
mechanical impedance for various phonographs and pickups. See also Ref. 341.

343. Roys, H. E. “ Distortion in phonograph reproduction ” Jour. A.E.S. 1 : 1 (Jan. 1953) 78. Re-
printed R.C.A. Rev. 14.3 (Sept. 1953) 397. See also Ref. 382.

344. Foster, E. F. “ Sharpening thorn needles—simple machine gives well-shaped and burnished
points ” W.W. 59.12 (Dec. 1953) 564.

345. ** The Ferranti pickup ” High Fidelity 3.5 (Nov. 1953) 109.
346. Moyer, R. C. “ Evolution of a recording curve ” Audio Eng. 37.7 (July 1953) 19. Gives early

history and R.C.A. “ New Orthophonic ” curve.
347. Wood, F. “A new wide range phonograph cartridge” Audio Eng. 37.12 (Dec. 1953) 22.

(Zorrection 38.2 (Feb. 1954) 60. Barium titanate cartridge, damped by silicone, 30-15,006 c/s
± 2.5 db on basis of New Orthophonic curve without equalization, lateral compliance 10 •

cm /dyne or higher, output 0.6 volt, intermodulation distortion well below 2% throughout entire
recorded range. Electro-Voice Model 84. For comments see E. T. Canby, Audio 38.3 (March
1954) 42.

348. Minter, J. B. and A. R. Miccioli “ Effect of high-frequency pre-emphasis on groove shape ”

Jour. A.E.S. 1.4 (Oct. 1953) 321. Analysis of step function input with oscillograms of groove
shape, ^ving values of angle which maximum slope line makes with direction of record travel
for various values of pre-emphasis.

349. Williamson, D. T. N. (notes from lecture) “ Suppressing gramophone surface noise ” W.W. 59.7
(July 1953) 298. Use of gate circuit to remove disturbance from dust particles and clicks.
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350. Russell, G. H. “ Inexpensive pickups on long-playing records ” W.W. 59.7 (July 1953) 299.
Simple resonant filter to eliminate peak.

351. Weil, M. “ Let’s talk about diamonds” High Fidelity 3.1 (March-April 1953) 38.
352. I.R.E. Standard 53 I.R.E. 1951 ‘‘ Standards on sound recording and reproducing : Methods

of nieasurement of noise ” Proc. I.R.E. 41.4 (April 1953) 508.
353. British Standard BS 1928 (1953) “ Lateral cut gramophone records and direct recording.”
354. McProud, C. G. “ Preamp with ‘ presence ’ ” Audio Eng. 38.1 (Jan. 1954) 23. Optional 6 db

boost—centred on 2700 c/s for solo violin or singer.
355. Boegli, C. P. ‘‘ Transient and frequency response in audio equipment” Audio Eng. 38.1 (Feb.

1954) 19. Mathematical analysis of the uptake characteristic when unit-step input signal is
applied to amplifier or pickup.

356. Marshall, J.
” The new Golden Ear amplifier”—Part 2, pre-amplifier and tone control ” Audio

Eng. 38.2 (Feb. 1954) 22. Uses IU5 valves on rectified and smoothed a.c. in pre-amplifier.
357. Villchur, E. M. “ Pickup tracking error ” Audio Eng. 34.3 (March 1950) 17.
358. ‘‘ Piezotronic Technical Data ” Brush Electronics Co., Cleveland, 1953.
359. Villchur, E. M. “ Handbook of Sound Reproduction ” Chapter 16, Pickups and tone arms.

Audio Eng. 38.2 (Feb. 1954) 33.
360. Carlson, E. V. ‘‘ A ceramic vibration pickup ” Proc. National Electronics Conference 8 (Sept./

Oct. 1952) 94. Shure Bros. Calibration techniques.
361. Snyder, R. H. ‘‘History and develjpment of stereophonic sound recording” Jour. A.E.S. 1.2

(April 1953) 176.
362. ‘‘ The proposed AES Disk Standard ” Jour. A.E.S. 2.1 (Jan. 1954) 3. Proposed standard AES

TS-1 (Dec. 1953) intended to supersede earlier AES ‘‘ Standard playback curve ” (1951 Ref. 507),
submitted for comments.

362A. Scott, H. H. ‘‘ The philosophy of amplifier equalization ” Jour. A.E.S. 2.1 (Jan. 1954) 45. Divides
equalizers into three groups. Curves shown for all.

363. ‘‘ Measurement of frequency variation in sound recording and reproduction” British Standard
BS1988 : 1953. Abstract in W.W. 59.9 (Sept. 1953) 440.

364. Cook, E. ‘‘ Binaural disc recording ” Jour. A.E.S. 1.1 (Jan. 1953) 1.

365. Lindenberg, T. “ Analyzing the long-playing pickup problem ” Jour. A.E.S. 1.1 (Jan. 1953)
140. Designing pickup with low mass to bring resonance up to 15,000 c/s (Pickering).

366. Kelly, S. ‘‘Piezo-electric crystal pick-ups” Jour. Brit. I.R.E. 13.3 (March 1953) 161.

377. Axon, P. E., and W. K. E. Geddes ‘‘ The calibration of light-pattern measurements ” Proc.
I.E.E. 100. Part III 66 (July 1953) 217. Analysis of light-pattern ; new apparatus for measure-
ments ; focal-plane measurements found more consistent than on aisc surface ; new method
gives higher accuracy.

378. Hcnn-Collins, C. A. ‘‘ Power supply for multi-speed record players ” Electronic Eng. 25.302
(Apr. 1953) 166. Uses stabilized Wien bridge oscillator to excite push-pull amplifier.

379. ‘‘ Long-playing disc records compared with magnetic tape for sound reproduction in the home ”

Discussion. Proc. I.E.E. 101. Part III 70 (March 1954) 83.

380. Koren, H. W., H. A. Pearson, H. Klingener and R. W. Sabol ‘‘ Dual-stylus ceramic phonograph
pickup development” Jour. Acous. Soc. Am. 26.1 (Jan. 1954) 15. A Sonotone development,
with two styli mounted back-to-back on the same stylus arm.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

Gayford, M. L. ‘‘ Distortion and gramophone reproduction—a review ” Electronic Eng. 25.299

(Jan, 1953) 24. A useful summary of the various forms of distortion, with references. Letter

R. W. Bayliff and author’s reply 25.302 (April 1953) 172 on effects of longitudinal tip movement.
Roys, H. E. ‘‘Distortion in phonograph reproduction” J. Acous, Soc. Am. 25.6 (Nov. 1953)

1140. Sec also Ref. 343.
. t r- ^ ir

Parchment, E. D, ‘‘ Microgroovc recording and reproduction ” Jour. Brit. I.R.E. 12.5 (May
1952) 271. . . ^
IRE Standards on Sound Recording and reproducing : Methods for determining flutter content,

1953. Proc. I.R.E. (Mar. 1954) 537.
. . .

‘‘Mercury disc-charger” High Fidelity 4.2 (April 1954) 83. A fcmall piece of radium-base

material is mounted close to the record and discharges static electricity.
‘‘ Report on the HGP-40 pickup ” Radio and Hobbies 16.4 (July 1954) 84. Output curves of

Acos pickup with and without equalization.
, t- j i- a a

Bachman, W. S. (letter) ‘‘ Columbia LP and RIAA recording curves High Fidelity 4.4 (June

1954) 102 (with figure showing curves).

‘‘ New standard record curve—phonograph record manufacturers agree

and playback curve ” Radio Electronics 25,5 (May 1954) 63, New RIAA, AES, NARTB, RCA,
New Orthophonic, .. .r

Kortc, J. W. ” R-J type 12 inch speaker enclosure ” Radio Electronics 25.5 (May 1954) 68.

Gives dimensions, and acoustical damping in box. ... . , i
• • >> wr wr

Kelly, S. ‘‘ Piezo crystals—survey of physical properties and their practical exploitation W.W.
(1) 60.6 (June 1954) 275 ; (2) 60.7 (July 1954) 345.
‘‘ Phonograph needle drag distortion” Elect. 26.1 (Jan. 1953) 214. Based on NBS data. Pro-

duces even harmonics, with second pre-dominating.
.. r. „ ..r i-..

Hunt, F. V. ‘‘ Stylus groove relations in the phonograph playback process Proceedings pf

ICA-Congress, Netherlands, 1953 ; Acustica 4.1 (1954) 33. Analysis of effects of clastic de-

formation of groove walls,
. v, » j- c.,..

Carlson, E. V. ‘‘ Ceramic vibration pickup ” Radio and TV News, Radio Electromc Eng. Sup-

plement, 49.5 (May 1953) 8. Barium titanatc transducer by Shure.

Mitchell, J. A. ‘‘ An equalizer for FM pickups ’ Radio and TV News 51.5 (May 1954) 54. For

Konins, J. A. Checking your audio system ” Radio and TV News (May 1954) 59. Dubbings

Co. test records and test tapes. ^ * j. ^ /t - aq
Canby, E. T. ‘‘ Audio etc.—On the gadget front Audio 38.6 (June 1954) 48. Describes some

LP records inherently static-free ; Iho methods of treating and handling existing records to

reduce troubles from dust.

References to Pre-ampliflers **

Refs. 144, 239, 246, 250, 268, 270, 278, 280, 287, 305, 319, 326, 327, 328, 354, ^6.
See also Chapter 18 Refs. A43, A44, B16, B17, B18, B41, B43, B48, B52, B53, B54, B55, B56,

B57, B58, B60, B61.
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CHAPTER 18

MICROPHONES, PRE-AMPUFIERS, ATTENUATORS AND
MIXERS

ADDITIONAL REFERENCES
(A) Microphone and studio equipment
A31. Staff of B.B.C. “ Microphones” Iliffc and Sons Ltd. (1952).
A32. Anderson, L. J.

“ Pressure microphone for TV and broadcast-service ” Tele-Tech 12.1 (Jan. 1953)
58.

A33. Bauch, F. W. O. ” New high-grade condenser microphones ”—Neumann types, W.W. 59.2
(Feb. 1953) 50 ; 59.3 (March 1953) 111. Reprinted in Jour. A.E.S. 1.3 (July 1953) 232.

A34. Anderson, L. J.
‘‘ A pressure microphone for television and broadcast service ” Broadcast News

71 (Sept.-Oct. 1952) 58. [R.C.A. BK-lAl
A35. Crowhurst, N. H. ‘‘ Rapid remote microphone control ” Radio Electronics 24.3 (March 1953) 34.

A36. Hilliard, J. K. ‘‘Microphones measure high-intensity sound” Elect. 26.11 (Nov. 1953) 160.
For measurement in range 40-220 db, 3 types of microphones used to cover frequency range
3-30,000 c s.

A37. Anderson, L. J. ‘‘Sensitivity of microphones to stray magnetic fields” Trans. I.R.E.-PGA.
AU-1.1 (Jan. Feb. 1953) 1.

A38. Olson, H. F , J. Preston, and J. C. Bleazey ‘‘ The uniaxial microphone ” R.C.A.-Rev. 14.1 (March
1953) 47. See also Ref. A39.

A39. Olson, H. F. ‘‘The uniaxial microphone” Trans. I.R.E.-PGA. AU-1 4 (July-Aug. 1953) 12.

Uni-directional with sharper directivity pattern than cardioid, and independent of frequency.
A40. Souther, H. T. ‘‘ An adventure in microphone design ” Jour. A.E.S. 1.2 (April 1953) 176. Electro-

Voice Model 655 ‘‘ Slim Trim ” pressure-type.
A41. Bauer, B. B. ‘‘ A miniature microphone for transistorized amplifiers Jour. Acous. Soc. Am. 25.5

(Sept. 1953) ;
Trans. I.R.E.-PGA. AU-1.6 (Dec. 1953) 5. A magnetic type for hearing aids

etc. —70 db re 1 volt microbar. Shure Bros.
A42. Medill, J.

“ A miniature piezo-electric microphone ” Jour. Acous. Soc. Am. 25.5 (Sept. 1953) 864.

Trans. I.R.E. PGA. AU-1.6 (Dec, 1953)7. Uses acoustical damping of high frequency rcasonance.
Linear up to 10,000 microbars. Shure Bros. Model 98-99.

A43. Boylan, W. F., and W. E. Goldstandt ‘‘ A new approach to professional magnetic recording equip-
ment ” Jour. A.E.S. 2.1 (Jan. 1954) 25. Uses 6BK7 as cascode microphone pre-amplifier ; input
noise figure — 127 dbm.

A44. Stewan, W. E. ‘‘ Basic problems in audio systems practice” Jour. A.E.S. 1.1 (Jan. 1953) 85.

A45. Clark, M. A. ‘‘ An acoustic lens as a directional microphone ” J. Acous. Soc. Am. 25.6 (Nov. 1953)
1152, Trans. I.R.E. PGA. AU-2.1 (Jan.-Feb. 1954) 5.

A46. Beaverson, W. A. ‘‘ Techniques for designing pressure microphones ” Tele-Tech 13.5 (May 1954)
84

A47. Phinney, T. W. “The Vagabond wireless microphone system” Trans. I.R.E., PGA. AU-2.2
(March-April 1954) 44. A cableless system using induction coupling between transmitter and
receiver with frequency modulation, carrier frequency 2.1 Mc/s.

A48. Wolfe, B. “ Preventing acoustic feedback” Tele-Tech 12.12 (Dec. 1953) 77. System with two
pre-amplifiers permits microphone close to loudspeaker with only 3 db loss.

A49. Anderson, L. J.
“ Sensitivity of microphones to stray magnetic fields ” Broadcast News 78 (Mar.-

April 1954) 30. Measurements of hum on several R.C.A. microphones under varying magnetic
field conditions.

(B) Pre-amplifiers, noise and hum
B55. “ The ‘ Van-Slope ’ Pre-amplifier,” data sheet, H. J. Leak and Co. Ltd., Brunei Road, Westway

Factory Estate, Acton, I.ondon, W.3.
B56. Heacock, D. P., and R. A. Wissolik “ Low-noise miniature pentode for audio amplifier service

”

Proc. National Electronics Conference 6 (1950) 155. Sec also B16.
B57. Ayres, W. R. “ Hum reduction in amplifier development ” Audio Eng. 37.6 (June 1953) 14.

Gives useful list of precautions to reduce hum level.

B58. Snow, W. B. “Audio-frequency input circuits” Jour. A.E.S. 1.1 (Jan. 1953) 87.^ A wide and
detailed treatment covering noise and frequency response for resistive and reactive generators.

B59. Fremlin, J. H. “ Noise in thermionic valves ” Proc. I.E.E. 100 Part HI 64 (March 1953) 91. A
new approach to the relation between statistical and thermodynamic formulg^ for a temperature-
limited diode.

B60. Woll, H. J., and F. L. Putzrath “ A note on noise in audio amplifiers ” Trans. I.R.E. PGA. AU-2.2
(March April 1954) 39.

B61. Price, R. L. “The cascode as a low noise and audio amplifier” Trans. I.R.E. PGA. AU-2.2
(March April 1954) 60.
Sec also Refs. A43, A44.
See also complete list of References to Pre-amplifiers at end of Chapter 17 References.

(C) Attenuators and mixers
C21. Scott, C. F. “ Attenuator types and their application ” Jour. A.E.S. 1.1 (Jan. 1953) 95. Covers

application to multichannel mixings.
C22. Crowhurst, N. H. “Attenuator design” Electronic Eng. 26.312 (Feb. 1954) 76. Gives chart

with wide applicability.

CHAPTER 19

UNITS FOR THE MEASUREMENT OF GAIN AND NOISE
(iii) Loudness Units (Continued from page 827)

The sonc is commonly used as an alternative to the loudness unit, 1 sone being

equal to 1000 loudness units. The solid curve in Fig. 19.9 is the A.S.A. Standard,

as in Fig. 19.8. The broken curve is the relationship between subjective loudness
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and loudness level in phons as determined by Garner (Ref. 46) and is scaled in

lambda ( A) units to distinguish it from the present standard system. The difference

between the two curves is very great.

RtItI

Fig. 19.9. Relationship between loudness in sones (solid curve) or in lambda units

(broken curve) and loudness level in phons (RTM).

ADDITIONAL REFERENCES
44. I.R.E. Standard 53 IRE 7 SI “ Standards on electron devices : Methods of measuring noise”

Proc. I.R.E. 41.7 (July 1953) 890.
. ^ ^ ^ ^

45. Garner, W. R. ‘‘ An equal discriminability scale for loudness judgments J. Exp. Psychol. 43

a952) 232.
46. Garner, W. R. ” A technique and a scale for loudness measurement ” J. Acous. Soc. Am. 26.1 (Jan.

1954) 73. A comprehensive treatment on a new basis, which gives results differing markedly from
the A.S.A. Standard (loudness units).

47. Robinson, D. W. ” The relation between the sone and phon scales of loudness Acustica, 3.5 (1953)

344.
48. General Radio Company ‘‘ Handbook of Noise Measurement ” (Cambridge 39, Massachusetts,

1953). Extensive bibliography.
, , . ^

49. I.R.E. Standard 53 IRE 3.S2 ” Standards on American recommended practice for volume measure-

ments of electrical speech and program waves ^953 ” Proc. I.R.E. 42.5 (May 1954) 815. This will

supersede the earlier A.S.A. Cl 6.5- 1942 (Ref. 19).

CHAPTER 20

LOUDSPEAKERS
SECTION 3 : BAFFLES AND ENCLOSURES
(Continued from page 850)

(C) Special types of vented baffle loudspeakers

(1) The Baruch and Lang loudspeaker
The Baruch and Lang loudspeaker employs four 5 inch loudspeakers in an enclosure

with a volume of only half a cubic foot and is claimed to radiate 0.1 acoustic watt at

3% distortion, with an input of 2 watts and an efficiency about 5%. The response

is claimed to be flat ± 3 db from 40 to 12,000 c/s, and the high frequency angular
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dispersion is 75". It is a modified acoustical phase inverter (vented baffle) with an

array of small holes on one side to provide the requisite port area—15 holes each

15/32 inch diameter spaced inches apart. There is an internal baffle with 21

holes spaced 2 inches apart. These holes provide acoustical resistance to damp down
the system resonance to the most desirable degree. In addition, it is claimed that,

because the holes are distributed over a large area, the radiation impedance of the

array is equivalent to that of a 21 inch cone.

The speakers employed are standard low-cost replacement units, modified to meet
the requirements of the system. The optimum dimensions of cabinet and holes,

as well as the configuration of holes and the speaker array, are determined by the

characteristics of the particular speakers used.

This is a most interesting high-fidelity loudspeaker and enclosure which has been
designed to bring the cost within reach of those with limited means—a commercial
model is now selling in U.S.A. for less than 20 dollars.

Refs. 202, 311, 316.

(2) Additional Notes on the R-J loudspeaker (from page 850)

When one speaker is intended to handle a wide frequency range, the central portion

of the cone must not be obstructed by the frontal board ; an oval or lemon-shaped
opening may be used. The loudspeaker is mounted on a “ speaker board ” which
is mounted a short distance behind the frontal board. By decreasing the spacing

between these two boards, it is possible to lower the Q of the system. Usually aper-

tures are provided between the speaker board and the frontal board on two sides only,

the remaining two sides being blocked up. These two apertures should feed in

where the frontal board projects furthest over the cone, thus giving maximum front

loading on the cone. One effect is to reduce the resonance of the system considerably

below the speaker resonant frequency. When properly designed and adjusted, the

system is well damped and remarkably free from frequency doubling, even below the

system resonance.

Refs. 189, 190, 219, 234, 246, 247.

(3) The Karlson Exponential Slot enclosure

This is totally enclosed except for an exponential form of slot in front. The
enclosure is divided into two chambers by a partition on which the loudspeaker is

mounted and which includes a port joining the two chambers. The front chamber
includes the exponential slot, with the smaller dimension near the top of the cabinet,

while the back chamber is enclosed and has some acoustical padding.

Refs. 214, 288 (latter gives dimensions).

ADDITIONAL REFERENCES TO LOUDSPEAKERS
202. “ High fidelity at low cost with a new speaker system—inexpensive 5 inch speakers in this small

enclosure provide wide-range reproduction” FM-TV 12.6 (June 1952) 26. Design by Baruch
and Lang.

203. Moir, J., and J. A. Leslie ” The stereophonic reproduction of speech and music ” J. Brit. I.R.E.
12.6 (June 1952) 360.

204. Slaymaker, F. H. ‘‘ An integrated line of high-fidelity equipment ” Audio Eng. 36.7 (July 1952) 26.
205. Banlett, S. C. ‘‘Public address systems in generating plants” A.I.E.E. Trans. 70 Part 2 (1951)

1804. Reprinted in Radiotronics 17.10 (Oct. 1952) 159. Covers paging in noisy situations.
206. ‘‘ Compact back-loading folded horn cabinet for 12 inch and 15 inch loudspeakers ” (Jensen

Manufacturing Company). Reprinted in Radiotronics 17.10 (Oct. 1952) 172.
207. Olson, H. F. (book) ‘‘ Musical Engineering ” McGraw-Hill Book Company 1952.
208. Moir, J. ‘‘Better music-room acoustics” FM-TV 11.8 (Aug. 1951) 32.
209. Plach, D. J., and P. B. Williams ‘‘ Horn loaded loudspeakers ” Trans. I.R.E. Professional Group

Audio (Oct. 22, 1951) ; also Proc. National Electronics Conference Vol. 7, p. 108. Reprinted
Radiotronics 17.6 (June 1952) 102.

210. Salmon, V. ‘‘Coupling the speaker to the output stage” Newsletter I.R.E.—PGA 3.1 (Jan.
1952) 5.

211. Locanthi, B. N. *‘ Application of electric circuit analogies to loudspeaker design problems ” Trans.
I.R.E.—P.G.A. PGA-6 (March 1952) 15 ; PGA7 (May 1952) 46.

212. Axtell, J. C. ‘‘ Ionic loudspeakers ” I.R.E.—PGA-8 (July 1952) 21. See also Ref. 227.
213. Kidd, M. C. “ Tone-burst generator checks a-f transients ” Elect. 25.7 (July 1952) 132. Used

for loudspeaker and loudspeaker plus enclosure testing.

214. Karlson, J. E. ‘‘ A new approach in loudspeaker enclosures ”—exponential slot—Audio Eng.
36.9 (Sept. 1952) 26. Sec also High Fidelity 3.3 (July/Aug. 1953) 92.

215. BadmaiefT, A. ‘‘ Design considerations of duplex loudspeakers ” Audio Eng. 36.9 (Sept. 1952) 28.
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216. Moir, J. “Stereophonic reproduction** Audio Eng. 36.10 (Oct. 1952) 26. Gives useful biblio-
graphy.

217. Gaiely, E. J.
“ Design for clean bass’* Audio Eng. 36.10 (Oct. 1952) 29.

218. Kiebert, M. V. “ A corner-mounting infinite baffle “ Audio Eng. 36.10 (Oct. 1952) 32.
219. Canby, E. T. “ Record revue ’* Audio Eng. 36.10 (Oct. 1952) 46. Refers to R-J and EW enclosures.
220. Briggs, G. A. “ Room acoustics ’’ High Fidelity 2.1 (Summer 1952) 69.
221. Somerville, T. “Acoustics in broadcasting” Report of Building Research Congress, Division 3,

Part 1, Building Research Station, Watford, Herts, England.
222. Briggs, G. A. “ Response curves ” High Fidelity 1.4 (Spring 1952) 66.
223. Briggs, G. A. “ The loudspeaker ’* High Fidelity 2.2 (Sept.-Oct. 1952) 39.
224. McLachlan, K. R., and R. Yorke “ Objective testing of pickups and loudspeakers ” J. Brit. I.R.E.

12.9 (Sept. 1952) 485.
225. Brittain, F. H. “ Metal cone loudspeaker—principles underlying the design of the G.E.C. High

Quality Reproducer ” W.W. 58.11 (Nov. 1952) 440 ; 58.12 (Dec. 1952) 490.
226. Bixler, O. C. “ A commercial binaural recorder ” Jour. S.M.P.T.E. 59.2 (Aug. 1952) 109.
227. “Non-mechanical ‘ionic’ loudspeaker” Technicana, Audio Eng. 36.11 (Nov. 1952) 84, being

summary of article in TSF and TV (July-Aug. 1952). See also Ref. 212.
228. Briggs, G. A. “ The loudspeaker and the ear High Fidelity 1.3 (Winter 1951) 17.
229. “Corner ribbon loudspeaker” W.W. 56.1 (Jan. 1950) 11.

230. “ The corner ribbon ” (booklet) Acoustical Manufacturing Co. Ltd. Huntingdon, Hunts, England,
May 1952.

231. Goodwin, J. L. “ Sound reinforcement and reproduction” Electrical Review, London, 150.3875
(Feb. 29, 1952) 437.

232. Cohen, A. B. “ Wide angle dispersion of high frequency sound ” Audio Eng. 36.12 (Dec. 1952) 24.
233. Randall, R. H. (book) “ An Introduction to Acoustics ” Addison-Wesley Press, Cambridge 42,

Mass., 1951.
234. Joseph, W., and F. Robbins “ Practical aspects of the R-J speaker enclosure ” Audio Eng. 37.1

(Jan. 1953) 19.

235. “ Why stereophonic or binaural reproduction ? ” letters by J. Versace and T. O. Dixon, Audio
Eng. 37.1 (Jan. 1953) 8-12.

236. Sherman, H. T. “ Binaural radio broadcasting” Audio Eng. 37.1 (Jan. 1953) 14.

237. Tinkham, R. J.
“ Binaural or stereophonic? ” Audio Eng. 37.1 (Jan. 1953) 22.

238. Canby, E. T. “ Record revue—suspended in space ” Audio Eng. 37.1 (Jan. 1953) 46.
239. Brittain, F. H. “ The environment of high-quality reproduction ” W.W. 59.1 (Jan. 1953) 2.

240. “ Friction-driven loudspeaker” W.W. 59.1 (Jan. 1953) 27.

241. Hardy, H. C., H. H. Hall and L. G. Ramer “ Direct measurement of the efficiency of loudspeakers
by use of a reverberation room ” Trans. I.R.E. PGA-10 (Nov.-Dee. 1952) 14, described in “ Loud-
speaker efficiency” W.W. 59.2 (Feb. 1952) 61.

242. Dempster, B. “ The Magnavox duodc speaker” W.W. 38 (March 6th 1936) 241 ; also “ New
apparatus reviewed ” p. 245 same issue.

243. Barker, A. C. “ Single diaphragm loudspeakers ” W.W. 54.6 (June 1948) 217.
244. Hughes, T. R. “ Real theater sound in a small package ” Audio Eng. 37.2 (Feb. 1953) 19 ; 37.3

(March 1953) 30 ; 37.4 (April 1953) 24. Three horn corner reproducer.
245. Adams, C. F. “ Binaural public address ” Audio Eng. 37.2 (Feb. 1953) 24.

246. “ The R-J speaker enclosure ” Radio and TV News, 49.4 (April 1953) 53. Constructional page
for 8 inch speaker.

247. Villchur, E. M. “ Handbook of sound reproduction ” Chapter 10 “ Loudspeakers,” Audio Eng.
37.3 (March 1953) 32 ; 37.4 (April 1953) 29. Chapter 11 “ Loudspeaker mounting ” Audio Eng.
37.5 (May 1953) 34 ; 37.6 (June 1953) 30. Includes, enclosed cabinet, open back cabinet, bass
reflex, R-J enclosure, acoustical labyrinth, horns.

248. Harrison, C. W. “Coupled loudspeakers” Audio Eng. 37.5 (May 1953) 21. Uses 4 separate

enclosures each 22. 5*^ mounted in a corner. Gives useful information of acoustical damping inside
enclosures, using fiberglas etc.

249. Canby, E. T. “ Record Revue : True binaural and panoramic ” Audio Eng. 37.9 (Sept. 1953) 47.

250. Goldmark, P. C. “ The Columbia XD (extra-dimensional) sound system ’’ Audio Eng. 37.10 (Oct.
1953) 36 Simple means for providing a pseudo-stereophonic effect by using a small loudspeaker
for the highs radiating at a point removed from the main loudspeakers in which the frequency
range is restricted to the lows. Reprinted Radio and Hobbies 16.1 (Jan. 1954) 19.

251. McLean, A. “Loudspeaker frequency response curves” Radiotronics 18.7 (July 1953) 103.

252. Veneklascn, P. S. “ Power capacity of loudspeakers ” Trans. I.R.E., PGA, AU1.5 (Sept.-Oct.

1953) 5. Method of testing based on departure from linearity of acoustic output versus electrical

input curves using octave bands of thermal noise.

253. Olson, H. F. “ Subjective loudspeaker testing” Trans. I.R.E., PGA, AU1.5 (Sept.-Oct. 1953) 7.

A useful, brief survey.
254. Allison, R. F. “ The junior air coupler” High Fidelity 3.2 (May-June 1953) 80.

255. Tested in the home “ Kelton loudspeaker” High Fidelity 3.2 (May-Junc 1953) 85. Developed
by Henry Lang. Uses 2 speakers in enclosure llx 11 x 23 ins., each in separate compartment. 6 in.

speaker faces outwards near top ; 8 in. speaker facing downwards into padded cavity with holes

for bass outlet. Back areas of both speakers filled with sound absorbing material ; back radiation

not used. Design is critical. Is designed for maximum performance for limited outlay (49.50).

256. “ A sound delay system ” Electronic Eng. 25.305 (July 1953) 281. Acoustic delay line in amplifier

chain to produce time delay in PA equipment. Delay provided by rubber hose cut to appropriate

Reprinted Radiotronics 19.4 (April 1954) 38.

258. Gately, E. J. and T. A. Benham “ Super-horn : a folded horn enclosure Radio and TV News 50.3

‘The Purist—a non-corner horn” Radio and TV News 50.6
(Sept. 1953) 38.

259. Gately, E. J. and T. A. Benham
(Dec. 1953) 56.

260. Briggs, G. A. “ Enclosures for loudspeakers ” High Fidelity (1) 3.4 (Sept.-Oct. 1953) 98 ; (2)

3.5 (Nov. /Dec. 1953) 97 ; (3) 3.6 (Jan. /Feb, 1954) 89 ; (4) 4.1 (March 1954) 86.

261. Banick, J. J., and H. C. Lang “ An analogue for use in loudspeaker design work ” Trans. I.R.E.-

PGA. AU-1.1 (Jan.-Feb. 1953) 8. Reprinted Proc. National Electronics Conference, 8 (1952) 92.

262. Bixler, O. C. “A practical binaural recording system** Trans. I.R.E.-PGA. AU-1.1 (Jan./Feb.

1953) 14.
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263. Richardson, E. G. (edit) “ Technical Aspects of Sound ** (Ensevier Publishing Co. 1953) pp. 339-
372 loudspeakers ; pp. 425-435 stereophonic reproduction.

264. Fletcher, H. (book) ** Speech and Hearing in Communication ** (van Nostrand 1953) pp. 210-216
binaural hearing ; pp. 217-299 auditory perspective.

265. Stewart, K., and P. Edwards ** Action of conical dome speakers ** Service 22.11 (Nov. 1953) 44.
Describes R.C.A. LCIA.

266. Klipsch, P. W. “ Loudspeaker developments ** Trans. I.R.E.-PGA AU-1.3 (May-June, 1953) 16.

Gives early history of loudspeakers, especially development of comer horns, and bibliography.
267. Bauer, B. B. “ Acoustic damping for loudspeakers ** Trans. I.R.E. PGA. AU-1.3 (May-June 1953)

23.
268. Salmon, V. ** Loudspeaker impedance** Trans. I.R.E.-PGA. AU-1.4 (July-Aug., 1953) 1. Sec

also Ref. 294.
269. Olson, H. F. “ Selecting a loudspeaker ” Newsletter I.R.E.—PGA. 2.5 (Sept. 1951) 7. Reprinted

Radiotronics 17.2 (Feb. 1952) 37.

270. Snow, W. B. “ Foreword—Developments in stereophony ” Jour. S.M.P.T.E. 61.3 (Sept. 1953)
353. Special issue. Refs. 271 to 279 below.

271. Fletcher, H. “ Stereophonic recording and reproducing system ’* Jour. S.M.P.T.E. 61.3 (Sept.
1953) 355.

272. Grignon, L. D. “Experiment in stereophonic sound” Jour. S.M.P.T.E. 61.3 (Sept. 1953) 364.

273. Hilliard, J. K. “ Loudspeakers and amplifiers for use with stereophonic reproduction ’* Jour.
S.M.P.T.E. 61.3 (Sept. 1953) 364.

274. Singer, K., and M. Rettinger “ Multiple track magnetic heads ” Jour. S.M.P.T.E. 61.3 (Sept.
1953) 390.

275. Fraync, J. G., and E. W. Templin “ Stereophonic recording and reproducing equipment ” Jour.
S.M.P.T.E. 61.3 (Sept. 1953) 395.

276. Volkmann, J. E., J. F. Byrd and J. D. Phyfe “ New theatre sound system for multipurpose use
”

Jour. S.M.P.T.E. 61.3 (Sept. 1953) 408.
277. Fletcher, H. “ Basic requirements for auditory perspective ” Jour. S.M.P.T.E. 61.3 (Sept. 1953)

415. Reprinted from B.S.T.J. 13 (April 1934) 239.
278. Steinberg, J. C., and W. E. Snow “ Physical factors in auditory perspective ” Jour. S.M.P.T.E.

61.3 (Sept. 1953) 420. Reprinted from B.S.T.J. 13 (April 1934) 245.
279. Wente, E. C., and A. L. Thuras “ Loudspeakers and microphones for auditory perspective

”

Jour. S.M.P.T.E. 61.3 (Sept. 1953) 431. Reprinted from B.S.T.J. 13 (April 1934) 259.
280. Mulvey, J. A. “ Feedback and loudspeaker damping ” Audio Eng. 37.4 (April 1953) 34. Theo-

retical treatment proposing feedback winding on voice coil, with additional transformer with low
impedance primary in series with voice coil and secondary neutralizing the component in the feed-
back voltage due to inductive coupling between voice coil and feedback coil.

281. Canby, E. T. “ Record Revue ” Audio Eng. 37.4 (April 1953) 48. Two or more loudspeaker
systems or separate channels give placement effect, but do not give any improvement in confused
conversation as occurs with binaural. The liveness does not improve.

282. Tinkham, R. J.
“ Stereophonic recording equipment*’ E.E. 72.12 (Dec. 1953) 1053.

283. Villchur, E. M. “ Handbook of sound reproduction ” Chapter 12, Part 2, Audio Eng. 37.8 (Aug.
1953) 26. Loudspeaker damping, equivalent circuits, effects of various types of feedback.

284. Houck, G. B. “ Vibration reduction in loudspeaker enclosures—how to brace a speaker cabinet
”

Audio Eng. 37.12 (Dec. 1953) 24.

285. Lindenberg, T., C. E. Smiley and J. B. Minter “ Design of an electrostatic loudspeaker ” Jour.
A.E.S. 1.4 (Oct. 1953) 273.

286. Plach, D. J.
“ Design factors in horn-types speakers” Jour. A.E.S. 1.4 (Oct. 1953) 276.

287. Ingerslev, F. (book) “ Measurement of linear and non-linear distortion in electro-dynamic loud-
speakers ” (in Danish, 266 pages, with 14 page English summary). Den polytekniske Laerean-
stalt, Sologade 83, Kobenhavn, Denmark. Sec also Ref. 315.

288. Karlson, J. E. “ The Karlson speaker enclosure ” Radio and TV News 51.1 (Jan. 1954) 58. Gives
detailed dimensions, impedance measurements and polar radiation pattern. See also Ref. 214.

289. Haynes, N. M. “ Sterophonic nomenclature” Audio Eng. 38.1 (Jan. 1954) 19. Gives suggested
nomenclature under headings Sterophonic effects ; Stereophonic equipment ; Deficient stereo-
phonic effects.

290. Olson, H. F., and J. Preston “ New line of hi-fi speakers ” Radio and TV News 51.2 (Feb. 1954)
69. R.C.A. Models SL-8, SL-12, LC-IA, giving vc^ complete information. Distortion all

models less than 0.3”ri for input 1 watt for all frequencies above 250 c/s. LC-IA (15 inch) dis-
tortion less than 0.5% for all frequencies above 200 c/s, and less than 0.3% over most of range
above 200 c/s, for 5 watts input.

291. Snitzer, M. S. “ Adventures with a bass reflex ” Audio Eng. 38.1 (Jan. 1954) 26. Measurements
of impedance characteristics under various conditions.

292. Denny, W. B. “A corner horn for the small listening room’* Audio Eng. 38.2 (Feb. 1954) 21.
Front of speaker is 12 in. direct radiator, back loading enclosure, flberglas filled, and horn using
walls on subtraction principle.

293. Hoodwin, L. S. “ The compound diffraction projector” Jour. A.E.S. 2.1 (Jan. 1954) 40. Electro-
Voice, single driver with straight h.f. horn and compound diffraction l.f.horn. Response 175-10,000
c/s ± 5 db. Distortion less than 6% at 20 watts input, above 900 c/s. Polar distribution 120'^

at 5(X)0 c/s.

294. Langford-Smith, F. “ Loudsneaker impedance ” Radiotronics 19.4 (April 1954) 44. Clarifies
the nve impedances associated with the operation and testing of loudspeaxers. See also Ref. 268.

295. Youngmark, J. A. “ Loudspeaker baffles and cabinets ” Jour. Brit. I.R.E. 13.2 (Feb. 1953) 89. A
valuable treatment of plane baffles, open back cabinets, acoustic labyrinth, bass reflex cabinets,
effect of baffle on h.f. response, and multiple speakers close together.

296. ” Action of the conical domes in the improved type LC-IA loudspeaker ’* Broadcast News 76 (Sept.-
Oct. 1953) 64. R.C.A.

297. Thurston, W. R. “Testing and adjusting speaker installations with the Sound-Survey Meter”
Jour. A.E.S. 1.1 (Jan. 1953) 146. Tests made indoors averaging 10 readings ; also outdoors.

298. Brittain, F. H. “ Loudspeakers : relations between subjective and objective tests ** Jour. Brit.
I.R.E. 13.2 (Feb. 1953) 105.

299. Walker, P. J.
“ The loudspeaker in the home ** Jour. Brit. I.R.E. 13.7 (July 1953) 377. Includes

treatment of perspective in depth.
300. Miles, J. W. “ Transient loading of a baffled piston ** Acous. Soc. Am. 25.2 (March 1953) 200.

Application to a loudspeaker shows that a system designed for critical damping on a “ steady sute **
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approximation will be slightly overdamped in its initial motion in a “ step ” response, but that this
tune is so small as to be negligible.

301. Smith. B. H. “ An investigation of the air chamber of horn type loudspeakers **
J. Acous. Soc. Am.

25.2

(March 1953) 305. Gives complete design method for high frequency performance.
302. Mawardi, O. K. “ A physical approach to the generalized loudspeaker problem J. Acous. Soc. Am,

26.1 (Jan. 1954) 1. An analysis solved exactly for a loudspeaker of circular plane shape in an in-
finite baffle.

303. Veneklasen, P. S. “Power capacity of loudspeakers’* J. Acous. Soc. Am. 26.1 Qan. 1954) 98.
A suggested method for specifying the power capacity of loudspeakers, using bands of thermal
noise, measuring the output /input linearity characteristic for each band, noting the —1 db point
as overload indicator, and plotting max. output level for 1 db deviation against frequency, also max.
input level.

304. Vermeulen, R. “ Stereophonic reproduction ’’ Audio 38.4 (April 1954) 21. Some salient points
on the mechanism of binaural and stereophonic phenomena as they affect the ear and are useful in
reproduction.

305. Simonton, T. E. “ A new integral ratio chromatic scale “ J. Acous. Soc. Am. 25.6 (Nov. 1953) 1167.
306. Hartley, H. A. “ High-fidelity loudspeakers ’’ Radio Electronics 25.3 (March 1954) 35 ; 25.4

(April 1954) 60 ; 25.6 Gune 1954) 42 (horns and multiple units).
307. Plass, G. “ Stereophony from the outside in ’’ High Fidelity 4.2 (April 1954) 78.
308. Muncey, R. W., A. F. B. Nickson and P. DuBout “ The acceptability of speech and music with a

single artificial echo ’’ Acustica 3.3 (1953) 168.
See also Ref. 125. Results modify fir.dmgs by Haas for rooms having low reverberation time.

309. Snow, W. B. “ Basic principles of stereophonic sound*’ Jour. S.M.P.T.E. 61.5 (Nov. 1953) 567.
Good summing up, with very extensive bibliography.

310. “ Tested in the home : Electro-Voice 15TRX speaker ’’ High Fidelity 4.4 (June 1954) 76.
311. Monitor “ For golden ears only—Baruch Lang loudspeaker system'* Radio Elearonics 25.5

(May 1954) 59. Results of listening tests.

312. Lenlhan, J. M. A. “ The velocity of sound in air ’* Acustica 2.5 (1952) 205. Appears to be most
precise measurement to date ; 331.45 ± 0.04 metres/sec at 13,500 c/s, 0°C, 1013.2 millibars.
Very extensive history and bibliography.

3 12A. Jordan, V. L. “A system for stereophonic reproduction*’ Proc. 1st ICA-Congress Electro-
Acoustics 1953 i Acustica 4.1 (1954) 36. Relation between angular displacement of the virtual

sound source and the difference in intensity level from two loudspeakers.
313. de Miranda, J. R. “ The radio set as an instrument for the reproduction of music ’’ Proc. 1st ICA-

Congress Electro-Acoustics 1953 ; Acustica 4.1 (1954) 38. General survey ; dip at high fre-

quencies caused by depth of hole in baffle ; attenuation by loudspeaker cloths.

314. Somerville, T. “The establishment of quality standards by subjective assessment** Proc. Ist

ICA-Conwess Electro-Acoustics 1953 ; Acustica 4.1 (1954) 48. B.B.C. methods for subjective

testing. Impossible to make reliable comparisons unless acoustics of originating studio are good.
In loudspeaker testing (a) outdoor tests on speech ; (b) recording speech in non-reverberem room,
replaying and re-recording several times to accentuate loudspeaker defects ; (c) balance in a studio
is obtained for one particular monitor speaker, and no other gives good reproduction.

315. Ingerslev, F. “ Measurements of non-linear distortion in loudspeakers *’ Proc. 1st ICA-Congress,
Electo-Acoustics 1953 ;

Acustica 4.1 (1954) 74. See also Ref. 287.

^16. “ Radical new speaker gives Hi-Fi for 30 dollars ** Popular Science 161.3 (Sept. 1952) 171. Baruch-
Lang speaker, shows interior arrangement and internal baffle with 21 holes spaced 2 inches apart.

Four speakers 4 inch holes 6 inches apart.

317. Cohen, A. B. “ Homs for the P.A. Technician *’ Radio and TV News 51.4 (April 1954) 43. De-
scriptions of Cobreflex wide angle horn.

318. So^ro, J. H. “ Nomograph for bass reflex enclosure design ** Audio 38.5 (May 1954) 31.

319. Canby, E. T. “ Audio etc.—Small enclosures *’ Audio 38.5 (May 1954) 36. A general discussion

on listening qualities of small enclosures.

320. Stocklin, W. A. “ Loudspeaker enclosures ** Radio and TV News 49.5 (May 1953) 43. Report
on performance of small cabinet Helmholtz resonator-type enclosures.

321. Holzman, Y. “ EW speaker enclosure *’ Radio and TV News 50.1 G^ly 1953) 43. Small modified

vented baffle for 8 inch speaker with two air chambers, joined.

322. Souther, H. “ Building the EV Regency ’’ Radio and TV News 50.2 (Aug. 1953) 50. Construc-

tional details of the Electro-Voice ^Ided horn enclosure for 3-way system, 15 inch woofer.

323. Gately, E. J., and T. A. Benham “ Super Horn ; a folded horn enclosure ’’ Radio and TV News
50.3 (Sept. 1953) 38. Constructional details for 12 or 15 inch speakers.

324. Kantor, F. I. “ The Klipsch Rebel IV : a back-loading folded corner horn ** Radio and TV News
50.4 (Oct. 1953) 48. For 12 inch speakers.

. , ..

325. Diefenbach, W. W. “Electrostatic speaker’’ Radio Electromcs 24.4 (April 1953) 66. Isophon

and Koerting speakers described.
. . , .

326. Parkin, P. H. “ The application of the Haas effect to speech reinforcement systems Acustica

327. Parlum^R H., and W. A. Allen “ Acoustic design of auditoria ** Nature 172 (July 18, 1953) 98.

References to Stereophonic and Binural Reproduction (adffltional to •

245, 249, 250, 262, 263, 264, 270, 271, 272, 273, 274, 275, 276, 277, 278, 279, 281, 282, 289, 304, 307,

309, 312A.

Reference' in Supplement to loudspeakers (general) including horns :

2(MV2(5i, ^9, 210, 212, 222, 223, 225, 227, 229, 230, 232, 239, 240, 243, 244, 247, 251, 258, 259, 265,

26^ 268^269, 280, 283, 285, 286, 290, 292, 293, 294, 296, 299, 300, 301, 303, 306, 310, 313, 317, 322,

323, 324, 325.

References in Supplement to loudspeaker enclosures :

202?m, 214, 218®?19r234, 246, 247. 248, 254, 255, 260, 267, 284, 288, 291, 295, 306, 311, 316, 318,

319, 320, 321.

References in Supplement to loudspeaker testing :

213, 224, 241, 252, 253, 287, 297, 2^, 314, 315.

References in Supplement to duplex and 3-way systems :

215, 242.

References In Supplement to P.A. systems and sound reinforcement

;

205, 231.

(Continued on page 1494)
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CHAPTER. 20 (continued)

References in Supplement to Acoustics of rooms :

208, 220, 221, 308, 327.

References in Supplement to loudspeaker theoretical design and analogies :

211, 261, 302.

References to echoes and time delay :

125, 256, 308, 326, 327.

References in Supplement to acoustics (General)

:

305, 312.

CHAPTER 21

THE NETWORK BETWEEN THE POWER VALVE AND THE
LOUDSPEAKER

ADDITIONAL REFERENCES
23. British Standard Code of Practice CP 327.300 (1952) “ Sound Distribution Systems ” The Council

for codes of practice for buildings.

24. Wentworth, J. P. “ A discussion of dividing networks ** Audio Eng. 36.12 (Dec. 1952) 17. Gives
chart for determining L and C in parallel network, constant resistance type, 6 and 12 db/octave.

25. Crowhurst, N. H. “ The basic design of constant resistance cross-overs Audio Eng. 37.10 (Oct.

1^3) 21. An analysis of the response and phase characteristics of constant-resistance cross-over
networks worked out for filters employing from one to four elements. Letter E. de Boer, 38.1

Gan. 1954) 8.

26. Meyer, A. “ Air-core coil design for crossover networks ’* Trans. I.R.E.-PGA AU-1.5 (Sept./Oct.
1953) 9. Derives expression for coil shape for max. Q. Then, knowing L and Q, charts give
turns, length of wire and resistance. See also Ref. 27.

27. Stewart, J.» and F. Langford-Smith “ Loudspeaker divider networks ” Radiotronics 19.7 Guly
1954) 75. A comprehensive treatment incorporating induaor design charts from Ref. 26.

28. Goss, L. C. “ Coaxial speaker dividing networks ” Radio and TV News 50.1 (July 1953) 36. Brief
but useful survey of most types with some attenuation and impedance curves.

CHAPTER 22

AERIALS AND TRANSMISSION LINES
ADDITIONAL REFERENCES
39. Jackson, W. (book) “ High Frequency Transmission Lines,” Methuen, 1945.

40. Smi^, R, A. (book), ” Aerials for Metre and Decimetre Wavelengtlu ” Cambridge University
Press, 1949.

41. Laport, E. A. (book) ” Radio Antenna Engineering ” McGraw-Hill Book Co. 1952.
42. Schelkunoff, S. A. and H. T. Friis (book) ” Antennas, Theory and Practice ” John Wiley and

Sons Inc. 1952.
43. Beard, E. G. ” Ferroxcube antenna rods as an alternative to loop aerials ” Philips Tec. Com. 5

(1953) 14. Based on paper by H. van Suchtelen.

44. IRE Standards on Antennas and Waveguides ; Definitions of terms, 1953. See Proc. l.R.E. 41.12
(Dec. 1953) 1721.

45. Kiely, D. G. (book) ‘* Dielectric Aerials ” (John Wiley, 1953, 127 pp,).

CHAPTER 23

RADIO FREQUENCY AMPLIFIERS
ADDITIONAL REFERENCES
B47. Houlding, N., and A. E. Glennie ” Experimental investigation of grid noise ” W.E. 31.2 (Feb.

1954) 35. Excellent bibliography, investigation of triode noise faaor. Deduced that correlation
of induced grid noise with shot noise is very slight. Although optimum value of noise factor may
be calculated from shot noise and emtimum source resistance, the latter must be found by experi-
ment, and therefore theory not of major practical importance.

B48. Bell, D. A. ” Physical basis of thermal noise ” W.E. 31.24 (Feb. 1954) 48.

CHAPTER 24

OSCILLATORS
ADDITIONAL REFERENCES
32. Stibbe, H. ” Microphony in superhet. oscillators ’* W.W. 58.12 (Dec. 1952) 594 ; 59.1 (Jan. 1953)

33. Edson, W. A. (book) ” Vacuum Tube Oscillators ” John Wiley and Sons Inc. New York, 1953.
34. Gillies, A. W. ” Electrical oscillations—a physical approach to the phenomena ” W.E. 30.6 Gune

1953) 143.

35. Scott, N. R. ” Amplitude subility in oscillating systems *’ Proc. l.R.E. 41.8 (Aug. 1953) 1031.
36. Roddiam, T. ”

* Chamelion * Oscillator—versatue modified Hartley circuit giving high frequency
subility ” W.W. 60.2 (Feb. 1954) 52. May be described as an ovexbalanced rejector circuit oscillator.
See Ref. 37.
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37. Roddam, T. “ Cathode follower oscillator—using RC networks with a voltage step-up ” W.W. 60.3
(jyiarch 1954) 106. See also Ref. 36.

38. Dickson, A. W. “Use of servo techniques in the design of amplitude stabilized oscillators ” Proc.
National Electronics Conference 8 (Sept./Oa. 1952) 166.

39. Bacon, W. “ Single stage phase-shift oscillator—^method of design*’ W.E. 31.4 (April 1954) 100.

40. BoUc, A. P. “ Theory of twin-T RC-networks and their application to oscillators ” Jour. Brit.
I.R.E. 13.12 (Dec. 1953) 571. A very thorough and comprehensive analysis.

41. Kretzmer, E. R. “ An amplitude stabilized transistor oscillator ” Proc. I.R.E. 42.2 (Feb. 1954) 391.

42. Wray, W. J. (letter) “ More on the RC oscillator” Proc. I.R.E. 41.6 (June 1953) 801 ; letter B. J.

O’Brien, 42.2 (Feb. 1954) 486.

43. Davidson, J. A. B. ” A note on a precision decade oscillator ” Proc. I.R.E. 40.9 (Sept. 1952) 1124.
44. Holbrook, G. W. “ High frequency resistance-capacitance oscillators ” Electronic Eng. 25.310

(Dec. 1953) 509.

45. Ward, P. W. ” Oscillator feedback networks of minimum attenuation ” Electronic Eng. 26.317
(July 1954) 318 Method of determining optimum values of components in RC oscillators.

CHAPTER 26

INTERMEDIATE IREQUENCY AMPLIFIERS
ADDITIONAL REFERENCES
(A) I-F AMPLIFIER DESIGN
lid. Tatan, E. “Simplified i-f amplifier design” Elect. 25.9 (Sept. 1952) 147.

lie. Dougherty, J. J.
” Shape factor as a criterion of skirt selectivity” Elect. 26.10 (Oct. 1953) 232.

l lf. Hupert, J. J., and A. M. Reslock ‘‘ A method of bandpass amplifier alignment” Proc. I.R.E.

41.11 (Nov. 1953) 1668. Alignment based on oscillographic display of second order harmonic
^stortion as function of carrier frequency depanure from pass-band centre.

llg. Jelonek, Z., and R. S. Sidorowicz ” Bandpass amplifiers—investigation of design and stability
”

W.E. 31.4 (April 1954) 84.

(E) STABILITY
See also Ref. llg.

(G) POWDERED IRON CORES
See Chapter 11 References (A).

CHAPTER 27

DETECTION AND AUTOMATIC VOLUME CONTROL
LOW DISTORTION A-M DETECTOR
A low-distortion A-M detector has been developed by W. T. Selsted and B. H.

Smith (Fig. 27.56). This consists of a conventional diode rectifier direct-coupled

to a cathode follower which is in turn connected to an r-f filter to reduce the carrier

signal output. The -excellent performance of this circuit is due to two facts :

1. That the load on the diode for normal A-M carrier frequencies is essentially

resistive, and the normal eflfeas of excessive shunting capacitance are eliminated.

2. That, since the coupling to the cathode follower is direct, there is no effect of

biasing currents which are normally developed in a diode loading circuit using coup-

ling condensers. The distortion for 100% modulation, as shown in Fig. 27.5"^ is

claimed to be 0.3% at a modulating frequency of 420 c/s and 0.8% at 4000 c/s. The

carrier input voltage and frequency are not stated.

Fig Zl.56. Circuit of tow distortion A-M detector (W. T. Selsted and B. %i. Smith).

Pig. 27.57. Distortion characteristics of 1^ fstprtion A-M detector (IT. T. Selsted

^ and B. H. onntn).
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ADDITIONAL REFERENCES
(A) A-M DETECTORS
26A. Costas, J. P. “ Synchronous detection of amplitude-modulated signals ** Proc. National Electronics

Conference 7 (1951) 121.

26B. Schooley, A. H., and S. F. George ** Input versus output signal-to-noise characteristics of linear
parabolic and semi-cubical detectors ** Proc. National Electronics Conference 7 (1951) 151.

26C. Langford-Smith, F. ** A low-distortion A-M detector ** Radiotronics 18.6 (June 1953) 79. De-
veloped by W. T. Selsted and Bob H. Smith in Radiation Laboratory of Umversity of California.
Summary in Electronics 26.11 (Nov. 1953) 214.

(D) MUTING (Q.A.V.C,)
62B. Vilkersom, B. S. “ Muting for A-M or F-M *’ U.S. Patent No. 2,639,375, assigned to R.C.A.

Described by R. H. Dorf ** Audio Patents ” Audio Eng. 38.1 (Jan. 1954) 2. Uses crystal oscillatot
timed to centre of pass-band.

(G) CRYSTAL DIODES
85A. Douglas.R. W. andE. G. James “ Crysul diodes *’ Proc. I.E.E. 98 Part III 53 (May 1951) 157, 177.
85B. Jordan, J. P. “ The ABC*s of germanium E.E. 71.7 Guly 1952) 619.
85C. Lovelock, R. T. “Point conuct germanium rectifiers” W.W. 59.11 (Nov. 1953) 511 ; 59.12

(Dec. 1953) 600. Principles of operation and relation to performance and reliability.

85D. Jones, D. D., and B. C. Brodribb “ Some high frequency effects in germanium diodes ” Electronic
Eng. 26.311 (Jan. 1954) 33.

(H) TRANSISTORS
86. Add discussion Proc. I.E.E. 99 Part III 62 (Nov. 1952) 363.
88. Scott, T. R. “ Crystal triodes ” Proc. I.E.E. 98, Part III 53 (May 1951) 169, 177.

89. Monon, J. A. “ New transistors give improved performance ” Elect. 25.8 (Aug. 1952) 100.
90. “The new tetrode junction transistor” Tele-Tech 11.11 (Nov. 1952) 38.
91. Rose, G. M., and B. N. Slade “ Transistors operate at 300 MC ” Elect. 25.11 (Nov. 1952) 116.
92. Oser, E. A., R. O. Enders and R. P. Moore “ Transistor oscillators ” R.C.A. Rev. 13.3 (Sept. 1952)

369.
93. Transistor issue (48 articles) Proc. I.R.E. 40.11 (Nov. 1952).
94. Shea, R. F. “ Transistor power amplifiers ” Elect. 25.9 (Sept. 1952) 106.
95. “Development transistorized equipments” Tele-Tech 12.1 (Jan. 1953) 75.
96. Smith, K. D. “Properties of junction transistors” Tclc-Tcch 12.1 Qan. 1953) 76.
97. Roddam, T. “ Transistors ” W.W. (1) 59.2 (Feb. 1953) 70 ; (2) 59.3 (March 1953) 125 ; (3) 59.4

(April 1953) 175 ; (4) 59.5 (May 1953) 205 ; (5) 59.6 (June 1953) 256 ; (6) 59.7 (July 1953) 311 ;

(7) 59.8 (Aug. 1953) 359 : (8) 59.9 (Sept. 1953) 435 ; (9) 59.10 (Oct. 1953) 475 ; (10) 59.11 (Nov.
1953) 543 J (11) 59.12 (Dec. 1953) 568.

CHAPTER 30

RECTIFICATION
ADDITIONAL REFERENCES
33. Hamann, C. E. “Resistance-capacitance loading of selenium rectifiers” Tele-Tech 11.11 (Nov.

1952) 58.
34. Corbyn, D. B. “ Special rectifier circuits—a description of some new high-voltage circuits and con-

sideration of centre-tapped circuits ” Electronic Eng. 24.295 (Sept. 1952) 418.

CHAPTER 32

VIBRATOR POWER SUPPLIES
ADDITIONAL REFERENCES

5. Mitchell, J. H. “ Recent developmenu in vibrators and vibrator power packs ” Jour. Brit. I.R.E.
12.8 (Aug. 1952) 431.

CHAPTER 33

CURRENT AND VOLTAGE REGULATORS

ADDITIONAL REFERENCES
36. Benson, F. A. (book) “ Voluge Stabilizers ” Elccuonic Engineering, London, 1950.
37. Elmore, W. C., and M. Sands (book) “ Elecuonics ” McGraw-Hill Book Co. 1949 p. 363.
38. Seely, S. (book) “ Electronic Tube Circuits ” McGraw-Hill, 1950, pp. 306-316.
39. Benson, F. A. “ The design of series-parallel voltage stabilizers ” Electronic Eng. 24.289 (March

1952) 118.

40. Armitage, M. D. “ Improved stabilization from a voluge regulator tube ” Electronic Eng. 24.298
(Dec. 1952) 568. Circuit uses Subilovolt gas-filled voluge regulator tube, together with a bar-
retter.

41. Benson, F. A. “ A study of the characteristics of glow-discharge voluge regulator tubes ” Electronic
Eng. 24.295 (Sept. 1952) 396 ; 24.296 (Oct. 1952) 456.

42. Kiryluk, W. (letter) “ Voluge regulator tubes ” Electronic Eng. 25.300 (Feb. 1953) 83. Dynamic
test for gas tubes, revealing hysteresis, discontinuities and a.c. resistance of tube.

43. Trigg, R. D. “ Voluge subilization with series valve control ” Electronic Eng. 25.304 Gune 1953)
254). Gives circuit analysis, including resistor shunted across series valve.

44. “ A.C. thermonic voluge regulator using Radiotron AV33 tungsten filament control diode ”

Radiotronics 18.7 Guly 1953) 108.



Chapters 33-36 SUPPLEMENT 1497

45. ^«spn, F. A. ;* Volugc stabilization ** Electronic Eng. 25.302 (AprU 1953) 160 ; 25.303 (May
1953) 202. With extensive bibliography. For non-linear bridge voltage source sec also letter
V. H. Attree W.E. 30.8 (Au^. 1953) 208.

46. Thomas, P. A. V. “ An alternating current stabilizer for supplying valve heaters ** Electronic Eng.
25.310 (Dec. 1953) 522. Review of existing methods and description of transductor controll^
s^tem giving voltage ±1%,^ output 240 watts. Correspondence 26.315 (May 1954) 218.

47. Edward^ P. L. “ Relaxation oscillations in voltage relator tubes ** Proc. I.R.E. 41.12 (Dec. 1953)
1756. Oscillations may occur with gas-filled tubes shunted by a condenser j conditions arc given
for avoiding oscillation.

48. Patchett, G. N. (book) “ Automatic Voltage Regulators and Stabilizers *’ (Pitman, 1954, 335 pp.).
49. Geer, C. D., and W. C. Brockhuyscn “ Thermal relays control heater voltage ** Elect. 26.1 (Jan.

1954) 166. Use in receivers and amplifiers.
50. Miles, R. C. “ How to design VR tube circuits ’’ Elect. 25.10 (Oct. 1952) 135.
51. Jones, W. R, “Voltage regulator tubes** Elect. 26.3 (March 1953) 162.
52. Benson, F. A., and G. Mayo “ Impedance-frequency variations of glow-discharge voltage-regulator

tubes ** Electronic Eng. 26.315 (May 1954) 206. Tubes have resistive and inductive components.
Measurements of 4 types of tubes from 20 to 10,000 c/s.

53. Dalton, W. M. “ A.Cf. voltage stabilizers ’’ Electronic Eng. 26.317 (July 1954) 310.
54. Hopkins, E. G. “ Self-heating triode for voltage stabilization ’* W.E. 31.7 (July 1954) 169.

CHAPTER 34

TYPES OF A-M RECEIVERS
ADDmONAL REFERENCES
1. South, R. A. “ The relative advantages of coherent and incoherent detectors : a study of their

output noise spectra under various conditions ** Proc. I.E.E. 89, Part III 55 (Sept. 1951) 401.
2. Tucker, D. G. “ The synchrodyne and coherent detectors ’’ W.E. 29.346 (July 1952) 184.
3. Tucker, D. G. “ The history of the homodyne and synchrodyne *’

J. Brit. I.R.E. 14.4 (April 1954)
143. A very complete survey of whole field with exhaustive bibliography.

CHAPTER 35

DESIGN OF SUPERHETERODYNE A-M RECEIVERS
ADDITIONAL REFERENCES
References dealing with interference and noise
13C. Lampard, D. G. “ The minimum detectable change in the mean-noise input power to a radio

receiver ” Proc. I.E.E. 101. Part III 70 (March 1954) 111.

References relating to bandspreading
20A. Parp^, C. A. “ A method of bandspreading” Proc. I.R.E. Aust. 13.10 (Oct. 1952) 365.
20B. “ Fine tuning arrangements ’* Electronic Eng. 25.305 (July 1953) 298. Trimmer capacitor con-

nected in shunt with main tuning inductor, and other methods.

General references
63. Waverling, E. “ Printed circuits for home radio receivers ” Elect. 25.11 (Nov. 1952) 140.

64. Davis, B. L, “ Printed circuit techniques : an adhesive tape resistor system ” N.B.S. Circular 530
(1952) National Bureau of Standards, Washington D.C.

65. Strafford, F. R. W. “ Reducing fire risks—a new method of safeguarding receivers ” W.W. 58.12
(Dec. 1952) 499. >-

66. Whitehead, J. C. “ The S-P 600 Communication Receivers ’* (Hammarlund MF-HF-VHF),
Comm. Eng. 13.4 (July/Aug. 1953) 32.

67. Eisler, P. “ Printed circuits and miniaturization ” Electronic Eng. 25.304 (June 1953) 234. De-
scribes foldable 3-dimensional circuits.

68. Kobe, K. A., and R. P. Graham “ The effect of applying a counter e.m.f. to a Leclanche cell
**

paper read before Electro-Chemical Society, U.S.A., 30th April, 1938.

69. Hallows, R. W. “ Improving the dry cell ” W.W. 59.6 (June 1953) 276.

70. Hallows, R. W. “ Reactivating the dry cell *’ W.W. 59.8 (Aug. 1953) 344.

71. Kelly, A. W. “ Review of new printed circuit development and audio frequency applications **

Jour. A.E.S. 1.1 (Jan. 1953) 53.
72 Dummer, G. W. A. and D. L. Johnston “ Printed and potted electronic circuits ** Proc. I.E.E. 100.

Part III 66 (July 1953) 177.

73. Eisler, P. “ Printed circuits : some general principles and applications of the foil technique **

Jour. Brit. I.R.E. 13.11 (Nov. 1953) 523.
74. Knight, M. B. “ Designing trouble-free series tube heater strings ” Tele-Tech 12.4 (April 1953)

76. Primarily TV receivers.

CHAPTER 36

DESIGN OF F-M RECEIVERS
ADDITIONAL REFERENCES
28. Willmotte, R. M. “ Reception of an F.M. signal in the presence of a stronger signal in the same

frequency band, and other associated results** Proc. I.E.E. 101. Part III 70 (Mxrch 1954) 69.
29. Medhurst, R. G. “ Harmonic distortion of frequency-modulated waves by linear networks ** Proc.

I.E.E. 101. Part III 71 (May 1954) 171.
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CHAPTER 37

RECEIVER AND AMPLIFIER TESTS AND MEASURE2V1ENTS
ADDITIONAL REFERENCES
43. Tcrman, F. E., and J. M. Pettitt “ Electronic Measurements ” McGraw-Hill, 2nd ed. 1952.
44. Scroggie, M. G. “ Radio Laboratory Handbook ” IlifTe, London.
45. Maurice, D., and G. F. Newell and J. G. Spencer “ Proposed test procedure for F-M broadcast

receivers ” l^ectronic Eng. 24,289 (March 1952) 106 ; reprinted Radiotronics 18.3 (March 1953)
39. Also gives results obtained on three actual receivers.

46. “ British Standard Glossary of Terms for the Electrical Characteristics of Radio Receivers ” (BS
2065 : 1954). Comments. W.W. 604. (April 1954) 188.

47. Recommended methods of measurement on receivers for anmlitudc-modulation broadcast trans-
missions ** (1st ed. 1954), Central office of the International Electrotechnical Commission,** Pub-
lication 69. Comments W.W. 60.6 (June 1954) 271.

CHAPTER 38

TABLES, CHARTS AND SUNDRY DATA
Sect. 3 (xi) (F) British Radio Industry Council (page 1360) add after F5 :

—

F5a.RIC/131/B. Capacitors, fixed, paper dielectric, foil, in rectangular metaleases.

Additional definition

Maximum output (in receivers). The greatest average output power into the

rated load regardless of distortion.

Abbreviations of titles of periodicals, pages 1367-1369, add

Acustica

Comm. Eng.

High Fidelity

Jour. A.E.S.

Proc. I.E.E.

Trans. I.R.E.-PGA

S. Hirzel Verlag, Zurich.

Communication Engineering, The Publishing House,
Great Barrington, Mass. U.S.A. Previously known as

FM-TV and FM-TV Radio Communication,
Audiocom Inc., Great Barrington, Mass. U.S.A.
Journal of the Audio Engineering Society, Box 12

Old Chelsea Station, New York 11, N.Y.
Proceedings of the Institution of Electrical Engineers

(Savoy Place, Victoria Embankment, London, W.C.2t
England).

Transactions Institute of Radio Engineers, U.S.A. Pro-

fessional Group Audio.

Additional references to standard symbols and abbreviations page 1369)
6. British Standard BS530 : 1948 ** Graphical symbols for tele-communications,'* supplements 1, 2,

3, 4 (in preparation). See comments, Bainbridge-Bell, L. H. “ The standardization of symbols and
the arrangement of electronic circuit diagrams " Jour. Brit. I.R.E. 13.7 Quly 1953) 339.

7. “ I.R.E. Graphical symbols for electrical diagrams ” Proc. I.R.E. 42.6 (June 1954) 967. These
are the same as the American Graphical Symbols for Electrical Diagrams, Y32.2— 1954, American
Standards Association.

ADDIXIONal items
Neutralizing circuits (reference to page 1065)

These circuits in Figs. 26.19 and 26.21 are strictly not neutralizing circuits, but

the effect achieved by using is similar to that achieved by true neutralization as

it allows the effect of feedback due to grid-to-plate capacitance to be reduced to

negligible proportions, although it does not completely eliminate it.








