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Foreword

The tremendous research and development effort that went into the

development of radar and related techniques during World War II

resulted not only in hundreds of radar sets for military (and some for

possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this

basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-

vision of the National Defense Research Committee, undertook the great

task of preparing these volumes. The work described herein, however, is

the colk^ctive result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,
and other Dominions.

The Radiation Laboratory, once its proposals were approved and
finances provided by the Office of Scientific Research and Development,

chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire

project. An editorial staff was then selected of those best qualified for

this type of task. Finally the author^ for the various volumes or chapters

or sections were chosen from among those experts who were intimately

familiar with the various fields, and who were able and willing to write

the summaries of them. This entire staff agreed to remain at work at

MIT for six months or more after the work of the Radiation Laboratory

was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and

thousands of other scientists, engineers, and others who actually carried

on the research, development, and engineering work the results of Avhich

are herein described. There were so many involved in this work and they

worked so closely together even though often in widely separated labora-

tories that it is impossible to name or even to know those who contributed

to a particular idea or development. Only certain ones who wrote reports

or articles have even been mentioned. But to all those who contributed

in any way to this great cooperative development enterprise, both in this

country and in England, these volumes are dedicated.

L. A. DuBridge.





Preface

The need for a means of preserving the value of the technical develop-

ments in the field of radar was foreseen as early as the summer of 1944,

and, at the suggestion of I. I. Rabi and L. A. DuBridge, a committee
consisting of L. J. Haworth, G. E. Valley, and the editor considered the

form of the books on circuits and laid plans for Vols. 17 to 23. The
termination of hostilities in August 1945, permitted the initiation of

intensive activity under the direction of L. N. Ridenour and resulted in

the completion of manuscript for these volumes by June 30, 1946. The
amount of circuit material was so large that writing was attempted on a

mass scale, and an unusually large number of authors have contributed to

this volume. In spite of the very short time permitted, an attempt has

been made to give a comprehensive survey of basic circuit techniques used

in the generation and manipulation of voltage and currents by linear and
nonlinear circuit elements. This book includes, therefore, a large num-
ber of basic circuit operations. Since radar circuit techniques have
greatly expanded the methods and scope of this subject, considerable

revision and extension of terminology have been required. An attempt

has been made to classify logically the nonlinear circuit elements and the

separate and combined functions that are obtained from the use of both

linear and nonlinear circuit elements. The classification is not exhaus-

tive, but it is believed to cover all practical cases of the radar circuit

technique. The subject of amplification is treated in Vol. 18, and the

more complex functions derived from those basic processes are time

measurement, computation, and cathode-ray-tube display; these are dis-

cussed in Vols. 20, 21, and 22,

Much important material in this field is already available in standard

texts on communications and electronics, and some of this background

material has been omitted. The method of approach to the subject

matter of this book probably differs from that of standard text books;

the authors of this volume are experimentalists, none are teachers. The
experimental point of view has, therefore, been definitely emphasized,

and many important details on the physical realizability of electronic

circuits are included. Mathematical representation of most of these

circuits is diflftcult because they depend upon nonlinearities, and the avail-

IX



X PREFACE

able mathematics on this subject has not yet proved to be of great value

in the analysis and design of practical circuits.

The approach to the writing of this book differs in a second way from

that of other books. Much of the information presented here has not

yet appeared in journal articles or comprehensive reports. Therefore,

much of the original material has not yet stood the test of wide circula-

tion and discussion. It has been extremely difficult to establish the

proper perspective with regard to much of the material, and some dis-

tortions in the value of subject matter, remaining from the influence of

the war effort, may still be evident.

The foreword has already indicated the difficulty of giving proper

credit to all those who have contributed to the writing or to the experi-

mental developments that have made the work possible. Many of the

circuits described here originated in other laboratories in this country

or in the United Kingdorh, and much credit is due these workers. How-
ever, references in the text have been limited to (1) journal papers written

by personnel of radar laboratories and (2) declassified reports on radar.

Much of the success of this particular volume is due to the perseverance,

self-sacrifice, and loyalty of those members of the former Precision Group
of the Radiation Laboratory who have continued with this project to its

successful termination.

It is a special pleasure to acknowledge the generous support and

encouragement of this project by the British Laboratories—brought about

largely through the efforts of Sir Robert Watson-Watt and Dr. B. V.

Bowden. Through their generosity and that of F. S. Barton of BAG and

W. B. Lewis of TRE, several experts have visited with the Radiation

Laboratory Office of Publications for a month at a time in order to

exchange information, and credit is due N. F. Moody of TRE, who
contributed data on British circuits. We are extremely fortunate in

having one member of TRE (F. C. Williams) as a major contributor and
volume editor.

A number of Staff Members have contributed valuable background

material that has been extremely useful in preparing the final manuscript:

E. B. Hales, J. Irving, C. Sherwin^ L. Pourciau, and R. B. Woodbury.
Of the many waveform photographs used to illustrate this volume,

nearly all were taken by C. M. Connelly, the associated photographic

work having been carried out by P. D. Bales. Credit for this work is

gratefully acknowledged.

Much credit is due those who have assisted in the mechanical task of

preparing manuscript. The work of Nora Van der Groen and Joan
Leamy was outstanding. The assistance of the following is also gratefully

acknowledged: Alyce Rueckert, Helene Benvie, Joan Brown, Teresa
Sheehan, Barbara Davidson, and Hannah Paul.



PREFACE XI

The production and drafting problems could never have been solved

without the able support of the typing pool and drafting room under

C. Newton, M. Dolbeare, M. Phillips, and V. Josephson. In addition,

the careful supervision of English and style under the guidance of L. B.

Linford has been most helpful.

The publishers have agreed that ten years after the date on which each

volume in this series is issued, the copyright thereon shall be relinquished,

and the work shall become part of the public domain.

Cambridge, Mass.,
October, 1948.

The Authors.
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CHAPTER 1

INTRODUCTION

By Britton Chance and F. C. Williams

SCOPE AND VIEWPOINT

By Britton Chaitce

This book deals with the applications of circuit techniques to the

generation of waveforms, both sinusoidal and otherwise, and to the

manipulation of waveforms to meet specific needs. The title, Wave-

forms, refers to currents or voltages considered as functions of time in a
rectangular coordinate system. This book includes a discussion of those

waveforms having durations as short as 0.01 /xsec.

1*1. Viewpoint.—One object of this book is obvious: it is to make
available to those in industrial and academic laboratories techniques of

established value that have been developed for radar timing and indicat-

ing applications, and it is intended to survey not only developments made
at the Radiation Laboratory but also developments made at other labora-

tories in this country and in the United Kingdom. In this respect we
are particularly fortunate in having had the closest cooperation with these

laboratories.

This book is written for the circuit designer in government, industrial,

or academic research laboratories who chooses to carry out a timing,

computation, or measurement operation by means of electrical circuits.

The material of the book has therefore been classified according to circuit

functions, in order that the circuit designer may immediately find a com-
pilation of useful circuits for accomplishing a particular function and

select the one best suited to his needs.

In this respect the classification of material differs somew^hat from that

of earlier books concerned with electronic circuits where classification

according to circuit type or tube type was often employed. Considerable

difficulty was experienced in attempting to use such a classification

because of the versatile nature of electrical circuits. For example,

electronic switches may be used to carry out many entirely different func-

tions in which the design considerations of the associated circuits are quite

dissimilar, although the actual switching elements are identical. A simi-

lar difficulty arises in discussing a circuit like the multivibrator; it too may
1
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be used for a variet}^ of purposes. Yet the design considerations differ

markedly depending upon whether it is used, for example, for pulse gen-

eration or for frequency division.

The material of this book begins with a survey of the properties of

linear and nonlinear circuit elements which are applicable to all the cir-

cuit functions of the book. From that point on the discussion proceeds

according to function—first the generation of simple waveforms, next
the processes of amplitude and time analysis, modulation, demodulation,

and frequency multiplication and division. Mathematical operations

and the properties of special components constitute the closing chapters.

This classification permits easy comparative evaluation of the various

methods for a<!l0bmplishing a given function and a reasonably complete
summary of the useful methods. The discussion is continued on the func-

tional viewpoint to the more complex systems for time measurement,
data transmission, computation, and display, which are the subjects of

Vols. 20, 21, and 22 of the Series.

In connection with these circuit developments there has been an even
more active development in a highly descriptive circuit jargon in the

various laboratories. This jargon is w'ord-saving and often presents a
vivid picture of the physical operations of the particular circuit—for

example, flip-flop” or ''flopover,” referring to different types of multi-

vibrator circuits. Considerable difficulty has been encountered in

adhering to the colloquial jargon throughout this book since many of

these names refer to a specific circuit but connote an action obtainable
from many circuits. For example, a thyratron pulse generator can be
made to carry out all the functions of a '‘flip-flop” but rarely bears this

name. It has, therefore, been necessary to define new terms which may
have a greater generality of application. In choosing these terms, an
attempt has been made to define only the basic processes and circuit

functions and to maintain the "given” name for the various circuits

—

for example, multivibrator, phantastron, sanatron, blocking oscillator,

etc. A glossary of terms starts on page 775, and it is intended that this

be the connecting link between the terminology in this book and that used
in various laboratories.

Finally, we have attempted to indicate some directions in which future
developments can proceed. Nearly always limits to the performance
have been set by the characteristics of circuit components, such as
vacuum tubes, resistors, capacitors, transformers, etc. Much progress
has been made in the standardization and in the improvement of the
quality of circuit components during the war, but there yet remain many
basic factors that limit the rapidity or the stability of action of these
circuits. Whenever possible, the limitations imposed by available com-
ponents have been pointed out, and in many cases a comparison of com-
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ponents is made. It is our hope that the discussions are presented in

such a manner as to stimulate original thought and circuit develop-
ment by the reader.

1*2. Relation to Preceding Books.—Volumes 17 to 22 of this series

include the important phases of the work of the Receiver Components
Division of the Radiation Laboratory, and hence much of the material in

these volumes is closely related. Some of the material of these volumes
has applications in other volumes of this series, in particular that con-

cerned with Pulse Generators (Vol. 5) and those concerned with Systems
(Vols. 1 to 3). Since much of this work concerns properties of circuit

components themselves, the first volume of the group, Vol. 17, is called

Components Handbook and includes available information on fixed com-
ponents, resistors, capacitors, and inductors, and much information

about the characteristics of precision potentiometers, variable capacitors,

and synchros. In addition, the characteristics of vacuum and gas-filled

tubes are presented. This material is of particular interest for circuit

designs that require operation with a high degree of precision over a wide

range of temperatures. Much of this material is essential to the satis-

factory construction of the circuits described in this volume, and, unless

the reader has similar information already available, he is referred to

Vol. 17 before embarking upon the construction of any of the precision

circuits of this book and of Vols. 20 and 21.

\’olume 18, Vacuum-tube AmplifierSy is of some interest to the readers

of this book because of the extensive discussion of linear analysis and
transient response and the transfer characteristics of linear circuit ele-

ments. In addition, wide-band amplifiers are discussed in detail.

Although the requirements for these amplifiers are not usually identical

with those used in waveform generation, many important data on the

operation of wideband amplifiers with and without feedback for wave-

form amplification are presented and are extremely valuable to the reader

of this book. The discussion of direct-coupled amplifiers, low-fre-

quency high-precision amplifiers, and frequency-selective amplifiers is also

useful.

Many of the circuits described in the present volume have been pre-

sented in earlier works, but the application of these circuits to radar has

resulted in basic improvements and in the extension of the operating

range of the circuits. The circuit technique previous to the war is well

represented in a number of textbooks to which the reader may refer. ^

' H. J. Reich, Theory and Applications of Electron TuheSy McGraw-Hill, New York,

1944; F. E. Terman, Radio Engineers^ Ilandbooky McGraw-Hill, New York, 1943;

F. E. Terman, Radio Engineeringj 2nd ed., McGraw-Hill, New York, 1937; M.I.T.

E. E. Staff, Applied Electronics, Wiley, New York, 1943; J. G. Brainerd ct al,y Ultra-

high-frequency TechniqueSy Van Nostrand, New York, 1942; 0. S. Puckle, Time BaseSy
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1*S. Content of This Volume.—This book covers several definite

aspects of circuit techniques involving precisely controlled voltages and

currents of various waveforms. There are two introductory chapters

(2 and 3) dealing with operations on waveforms with linear and nonlinear

circuit elements. The application of these basic elements to the genera-

tion of waveforms is the subject of the next chapters (4, 5, 6, 7, and 8).

Sinusoids, pulses, rectangles, triangles, trapezoids, hyperbolas, parabolas,

and exponential waves of both voltage and current are considered in detail

with special regard to methods which ensure their rapid initiation and the

accurate control of their shape. The next two chapters of the book (9 and

10) are devoted to a discussion of the methods for analyzing a waveform

with respect t‘^ amplitude or time, and include the various methods of

selecting a portion of a given wave. Special emphasis is placed upon the

important process of marking the instant of equality of two waves, which

is basic in precision tiifiing techniques.

Variation of the parameters of amplitude- or time-analysis methods

also leads to important modulation and demodulation processes, and the

next chapters (11, 12, 13, and 14) treat those methods of modulation and

demodulation which have been found to be of most use in precision cir-

cuits. At this point the scope of the book is expanded to include opera-

tions with slowly varying voltages or mechanical signals, since many
important circuit operations depend upon modulation in accordance with

controllable shaft rotation. The complementary demodulation processes

are presented, and special emphasis is given to those circuits that are

suitable for operating with intermittent waveforms.

The important process of linearly modulating the time interval between

two portions of a waveform (linear time modulation) is discussed in some
detail since this is a basic process in accurate time measurement, and a

summary of methods is included. It is unfortunate that time did not per-

mit a presentation of the methods of frequency modulation and frequency

selection. Much of this materiahhas been covered in standard texts and,

in addition, some twin-T selective circuits are given in Vol. 18, Chap. 10.

The next three chapters— 15, IG, and 17—treat the basic aspects of

the synchronization of waveform generators to accomplish frequency

multiplication and division of sinusoids or pulses. Many of these proc-

esses depend upon aperiodic counting circuits, and a chapter is devoted
to their characteristics.

The precision of the basic processes described in the earlier chapters is

sufiicient to permit a number of basic mathematical operations to be
carried out with reasonable accuracy. For example, a hyperbolic wave

Wiley, New York, 1943; W. B. Lewis, Electrical Counting^ Cambridge, London, 1942;
R. H. Muller, R. L. Garman, and M. E. Droz, Experimental Electronics, Prentice-Hall,
New York, 1943.
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may be used to solve a right triangle, or a parabolic wave may be gen-

erated to obtain the square of a quantity. Methods of addition, sub-

traction, differentiation, integration, multiplication, division, squaring,

and square-root extraction are given in Chaps. 18 and 19.

Chapter 20 treats the techniques used in the measurements of wave-
forms which can be carried out with a simple oscilloscope. This chapter

does not, however, treat oscilloscope-design principles.

The last chapters treat delay devices which are a specialized but
extremely important class of components in which an input wave is

reproduced at the output after a fixed delay. The cathode-ray-tube

storage device is the most recent and certainly the most versatile of these,

and the available data are summarized. In addition, a treatment of the

properties of electrical delay lines and supersonic devices is given in the

closing chapters.

1-4. Relation to the Succeeding Volumes.—The application of the

basic circuits of the present volume to the problems of radar range

measurement, precision data transmission, and computation is the con-

tent of the next two books, Vols. 20 and 21. In addition, the application

of the various timing waves to cathode-ray-tube display systems is the

subject of Vol. 22. Lastly, some of the timing and synchronizing circuits

are used in microwave receivers, the subject of Vol. 23. The interde-

pendence of this book and Vol. 20, Electronic Time Measurements^ is,

however, the greatest, and much of the material of that book represents a

natural continuation from the material on time modulation and frequency

multiplication and division to the problem of synchronization and preci-

sion time measurement in radar systems. For example. Chap. 4 of Vol.

20, Fixed-time Markers,^^ is a natural extension of the basic circuits for

frequency multiplication and division. Similarly the details of construc-

tion and performance of precision time modulators useful in radar systems

are given in Chaps. 5 and 6 of Vol. 20. Chapters 7, 8, and 9 of Vol. 20

give examples of manual and automatic time-measuring systems. Chap-

ters 10 and 11 continue the application of pulse-timing techniques to

precision data transmission, and Chap. 12 gives the detailed considera-

tions involved in the cancellation of waveforms through the use of super-

sonic delay devices.

The material of Vol. 21 dealing with automatic computation and

electronic-instrument servomechanisms depends to a certain extent on

the material of this volume. The portions of that book devoted to

voltage and current regulators and to design and construction practice

are of considerable importance for those interested in building a complete

apparatus that will perform satisfactorily \mder adverse conditions. In

addition, a portion of Vol. 21 is devoted to the characteristics of test

equipment for timing and computation devices.
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1*6. Method of Treatment.—The method of approach to the content

of this book is discussed in considerable detail later, but it is suitable to

state here that the main emphasis is upon what the circuit does, how it

does it, and what difficulties the circuit designer would have to avoid in

order to duplicate the results quoted. Wherever possible, a diagram of

a well-engineered circuit and the characteristics of precision components

are given.

A number of waveform photographs have been taken at various points

in these circuits and are believed to illustrate their operation better than

an equal amount of print.

The approagJj[ to the circuit technique described in this volume has

not been strictly mathematical but as much mathematics as has been

found useful has been included, and quantitative relationsliips are

given wherever possible. Some of the nonlinear circuits discussed

—

notably the blocking oscillator and to a lesser extent the multivibrator

—pose very difficult and as yet unsolved mathematical problems, and

no rigorous mathematical design procedures are yet available which

apply in general to these circuits. A satisfactory approach to circuit-

design problems is described in the next se(;tion and includes a subdivision

of the operation of the nonlinear circuit into several stages, in each of

which the operation is approximately linear. Tn addition, an ex^tremely

useful table for the shaping properties of various linear networks and a

simplified operator technique greatly implement the problems of circuit

design. Unfortunately, many of the circuit designs of this volume were

carried out without the benefit of these useful tools.

Of particular importance are the improvements in the precision,

reliability, and producibility of the circuits described here since vast num-
bers of similar equipments have been called upon to operate under

singularly adverse conditions and have been required to give visual or

other indications to a high degree of precision. It is possible that the

enduring value of this work will lie more in the basic approaches to the

question of precision than in the specific circuits that have been developed

under the urgent stress of war conditions.

In approaching the problems of precision, reliability, and producibil-

ity, the circuit engineer has summarized these requirements by a single

requirement—'^designability —that is, the development of circuits whose
operation can be predicted accurately. If component tolerances and the

conditions of service (temperature range, humidity, etc.) have been taken
into account and a single experimental model has been built, it is to be
expected that a ^^designable” circuit can be reproduced in quantity with
no further difficulty. Although this circuit design often leads to the use
of more components than the minimum necessary, these extra components
are usually paid for in terms of increased reliability, producibility, and
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precision. In addition, the servicing problem should be more simple,

since the operation of the circuit can be precisely specified, and conse-

quently the location of a fault can be easily determined. The design

principle has, of course, wide acceptance in most branches of engineering,

but because of the difficulties in specifying all the properties of the com-
ponents used in circuit design, the specialized nature of the design work,

and, on the other hand, the extreme ease of assembly and modification of

experimental electrical equipment, this principle has not found universal

acceptance. This is especially true in the case of extremely complex
circuit configurations, components for which complete specifications are

not available, or circuits involving excessive nonlinearities. The approach
to the circuit technique presented in the next section, however, gives

general principles whereby the principle of ^^designability^’ may be

applied to most of the circuits of this volume.

Definite exceptions to the principle of designability may be made in

experimental equipment where production is not required and where the

useful life of the apparatus may be considerably less than that of the com-
ponents. Such equipment is often used in physical experiments and
usually operates as closely as possible to the fundamental limitations of

the components in order that the maximum sensitivity and accuracy may
be obtained.

1*6. Uses of Waveforms.—The principal uses of waveforms are indi-

cated by the content of the other volumes associated with this book, and

the discussion already given in Sec. 1.4 indicates such applications.

These and other important applications are enumerated as follows:

1. Timing waveforms for cathode-ray-tube displays.

2. Fixed electronic timing indices.

3. Movable electronic timing indices.

4. Synchronization of timing circuits including frequency multiplica-

tion and division.

6.

Synchronization in angle for cathode-ray-tube or other display.

6. Precise communication of audible or positional information by

pulse timing methods.

7. Application to high-resolution television.

8. Applications of precise timing techniques to electrophysiology.

9. Application of precise measurement techniques in physics, chemis-

try, and biology.

10.

Applications of precise time-measurement techniques to nuclear

physics.

There are, in addition, two important applications which present

important possibilities but about which very little has been done as yet.

The first is the use of waveforms in computation. The simple mathe-
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matical operations, especially integration, have been carried out with

reasonable accuracy and appropriate methods are described in this vol-

ume. But the more promising use of these pulse techniques appears to be

in the sequential or digital computers.^ These computers permit

extreme flexibility and rapidity in the mathematical solution of complex

problems, and a pulse representation of mathematical quantities is of

great use in these projects, as are the methods of storing and counting

information.

Amplitude or time-modulated pulse trains present interesting possi-

bilities for multichannel communication, since the mutual interference-

rejection property of simple time selectors is excellent compared with that

of more complfSftted frequency selectors.

Lastly, many applications of this precision circuit technique to indus-

trial measurement and process control are possible, and it is believed that

the basic material of thte book combined with the practical examples of

time measurement and computation in Vols. 20 and 21 will suggest to the

reader a large number of new practical applications.

BASIC CONCEPTS AND THE METHOD OF APPROACH

By F. C. Williams

Previous treatment of waveforms has been directed mainly to sinu-

soids .and the various manipulations that can be performed on them, such

as addition (and subtraction), amplification, modulation and demodula-

tion in amplitude, frequency, and phase. Some attention has been given

to the effect of nonlinearities, but this effect has most often been treated

in terms of the harmonic distortion introduced. This distortion has

usually been reduced by avoiding nonlinearities. In modulation and
demodulation, however, nonlinear elements have been widely employed,

but even here, Fourier analysis, in terms of harmonic components, is

often used as an analytical weapon. It has also been the practice to

break up complex waveforms into their sinusoidal components to render

them suitable for formal mathematical attack.

In approaching the subject matter of this book it is preferable to

make a clean break with the traditional approach. It is the object of

this chapter to indicate why this is so, to outline the new approach, and
to illustrate briefly by example the new processes and concepts that are to

be discussed in detail in later chapters.

1*7. Basic Concepts. Linear Elements ,
—^The waveforms that will be

considered are not sine waves, but square waves, pulses, and even more
complicated shapes (see Fig. 1*1). When two waves are added, the result

is far less similar to the originals than is the case with sine waves, and

/ ‘‘Eniac,’^ Moore School of Electrical Engiiibering, U. of Pennsylvania.
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the concepts of amplitude change and phase shift are of little use; they

are largely replaced by new concepts of shape, duration, and time of

occurrence. Again, complex networks that merely shift the phase and

modify the amplitude of a sine wave completely transform the shape of

Fio, 1*1.— Examples of waveforms, (a) Symmetrical rectangular wave (square wave).
{h) Pulses, (c) Result of quasi integration of (a), {d) Result of quasi differentiation of (a),

(e) Triangular wave. (/) Trapezoidal wave.

the nonsinusoidal input. The effect is illustrated in Fig. 1*2, which shows

the effect of applying a sine wave and square wave to two /?C-net-

works. The general process of changing wave shape by impedance rela-

tions, of which the above is an example, is termed ‘Tinear shaping.^’

Fig. 1‘2.—The effect of applying a sine wave and a square wave to two /2C-networks.
In (6) the sinusoid is attenuated by the ratio of the resistance to the total impedance. The
square wave is, however, quasi-differentiated; only the high-frequency components are
passed. In (d) the sinusoid is attenuated by the ratio of the reactance to the total imped-
ance. The square wave is quasi-integrated; only the low frequency components are passed.

For reasons that will become apparent later the amplifier is rarely used

in its normal role, but even when it is, the conditions of operation are

somewhat different since now the highly critical eye, or the even more
critical electrical instrument, replaces the rather undiscriminating ear, and
higher fidelity is demanded. In this connection, negative-feedback
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amplifiers have proved invaluable. Another very important use of

negative feedback in amplifiers is the control it gives over input- and out-

put-impedance characteristics. Many waveforms appear initially across

unsuitably high impedances, and the amplifier may be used not to increase

the size of the waveform but to make it available with low source imped-
ance. The well-known cathode follower is a typical example. The
process of linear shaping is often carried out in amplifiers, particularly in

the negative feedback type; such amplifiers are called linear shaping

amplifiers.'^

Use of Nonlinear Elements .—Another method of changing wave shape

is by overloading an amplifier. Here deliberate use is made of the non-

linearities at tUfe extremities of thermionic-tube characteristics. These
nonlinearities were previously regarded as a nuisance, but in this field

Fig. 1-3.—Conversion of a sinusoid to a square wave by an overloaded amplifier. The
output is that which would be attained from a tube with zero grid base; actually the sides of

the output waveform will not be vertical.

they are often of prime importance, the nuisance role being allotted often

to the short, sensibly linear part which joins the nonlinearities. For

example, in generating a square wave from a sinusoid, the circuit of Fig.

1-3 may be used. Here the grid is swung rapidly from cutoff to zero bias

by a large sinusoidal input. The tube is either ‘Hurned on" or ^burned

off" for the bulk of the cycle, and the sensibly linear transition of anode

current between these conditions is undesirable since it causes the sides of

the output wave to be sloping instead of vertical. The shorter the linear

part, in terms of grid voltage, the steeper the sides will be; the ideal would

be to reduce it to zero.

In this example the nonlinear characteristic is regarded as having

abrupt transitions between separate linear states rather than as a con-

tinuous nonlinear curve; the precise curvature of the characteristic is

rendered unimportant by the use of a large input waveform. This is

typical of the major use of nonlinear elements and will be discussed in

more detail later (Sec. 1*8).
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There are, of course, circumstances in which the circuit elements

are required that have a continuous nonlinear law of specified shape, such

as a parabolic or exponential curve. Typical uses of nonlinear operation

of this type are in multiplication and division of the instantaneous values

of two waveforms and in instantaneous squaring and extraction of square

roots. Instances of this kind are, however, comparatively rare due in no
small measure to the difficulty of obtaining in quantity elements that

obey the required law with sufficient accuracy.

Operations in the Amplitude Axis .—Very often the precise position of

a voltage waveform in the voltage axis (d-c level) is of considerable impor-

tance; it may be specified in two ways. First the mean level of the wave
may be held at a particular voltage. This is the well-known process of

(a) (6)

Fio. 1-4.—Amplitude selection and comparison. As the cathode of the diode Vi is

biased at -f 150 volts, only that part of the triangular waveform exceeding +150 volts

appears in the output as indicated at (6). The lower line of (6) indicates a pair of pulses
derived by amplification and shaping. This combination of selection, amplification and
shaping is termed “amplitude comparison.”

biasing.’^ Second, a certain part of a waveform may be held at a certain

voltage level. This is often called ‘‘d-c restoration.^^ Both are processes

of “level setting.'' The first involves linear and the second nonlinear

elements.

When the general level of the wave has been fixed, it ipay be required

to reproduce only that part of the wave that exceeds a certain level. This

process is called “amplitude selection" and is illustrated in Fig. 1*4.

Here a sawtooth waveform starting from zero volts is applied to the plate

of a diode whose cathode is connected to 150 volts through the resistance

Ri. The diode will not conduct until the input waveform exceeds 150

volts; thereafter conduction will cause the output to follow the input until

the waveform once more falls below 150 volts and thus gives the output

shown. The circuit in this way “selects" that part of the waveform that

exceeds 150 volts.

The instants at which the input waveform has the value 150 volts

are indicated by abrupt discontinuities in the slope of the output wave-

form. Since the sharpness of these discontinuities can be increased

considerably by subsequent amplification, so an extremely abrupt dis-
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continuity is obtained which can be used to mark precisely the instant of

equality of the input wave and the fixed potential. The amplifier often

includes shaping processes which produce a marker pulse, as shown on the

lower line of Fig. 1*46. In the interests of economy regenerative ampli-

fiers are preferred to linear amplifiers for this purpose and will be discussed

later. The general process of thus marking the instant of equality of

two waveform amplitudes is called ^‘amplitude comparison’’ and forms

the basis of nearly all methods of precise range measurements.

Another important use of amplitude comparison is revealed if the

160-volt supply to which Ri is returned is replaced by a potential that

varies relative to 150 volts in accordance with an input signal. The time

elapsing between the start of the linear rise in a and the occurrence of the

pulse in h will be modulated in accordance with the signal intelligence.

This is an example of the important process of “time modulation.” The
inverse process, that of recovering the intelligence from a time-modulated

waveform, is called “time demodulation.”

Another useful process, somewhat similar to amplitude selection, is

that of “amplitude discrimination.” Here the objective is to determine

whether one waveform is of greater or less amplitude than another; the

magnitude of the difference is also indicated approximately, but the

emphasis is on the sense of the difference. The process may be either

continuous, as in the case of equating two continuous quantities, or dis-

continuous as in the equating of an amplitude-modulated sinusoid to a d-c

reference level—for example, in automatic-gain-control circuits.

Operations in the Time Axis .—Corresponding to those processes in the

amplitude axis there are similar processes in the time axis. These are

known as “time selection,” “time discrimination,” and “time compari-

son.” Here there is no fixed reference as there was in the amplitude axis,

and its place must be taken by repeated reference points synchronous with

the waveform. , In many cases the reference point will be a portion of the

waveform itself; in others it will exist separately as a pulse train.

In this connection it is of great value to consider only one complete

cycle of the waveform and to treat the beginning of this waveform as a

single reference point in the time axis. This is the picture that results

from displaying the waveform on a cathode-ray tube with a linear sweep

of duration equal to the waveform duration and triggered by the reference

pulse or by the chosen reference point of the waveform. In this way, the

complexities of multiple time references are avoided, and the discussion of

operations in the time axis is simplified.

Time selection is the process of separating one event from other events

by virtue of the time, relative to the reference instant, at which that event

occurs. A crude example is the well-known phase-sensitive rectifier,

where the circuit responds only to alternate half cycles. More refined
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examples often occur in pulse-radar practice—for instance, where it is

required to separate the echo of a particular object from other echoes,

which may be similar except for the time delay with respect to the trans-

mitted pulse. The selector will pass only that echo which arrives in an
interval having a certain time delay.

The system will, of course, provide no

selection against echoes with equal or

nearly equal time delays. Figure 1 *5

shows a train of typical echoes a, to-

gether with a locally generated selec-

tor pulse b. This selector pulse is

arranged to embrace the wanted echo.

It is used to operate some form of

switch circuit that will pass a signal

occurring during the pulse and reject

anything occurring before or after

the pulse. The output waveform of

the time selector is shown at c.

If the train of echoes of Fig. l-5a is displayed on a cathode-ray tube by
means of the triangular timing wave of Fig. 1*4, an alternative method of

time selection is available. A mechanical aperture may be used to block

off all but the wanted pulse. For visual

use this aperture, which might be movable,

would perform the selection function.

For nonvisual use, where an electrical

signal is wanted, a photocell pickoff can

be used. For this purpose an intensity-

modulated display is preferable to the

amplitude-modulated display shown.

Time selection with abrupt apertures

as indicated in Fig. 1*5 can be made
extremely sensitive to small variations of

the relative times of occurrence of signal

and selector pulse. An amplified view of

a signal a and one edge of pulse b is indi-

cated in Fig. T6. If it is required to know
whether the center of the pulse shown in

a occurs before or after the step shown in

by that portion of a occurring before the step can be compared with

that portion occurring after the step, by rectifying the two portions

separately and comparing the rectified output voltages. The portion

selected for the first rectifier circuit c is obtained from a time selector

operated by a selector pulse consisting of Portion 1 of pulse 5, and that

Fig, 1-6.- - Time selection and
discrimination. The portions of

the pulse displayed in (a) overlap-

ping Portion 1 and Portion 2 of

selector pulse (b) are rectified and
subtracted; the difference gives an
indication of the relative times of

occurrence of the signal and the

step. The portions of the signal

(a) occurring before and after

selector pulse (b) are indicated as

(c) and (d) respectively.

(a)

(6)

JL—
tc)

Fig. 1-5.—Time selection. A train of

typical radar echoes is shown in (a). A
locally generated selector pulse is indicated
in (6), and the selected echo in (c).
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for the second detector circuit d is obtained from a time selector operated

by Portion 2 of pulse 6. If the rectified outputs are balanced against

each other, the difference measures, over a limited range, the extent to

which the center of the pulse occurs before

or after the step. This is the process of

time discrimination, and although an ap-

proximate measure of the magnitude of the

time difference is given, the sense of the dif-

ference is the major feature. If the time

variation of the signal is in accordance with

intelligence, a time discriminator demodu-
lates this intelligence and converts it into a

signal useful for visible or audible indica-

tion or for control purposes.

tion by a pair of time selectors.

The input signal is indicated Ite

(a) and the adjacent selector

pulses as (6) and (c). The over-

lapping portions of the signal

and selector pulses are indicated

as (d) and (c). Rectification and
subtraction of (d) and (e) give a
signal which is extremely sensi-

tive to the time of occurrence of

(a) relative to (6) and (c).

As in time selection, the step may be

replaced by a mechanical aperture on an

intensity-modulated CRT display. Here

the step would be replaced by a partition

having a photocell on each side. The out-

puts of the photocells are directly com-

parable to the rectifier outputs considered

above.

Time discriminators very often employ two adjacent short-period time

selectors, each followed by a rectifier (see Fig. 1*7). The first rectifier

measures the amount of the pulse con-

tained in the first selector interval 6,

and the second one, the amount con-

tained in the second selector interval c.

If the two outputs are opposed, zero out-

put is obtained when the pulse is centered

on the junction of the two selectors;

when the pulse is misaligned the sense of

the output depends on the sense of the

misalignment. If the misalignment is

too great, with the result that the pulse

does not lie in either selector interval,

the output is again zero. The circuit

thus performs the function of selection as

well as that of discrimination.

By analogy with amplitude compari-

Fig. 1-8.—Time comparison.
Time selection of a portion of wave
(a) by a narrow selector pulse (b)

gives a pulse of amplitude ej which,
during the first cycle of detection

is used to obtain waveform (c).

The amplitude of (c) is a measure of

the time delay of (b) with respect to
(a) and is therefore used for time
demodulation.

son, time comparison may be defined as “the process of determining
the amplitude of a waveform at a given instant”; but it is a special

case of time selection in which the selected interval is made very
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narrow in order to give the instantaneous amplitude. For the purposes

of waveform analysis, where it is required to determine amplitude as a

function of time, amplitude comparison, which finds time as a* function

of amplitude, is the preferred method. On the other hand, time compari-

son is extremely useful for obtaining an output voltage that varies

depending upon the relative time of occurrence of the selector pulse and
the waveform. If, for example, a triangular timing waveform is used as

indicated in Fig. 1 *8, the output from a detector following'the time selector

will give a voltage linearly related to the delay of the selector pulse with

respect to the time of initiation of the triangular wave. This is a useful

method of time demodulation.

1*8. Method of Approach.—Enough has now been said to indicate the

nature of the problem to be discussed. The sinusoidal approach involv-

ing Fourier analysis and linear circuits will clearly be of little help.

What approach can be substituted for it? Unfortunately, there is no
simple answer to this question. There is no continuous mathematical

approach that can handle the nonlinearities; and mathematical approaches

are constantly hampered by the need to change parameters and even

whole equations when a nonlinearity is encountered. Consequently, a

great deal of physical argument is needed to reestablish the mathematics

in terms of new conditions. These arguments are greatly simplified by
considering the circuit diagram in conjunction with a set of waveform

diagrams which illustrate the cyclic variations of potential or current, as a

function of time, at selected points in the circuit. In this connection it is

useful to draw the diagrams in a column, to a common time scale, and

arrange them in cause-effect order. Thus the diagrams of Fig. 1*4 would

appear as in Fig. 1*9.

In the application of the method to this simple case, the top waveform

ei = kt would be drawn. Then, at the beginning of the waveform, the

equation for 62 is 62 = E volts since the diode is nonconducting. During

the rise of potential, this equation holds until 61 = E, when the diode

conducts. A new equation, €2 — E + (ci — E) ^ holds,

where Rd is the resistance of the diode. This equation holds until ei

again falls below Thereafter the first equation is again relevant. It

is not always possible to draw the whole of the top waveform immediately.

Sometimes this can be drawn only up to the first nonlinearity on account

of some loading or feedback introduced by the nonlinearity. In such

cases progressive development of the whole column of waveforms from

some assumed starting condition is the usual procedure. The cycle is

complete when all the initial conditions are reinstated. If the initial con-

ditions are not reinstated, either the assumed conditions were unsuitable,

or the system is incapable of repetitive operation.
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The process just described illustrates a basic principle in the technique

of waveform generation. This is concerned with the method of use of

nonlinear components. If the calculation process given is to be valid, it is

essential that the nonlinear component should comprise separate linear

states and not exhibit continuous nonlinearity over any considerable

range of operation. Thus the diode has been treated as having infinite

resistance when the plate is negative relative to the cathode, and as having

a fixed resistance Rd when the plate is positive. These two states are

inevitably joined by a period of transition where Rd is variable. It is a

major principle of circuit design to choose the waveform amplitudes

and nonlinear elements in such a way that this transition is of negligible

duration. ForH&is reason high waveform amplitudes are used in conjunc-

Input

Fig. 1*9.—Illustration of circuit diagram and set of waveforms.

tion with nonlinear elements in which marked curvature of the character-

istic is limited to a small range of applied voltage. Furthermore, when
the major variations of Rd have been passed, Rd still exhibits some small

variations with operating conditions. It is a further principle of design to

choose components and conditions such that these variations are also

negligible. For example, in Fig. 1-9, if a precise output waveform were

wanted, R would be made much greater than Rd; consequently variations

of Rd would be incapable of influencing the output appreciably. A further

reason for adopting this policy of rendering negligible the effects of

transition curvature and Rd variation lies in the fact that two samples of

a given nonlinear element are unlikely to be precisely equivalent, and
circuits that depend on precisely known nonlinear characteristics are

troublesome in production and use for this reason.

Applications of these and other principles to the design of these cir-

cuits are developed in Chap. 2.



CHAPTER 2

OPERATIONS ON WAVEFORMS WITH
LINEAR CIRCUIT ELEMENTS

By F. C. Williams

2«1. Linear Circuit Elements.—These comprise the components,

resistance, capacitance, and inductance, and also linear amplifiers.

With regard to the components, the major consideration is stability of

value with time and temperature. This is difficult to achieve in higher

values of resistance, and large variations may be observed with resistances

in excess of 5 megohms. The higher values of capacitance, where paper

dielectric is used, are also subject to variations and have leakage asso-

ciated with them which is very dependent on temperature. It is also

worth noting that inductance always has resistance associated with it
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Fkj. 21.— a delay line made up of lumped inductance and capacity. The delay for

each section is approximately \/LC. (This neglects mutual coupling between the induct-
ances, so usually a larger delay is obtained. ) Cutoff frequency equals approximately

I/tt \/LC, characteristic impedance = LfC.

because of copper losses, dielectric losses, and, in the case of iron-cored

structures, iron losses. These points are dealt with at length in Vol. 17.

Another useful circuit element is the delay line, which may be either

continuously wound, or made up of lumped inductance and capacitance as

shown in Fig. 2-1. One function of this device is to delay a waveform for

a period equal to the transmission time of the line with a minimum change

of shape; for this use it should be terminated by its characteristic imped-

ance. If it is not so terminated, reflection Avill occur and the wave shape

will be modified. This has been found a very useful method of linear

shaping. For instance, it can be used to convert a step function into a

pulse whose duration is defined by the transmission time of the delay line.

Delay lines can be made to give only relatively short delays, of the

order of 10 Msec or less; with longer delays the shape of the waveform is

17
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not preserved. When longer delays are needed, more complex arrange-

ments are used, such as supersonic delay tanks and storage tubes (see

Chaps. 23 and 21).

Transformers of two classes are finding increasing use. In the first

type (Fig. 2-2a), the waveform is passed without appreciable change of

shape, and the transformer is used to transform the impedance level, to

shift the waveform in the voltage axis, or to produce it across a winding

that is free at both ends and that can therefore be connected in series with

other waveform sources. These are usually called
^

'
pulse-passing ^

’ trans-

formers. In the second type, considerable shaping of the wave is intro-

duced by choosing the primary inductance such that a short time constant

is formed witlr^ihe resistive load (see Fig. 2*26). The second type is

referred to as ‘differentiating'' transformers.

Pulse passing

Time constant

ib)

j^«T

Differentiating

Fig. 2-2.—Two types of pulse transformers useful in waveform shaping. For a current

waveform, in (a) the input is reproduced in the output, and in (6) the input is approximately
diflferentiated.

Amplifiers of normal design are occasionally used, but negative feed-

back is very widely employed for a variety of uses. Its use for impedance

conversion is typified by the simple case of the cathode follower. Nega-

tive feedback also provides stability of gain and some very flexible

methods of linear shaping of waveforms, as will be explained later.

It should be noted that where circuits are composed entirely of linear

elements, the final result is independent of the order in which they operate

upon the waveform, and, in parallel networks, may be obtained by simple

addition of the component outputs. Similarly, a complex waveform may
be broken into its component parts, and the responses to the components
may be determined separately and added to give the total output. Any
circuit nonlinearity invalidates these methods of analysis.

2*2, Potential Division and Addition.—Circuits suitable for potential

division and addition are shown in Fig. 2*3.^ The solutions in the right-

‘ So long as elements of one type only are employed, such as resistance, the use of

nonsinusoidal waveforms does not greatly affect the uses or mathematical approach
for circuit calculations. This is also true of networks made up of mixed components
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hand column can be obtained by using Th4venin’s theorem in its inverted

form—that is, 'Hhe potential difference between any two points in a

linear network is the current flowing in a short circuit connecting those

two points multiplied by the impedance of the network measured between
those points, when the short circuit is removed. In each of these

formulas the net impedance from A to ground enters into the solution;

this has not been evaluated in terms of the input impedances because it is

often necessary to connect a small impedance from A to ground to reduce

Cl

.

Where L is the

net inductance

to ground

l^i €2

Potential division Addition

Fig. 2*3.—Some examples of the use of passive circuit elements for potential division and for

addition.

mutual coupling between the input voltages; when this is done this imped-

ance may be the controlling factor in the value of the impedance A to

ground.

2*3. Waveform Shaping by Passive Elements.—When the compo-

nents in the various arms of a network are dissimilar, some departure from

standard analytical processes becomes necessary, for now the statement

that the impedance of R and L in series is R + jcaL will apply only to the

sinusoidal component of the waveform of frequency o)/2ir. Hence the

operational notation R + pL will be used, where p represents d/dt The

provided every arm is similar—that is, in the case of arms comprising R and C in

parallel, each arm must have the same time constant. The same is true if the arms
comprise R and C in series, but series and parallel arms must not be mixed.
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justification lor this representation and for the operations to be performed

with functions of p will be considered below (Sec. 2-7). For convenience

the name ^impedance” will still be applied to quantities such as R + pL.

The main use of the notation will be not as a shorthand approach to

formulation of the differential equation of the complete circuit but rather

as a way of writing down an immediately recognizable transformation of

wave shape. The most commonly used combinations of L, J?, and C have

associated with them an operationally stated transfer function and also a

kno^vn ‘‘waveform conversion effect. Figure 2*4 indicates the operators

of the more useful networks, together with the responses to step functions

of amplitude and slope. Of the networks shown, the only one for which a

mathematical sotation need be sought is a
;
the remainder become obvious

by inspection if the operator is broken into its component parts and

applied step by step in the appropriate order. It is essential to memorize

this first case, not only bes^use it occurs very frequently, but also because

so many others rest on it, as may be seen from the figure. The properties

of a may be summarized by the statement that when it is disturbed by a

discontinuity in the input, it will approach a steady state exponentially

with the time constant, T — CR. This steady state is usually obvious

from physical reasoning. This response is described in the figures by the

arrow and the notation “T = CR^^ and by the additional symbols which

indicate the steady state.

In a and h the transfer function is of the form 1/(1 + pT), and the

resulting waveform conversions for step functions of voltage are shown.

The function shown in c is R/{1 + pT) and has the dimensions of

impedance since it converts a current waveform to a voltage waveform.

Its effect is broken up into two steps, X R, and X 1/(1 + pT). The
second factor rests on the solution for case a.

This process of breaking the operator up into recognizable conversions

is continued in d, 62 = eipCR/{l + pCR) = Ci X pCR X 1/(1 + pCR)y

and the sketches show how, by choosing the appropriate order of use of the

component operators, recognition can be eased. Thus pCR = ^
is simply CR X the slope of the input curve; this is easy to apply when
the step function is in slope but difficult when it is in amplitude. There-

fore, 1/(1 + pCR) is taken first when the step function is in amplitude,

and only finite rates of change remain on which pCR operates. Other
examples of operator breakup are given in the next two cases (c and /).

Case g is a most important one, since it forms the basis of nearly all

triangular waveform generators; it is the process of supplying a constant

current to a condenser. The condenser voltage, which is (1/C) is

a linear rise of voltage with time. The less important case of a step func-
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tion of voltage applied to an inductance is shown in case h. Case j is

included to illustrate the procedure in more complicated cases. The two

terms in the numerator are taken separately and the component wave-

forms added to give the final result.

Examples of this sort can be continued indefinitely, but perhaps

enough has been said to indicate the method of approach. The value of

this method lies in the fact that very many of the waveforms of value are

made up of step functions of amplitude or slope, either added or occurring

one after another. Since the circuits are linear, the principles of super-

position hold and allow considerable extension of these basic transforma-

tions. For example, a square oulse (see Fig. 2*5a) simply comprises

(fm.

Input Components

Component Total

response response

cases ,T=CR

rkCR
+ I

E^kCR
J[]kCR ^ C
-y ^ e-^cr
^=RC ' '

I

g]v f*

T=CR E<kCR

CR^T

2£:j
J
2e,

0 T "
t—

Fig. 2-5.—^The response of passive networks to waveforms made up of combinations of

step functions of amplitude or rate of change of amplitude (slope). In (a) the input has
two component step functions; in (6) a .step function of amplitude and of rate of change; and
in (c) a repetitive step function of amplitude.

two equal and opposite step functions displaced from each other in time

by the pulse width. The response of any of the above circuits to such a

pulse can be found by adding the known responses to these two step

functions. Similarly the parts of the waveform shown in Fig. 2*56 may be

applied separately, and the responses to the component step functions

can be assessed and added. These methods are useful so long as the wave-

form is not repeated at a rate high compared with the settling time of the

circuit, for if such is the case it may be necessary to add many waveforms
covering many complete cycles of the input wave before a steady state is

reached.

At first sight this would appear to exclude from the method all circuits

containing integrators, since these have an infinite settling time. Fortu-

nately, this difficulty is nearly always removed by the use of some non-
linear element which resets the integrator to a fixed starting level once
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per cycle. In the few cases where this is not done, the solution can often

be found by physical argument, as in Fig. 2-5c. Clearly the output wave
must be symmetrical about 0, and each section of it must be a part of an

exponential approach to either -\-Ei or — J?i; thence, if the output ampli-

tude is 2E 2 as indicated.

( 1 )

Eril - e~^)
f

T (2)

(1 +
and the waveform is specified in amplitude and shape. More generally,

the steady-state response for any such repetitive input may be calculated

by imposing a boundary condition of continuity at each input step.

Another use of the general method lies in the synthesis of networks to

compensate for some unwanted but inevitable feature of another network.

A case in point is that in which it is required to generate a linear rise of

current in an inductor in response

to a step function of voltage.

Here Case h of Fig. 2*4 might be

used if it could exist, giving the

operator l/Lp, In fact, case i is

all that can be had, and its opera-

tor can be reexpressed as

±X
Lp 1 + r/Lp

Evidently to obtain the desired

result the step function should

first be passed through a network

defined by the operator (1 + l/pT), where T = L/r. Figure 2-6 shows

such a network, the step function being one of current. The output volt-

age is as shown, and when applied to the inductor—through a cathode

follower, for example, to avoid loading the network—the current in the

inductor is

i (input) R
-^AAA-

e (output)

7=*+fS

lilT •f =

1

Fig. 2-6.—Response of RC-network to step
function of current.

(3)

(4)

This represents a linear rise of current at the rate I/rC amp/sec, which is

the required result.



24 OPERATIONS ON WAVEFORMS [Sec. 2-4

24. Linear Amplifiers Using Negative Feedback.—In normal

amplifier usage the output amplitude exceeds the input amplitude. In

many of the applications considered here this will not be true since it is

sound practice to maintain waveforms throughout the system, from gen-

eration to final use, at the highest possible amplitude level. The reason

for this is, as has been explained, that variations in the properties of

nonlinear elements are thereby rendered less important. The major uses

of amplifiers are for impedance changing and inversion. Negative feed-

back is extensively used to give good linearity and flexible impedance

control particularly since the reduction of gain due to feedback is not a

disadvantage in t^j^s field.

The simplest case of the use of negative-feedback amplifiers for imped-

ance changing is that where a waveform is developed across a high imped-

ance and it is required to supply the waveform to a load. Here cathode

followers are commonly used. They
represent the simplest possible use of

negative feedback and yield high line-

arity and low output impedance.

Where cathode followers do not suffice,

either because some gain is needed or

because even lower output impedance

is called for, a multistage negative-

feedback amplifier employing voltage

feedback would be used. These have

been discussed at some length in Vol.

18, Chap. 9 of this series, with particular attention to the problem of

stability, and only their salient properties need be noted here.

Amplifiers with Voltage Feedback .—Referring to Fig. 2*7, which is the

conventional figure for voltage feedback, the gain is

Fig. 2*7.—Block diagram of negative-

feedback amplifier.

8
£2

Cl

A
1 + A^' (5)

where A is the gain without feedback and is the fraction of the output

that is subtracted from the input voltage. The value of A may be either

positive or negative, depending on the method of applying the feedback,

but A^ IS always positive in negative feedback amplifiers. Provided Afi

is much greater than unity, Eq. (5) reduces to

8
£2 _ 1

C, p' (6)

and the gain depends mainly on the passive elements which determine

Stability of Gain .—The dependence of the gain 9 with feedback on

the gain A of the amplifier without feedback can be assessed as follows.
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From Eq. (5)

g = _A_.
^ 1 + Afi

Therefore,

dg _ 1

dl
~

(1 + A$y’
SO that

^ 1 iA m
9 1+^/3 A'

If ./I, i3, and 9 are all real at the frequency of interest, this equation

indicates that 9 varies only 1/(1 + Ap) per cent per one per cent change

of A.

Output Impedance .—If the amplifier of gain A has output impedance
Z it will deliver AjZ amps per

input volt into a short circuit

across its output terminals. The
factor AjZ may be defined as the

‘transfer admittances^ of the am-
plifier. In single-stage amplifiers

this factor is the negative of the

mutual conductance as usually

defined, being treated as posi-

tive when A is negative. To dis-

tinguish the'difference, A /Z will be

denoted by gr] but it should be

remembered that although in mul-

tistage amplifiers AjZ may be complex, in single stage amplifiers it is

equal to -g^n.

If unit change of voltage is impressed on the output terminals of the

feedback amplifier by an external source, the current drawn from that

source will be (1/Z + ^gr') = (l/Z -f- ^AjZ)^ and the effective output

impedance is therefore Z/(l + Ap). This can be interpreted in two
ways: first as a reduction of the impedance without feedback (Z) in the

ratio 1/(1 + Ap)y or second (and this is more useful) as a paralleling of Z
and

(i/m/A) = {i/potY

The equivalent output circuit is shown in Fig. 2-8 together with a load

Zl. Since Afi is nearly always large, the shunt Z has very little effect

and the output impedance is very nearly

z

Fig. 2-8.—Equivalent output circuit of
feedback amplifier. The output impedance
(Z) of the amplifier without feedback Z, is

shunted by -r—

•

Ap
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This impedance can be made extremely low by using high Qtj and the

output voltage is then sensibly independent of the load Zl.

Input Impedance .—Feedback also influences the effective input imped-
ance, but here the effect is very dependent on the method of applying

the feedback, and a general result cannot be quoted. If the feedback is

applied to the cathode of the first stage of the amplifier the potential

Fig. 2-9.—Block diagram indicating the use of current feedback.

difference between grid and cathode of this tube is

Cl —
j
862

,

and the current flowing in the grid-cathode impedance, Z*, is

6i -- Pe2

Zi

Hence the load seen by ci is

«)•" - - (I +Am
from Eq. (6).

In this configuration both A and (8 are positive. If A is negative

L -Bi
(phase inverting amplifier), feed-

I

1

back is usually obtained by means
jJ f~7n n of an adding network in the grid

circuit (see Fig. 2- 10) and the

result does not apply. Such am-
plifiers are discussed in Sec. 2-5.

Amplifiers with Current Feed-

Fio. 2-10.—Block diagram of piate-to-
* hock.—Corresponding results can

gri^fe^back amplifier. The gain is es/ci « be obtained for the case where
accurate output currents are

wanted in the load. Here current feedback is used (see Fig. 2*9). The
previous formulas apply if (i?/Zz,)j8 is written for 0, provided R « Zl at
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all the frequencies of interest. Hence,

27

and

62 =
1 + ^0^

ei m e\ if .4|3 1

£2 _£i_

Zl ^ PR

(9 )

(10)

and in this case the output current is defined by passive components and

is sensibly independent of Zl. This lack of dependence on load is not so

easily illustrated by an equivalent circuit here as it was with voltage

feedback, and since this circuit is much less frequently used it is sufficient

to note that the output circuit of the amplifier appears as an effective

high voltage in series with a very high internal resistance. It is worth

noting as a design point that it is advantageous to use pentode output

stages since these tend to deliver current proportional to input voltage

and so assist the action.

2 *6 . Plate-to-grid Feedback Amplifiers.—A particular form of feed-

back which finds many applications is shown in Fig. 2T0 . In this circuit,

A must be negative for negative feedback. The gain 9 is easily derived

R
from Eq. (5 ) by noting that the effective input voltage is 61 75

—

xvi “
7“ R2

R
and that P — — jy-A -

;
therefore,

III -T it

2

£2 _ Q _ A R2

Cl - . + R2
^ ^ R1 + R2

and if —A ^ ^ 1, then
ill "T K2

(11 )

62 ^ R2

€\ Ri (12)

This purely mathematical approach does not give any inkling of the

physical mechanism by which the result is achieved, and it is worth while

to arrive at the same result by a physical argument to see what it really

means. Referring then to Fig. 2 * 10, let ci = 0 and let the amplifier be

adjusted so that 62 is also zero. Point a will also be at zero and ii = u = 0 .

Now let 61 be discontinuously raised to Ei—that is, a “step function'^ of

height El is applied. As soon as this happens, and before the potential

at a has had time to change (in view of the fact that there is some capaci-

tance to ground at this point) a current ii = Ei/Ri will flow, and will

tend to raise the potential of a. But if a rises, 62 falls, since A is negative.
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and a current Z2 = flows and tends to bleed off the input current

ii which was causing a to rise. If the input resistance of the amplifier is

sensibly infinite, as is usual, point a will continue to rise until the whole

of ii is bled off through R 2 by Uy and then ii = The time taken to

achieve this result will depend on the speed of response of the amplifier,

but often it will be so rapid that it can be treated as instantaneous. The
result now is that the input current flows on past a and traverses R 2 y

generating across it a potential difference, —R 2Uy and if a has departed

but little from zero, the output voltage will be very nearly

The extent of the final departure of a from zero will depend on A and

will be £'2/^, which can be neglected if A is sufficiently large.

Viewed in this way, the function of the amplifier is to prevent appreci-

able potential changes at a by bleeding off through R 2 the input current

ii which would cause these changes. This it does by appropriate adjust-

ment of 62. In fact, it generates a virtual ground at a which draws no

current, and ii flows on through R 2 to generate 62 . This action is sum-

marized in Fig. 2T0, where the grounded arrow indicates that a is held

sensibly at ground potential.

Although the operation has been described in terms of step-function

input, it is clear that the mechanism holds for any input waveform

provided only that the speed of response of the amplifier is appropriate

to the degree of time resolution demanded in the output.

It follows from Eq. (8) and the associated discussion that the output

impedance of this circuit is very nearly — (/2i + R 2)/R\ * (1/fifr), where

Qt is necessarily negative. Since Ri and R 2 are usually approximately

equal (input and output waveforms being of comparable magnitude)

this will be only a few hundred ohms even if the amplifier has but one

stage {
— X/qt = X/gm = 150 ohms). In this respect it is similar to the

cathode follower and is often referred to as a plate follower,^^ although

its phase-reversing properties are more properly conveyed by another

common name, the see-saw circuit. The origin of this name is that

Ri and R 2 can be regarded as a see-saw plank pivoted at a so that

when Cl goes down 62 goes up by R 2/R 1 times as much. The circuit is

widely used for generating paraphase waveforms in time-base circuits; in

such cases Ri = 722.

Addition in Feedback Amplifiers ,—Referring to Fig. 2*10, if a second

input voltage ez is connected through a resistance Rz to the input terminal

of the amplifier a, an additional current ez = cz/Rz will flow to a and, by
the argument of the previous section, must also flow in 722; this produces
an additional output voltage closely equal to —{ez/Rz)R 2 . The total
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output voltage is thus

R^, Ri
€2 = — o ~ W ^3-

itl its

The circuit therefore performs the function of addition. Some mutual

coupling exists between the two input voltages since the potential of a

will change slightly in response to each input voltage. This effect is

very small if A is large. It can best be evaluated by reference to the

effective input impedance seen at a, which is discussed below. Further

quantities may be added, to any desired scale, through additional input

resistors.

Effective Input Impedance at ^
a .—A knowledge of the effective

^
AAAr-

R3. Rz

l-A

(a)
^

input impedance seen at a is of

considerable value in making sec-

ond-order calculations when the

approximations given above do

not suffice. This may be cal-

culated as follows: if a change Cy

is impressed on a, the other end of

R 2 mil move through Acg so that

the voltage across R 2 is (1 — A)eg,

and the current drawn by Ro is

[(1 — A)/R 2]co: hence the effec-

tive input resistance is 2/(1 — A)y

which tends to zero as the numeri-

cal value of A is increased.^

Figure 2T1 shows the equi-

valent input and output circuits

of the amplifier feeding a load Zl-

This diagram permits accurate

detailed analysis where the ap-

proximations are inadequate. The dotted resistance R^ represents other

input resistors used for addition. Mutual interaction between added

quantities is proportional to Ri/il — A) and can be made small by

increasing A.

Practical Examples ,—Two practical examples of plate-to-grid nega-

tive-feedback amplifiers are shown in Fig. 2T2. Figure 2T2a indicates

a single-stage feedback amplifier using a high —Qm pentode such as type

6AC7. The cathode is held at about -1-2.5 volts to prevent grid current

and the screen potential is adjusted so that 62 = 0 when ei == 0. The

output voltage 62 is in accordance with the relations expressed above and

Fig. 21 1.—Equivalent circuit showing
effective impedances of the plate-to-grid-

feodback amplifier, (a) is the equivalent

circuit and (6) is the equivalent output cir-

cuit. Zl is the load supplied. Note that for

the single-stage amplifier of Fig. 2-126,

•~^r = 0m, — 1//3 = 1 + *+ /2j)//?i/28],

and Z « Rp.

^ It is important to remember here that A is essentially negative.
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a swing of ±70 volts with respect to ground is easily obtainable. An
alternative form suitable for positive outputs only is indicated in Fig.

2- 126. The cathode is again biased to +2.5 volts and the screen voltage

is adjusted to make €g — 0 w+en €i = 0. If Rs = the anode poten-

tial will then be +150 volts (by feedback action in R 2 and Rz). Depar-

tures of 62 from 150 volts will be

related to Cl in the ratio {—R 2/R 1 ).

Advantages of Negative Feed-

back ,—The equivalent circuit (Fig.

2T1) resembles that of a triode

amplifier and it is interesting to

examine the reasons for using feed-

back; in the triode cases, Fig.

2- 11a would, of course, consist

entirely of real resistors. Triodes

with amplification factors ap-

proaching 100 (A), combined
with an internal resistance of about

45012(3/^m for R, = R 2 =- T?*),

are unobtainable, and with a prac-

tical triode it w^ould be necessary

to sacrifice either the low output

impedance, which confers the

benefit of output voltage sensibly

independent of Zl^ or the low

input impedance 722/(1 A),

w+ich confers the benefit of small

mutual interaction between added

input voltages. Even if such a

triode were available its char-

acteristics would be both curved

and indefinite and the compensa-

tion of variation of A, achieved

by appropriate variations of

722/(1 — A) in the feedback case,

would be lost. Linearity and con-

stancy of gain would therefore be

sacrificed. In cases where direct

coupling is used the d-c level of the output of the nonfeedback

amplifier would be vastly more dependent on supply voltage changes

than is the case with feedback (this is particularly true of the circuit of

Fig. 2- 12a, in which none of the supply voltages has any first order

effect on the d-c level of the output voltage). It should be noted,

Fio. 2-12.—Practical forms of single-stage

plate-to-grid feedback amplifiers, (a) is

suitable for outputs of both polarities, while

(6) is suitable for positive outputs only.

With the values shown the gain is very near
unity in both cases.
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however, that feedback does not diminish the effect of any variations of

supply voltage or tube characteristics which directly or indirectly

influence the grid-cathode voltage required to produce a given output

voltage. Contact potential and screen potential are typical examples;

their effective value at the grid is part of the input voltage and feedback

cannot eliminate the effects of their variation.

2*6. Linear Shaping Amplifiers, Capacitance Feedback.—A further

major use of feedback is made evident if R2 in Fig. 2- 10 is replaced by a

condenser C2 (see Fig. 2*13). Once
again the amplifier must strive to

hold a near ground by changing 62,

thus drawing off ii through C2.

But when current flows into a con-

denser, the potential across it, C2, is

— gr J ii dt B; Fig. 2-13.—Amplifier with capacitance

and since ii = Ci/Rif €2 = — (l/C2iRi) feidt + B. Such a circuit there-

fore performs the function of integration. In particular, if ci is a step

function of amplitude Ei starting from zero and if 62 also starts from

zero, then

€2
El
C2R1

Eli

C2R1
(13)

and the input step function is modified by the circuit into a linearly

descending voltage. This then is the second principal function of feed-

back—that of providing linear shaping circuits whose operation is defined

by passive elements in spite of the

_rpi

Hl-A)C^

Fig. 2-14.—Equivalent circuit of capacitance-
feedback amplifier of Fig. 2-13.

incorporation of thermionic tubes.

Since this circuit is of prime

importance, it is worth studying

from an alternative viewpoint

—

that is, in terms of the effective

input impedance at a. By the

same process as was used for

resistive feedback the input im-

pedance can be shown to be that of a condenser (1 — A )C2, assuming

that A is not complex.^ The equivalent circuit is then as in Fig. 2T4,
in which Zo is the effective output impedance, equal to Z/(l + A/3), where

' This is the well-known “Miller Effect.’* See J. M. Miller, “Dependence of the

Input Impedance of a Three Element Vacuum Tube upon the Load in the Plate

Circuit,” Nat, Bur, Standards Sci, Paper 351.
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tah-.

/*T=(\A)RiC2

• Amplifier overload^ ^ef(

when Awhen (e2)ma» * A

Fig. 2-15.—Portion of exponential used by
capacity feedback amplifier.

Z is the output impedance of the amplifier of gain A and /3 is complex.

The circuit is instructive in that it shows that is a segment of an expo-

nential rise toward Ei with time constant (1 — A)RiC 2 y
and that the

open-circuit output voltage Aeg is a segment of an exponential of time

constant (1 — A)RiC 2 approaching a voltage AEi. Following the policy

of using large waveforms, Ex will be made roughly equal to the supply

voltage, so that ^2 (= Acg) will traverse only about \/A of the whole

exponential before the amplifier overloads; the sweep of output voltage

will therefore be very nearly linear (see Fig. 215), even if only one

pentode stage is used (.4 « —100).

The above approach is, however, not suitable for detailed calculations

of circuit performance since Z is

complex and A will not be constant

but will vary on account of curva-

ture of tube characteristics. The
preferred approach for detailed

work is by successive approxima-

tion, using the fact that whatever current flows in Rx must flow into C 2 .

The first step is to assume perfect operation (that is, a at constant poten-

tial) and so find a first approximation to C2 .

* Knowing this, Cj, (= A')

can be estimated, if necessary by reference to tube characteristics. A
more accurate assessment of current in is then possible, leading to a new
assessment of the potential across C 2 ;

e2 can then be found by subtracting

eg from the potential across C% The process is graphical and somewhat
length3^ It is rarely necessary since knowledge of the physical principles

involved will usually permit choice of conditions such that the errors in

the first approximation are negligible.

The same approach is useful in assess-

ing the effect of loading the output.

If the load is linear, it can, of course,

be included in A
;
but if it is nonlinear,

particularly if it is in the form of a

load that is suddenly picked up during

the sweep (for example, by conduction

in a diode performing amplitude selec-

tion; see Fig. 1*9), the current that must be supplied at any instant

is known and the necessary rise in grid voltage to supply it is easily found
and its probable effect assessed.

The General Case ,—The general case of linear shaping in feedback

amplifiers is shown in Fig. 2*16, where Zx and Z2 replace Rx and R 2 ^

The diagram has been simplified by omitting the amplifier, whose only

function is to hold a near ground potential, as indicated by the grounded
arrow, and to provide a sink for i.

.

ei
Zi Z2 Z2

Fig. 2*16.—Simplified block diaKi ani

of negative-feedback amplifier used in

shaping processes.
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Fig.

2-17.
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It is obvious from this figure that

£2

ei Zi

Figure 2-17 shows the shaping effects that can be obtained with common
forms of Zi and Z2. The notation and method of derivation are the

same as in Fig. 2*4. The extension beyond Fig. 2*4 lies in the fact that

now the relation 62 = — ei allows us to introduce configurations that

could not othermse be treated simply.

In Cases 1 and 6, the input and feedback impedances are similar

and there is no^itange of shape. This is true of any case in which Zi

£2 =

Input
Component
outputs

Case number
in Fig. 217

Total output

( 1 )

(5)

(2 )

at^ at*

2CzRy

^
(6)

/=0 ^2

Fio. 2-18.—Illustration of the process of calculation in circuits with shunt input com-
ponents and series output components.

and Z2 are similar—for example, in Cases 11 and 16 with RiCi — R 2C 2

there is no change of shape. When C is included in the output network,

without resistive shunt, a constant of integration is introduced, whereas

if C is included in the input network without resistive shunt, any constant

in the input will be lost. In practice the constants of integration are

usually eliminated on the output side by some form of resetting action.

Cases having parallel input components or series output components can

be calculated by addition of results for simpler cases, since shunt com-

ponents in the input circuit give additive components of t, and series

components in the output circuit give additive components of 62. For
instance, consider Fig. 2* 18, which is Case 12 of Fig. 2*17. In this

figure

s
- - (s;

+
+ i) (14)
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/Ri
,

1 Ci\= “ (Ki vCiRx +

which is an addition of the component responses given by Cases 1
, 5, 2

,

and 6 of Fig. 2*17. The figure demonstrates the addition of component

responses to form the total response.

Inductance has not been included in these figures since very little

use has been found for it in this type of circuit. Also a range of inductors

is not available as a standard component.

Where the solution cannot be found by inspection, the formulas

obtained by the method can be solved as differential equations, remember-

ing that p represents d/dt.

So far Zi and Z 2 have been treated as simple two-terminal networks

in which no components are grounded. If they are replaced by three-

terminal networks, the third terminal being grounded, the means by
which the equation 62/^1 « —Z^/Z\
was deduced indicates that this solu-

tion still holds, provided Z\ is defined

as the transfer impedance from e\ to

a—that is, 2i = Ci/fi (see Fig. 2T9)

—

and provided Z2 is similarly defined

as ^ 2/12 .

Since a given network may be used for either input or feedback

purposes the more useful networks are shown in Fig. 2*20 together with

their transfer impedances. When the networks are used as feedback net-

works the operator is used as it stands; when used as input networks the

inverse of the operator is used. This figure largely supersedes Fig. 2T7
for design purposes. The problem of stability will not be considered

here, since it is dealt with in full elsewhere (Vol. 18, Chap. 9) ;
the problem

is no different from that arising with other types of feedback, and is impor-

tant only when both input and feedback networks are complicated struc-

tures. All the configurations shown in Fig. 2T7 are stable for single-stage

amplifiers.

The Bootstrap Circuit ,—It is interesting to note that the choice of

ground point in Fig. 2T3 is quite arbitrary; the circuit operation described

is quite independent of whether the circuit is grounded or not. The
circuit can therefore be redrawn as in Fig. 2*21, eg being still the input

voltage to the amplifier, but now C3 is the voltage from a to ground and
C 2 is measured in the reverse sense, so that A is positive. The potential

across C 2 in response to step function input of amplitude Ei will not be

changed by the change of ground point, but now, since b is grounded, this

potential will appear at a, relative to ground, and will be positive-going

instead of negative-going.

1

12
1

^2
iU 1

1r r
Fig. 2*19.—Block diagram of nega-

tive-feedback with three-terminal net-
works.
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A’ C'

Fig. 2*20.—Common input and feedback networks and their associated transfer

impedances. The ground connection into wliich i flows is the virtual ground at a in

Fig. 219.

The mechanism here is as follows. Starting with the condition

Cl — d = Cg = Ci = 0, when a step

C2

Fig. 2*21.—Block diagram of “boot-
strap circuit.” This is Fig. 2*13 with the

ground connection moved to the amplifier

output lead.

function of height Ei is introduced,

C2 begins to charge at the rate

E1/R1C2 volts/sec, and the poten-

tial of a begins to depart from that

of c, producing input to the ampli-

fier Cff
= €3 — €2- But Cg — €2/A;

therefore ^3 = ^2(1 + 1/-A). Hence
as €z rises, 62 follows it very closely,

provided A is large. It follows that

the potential across Ri is main-

tained as C2 charges, and a sensibly

constant current flows into C2, giv-

ing a linear rise of voltage at a and

c relative to ground. This circuit

is called the ^‘bootstrap circuit^'

because, as the input generator ci charges C2, its potential, relative to

ground, is raised, as it were ‘^by its own bootstrap.^^
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A practical form of the circuit with a single stage amplifier is shown

in Fig. 2'22a. The switch aSi serves to introduce the effective unit

function input by holding the circuit in the starting condition when it is

closed.

Figure 2*22b shows the Miller Integrator with single-stage amplifier

for comparison. Apart from the change of earth point and the precise

position of the Epp supply and aSi,

the circuits are
^
identical. The

Miller circuit has the advantage

that both its supplies, Ei and Epp,

and the amplifier cathode are taken

with respect to ground so that

high gain pentodes can easily be

used. The need for a floating E\

supply in the bootstrap circuit is its

major disadvantage; a variety of

substitutes for the floating supply

have been devised. The advan-

tages of bootstrap connection lie

mainly in the easier arrangement of

the switch aSi and in easier com-

pensation of drifts due to heater

voltage variation; these matters are

discussed in later chapters.

Development in the United

States was mainly in terms of the

bootstrap circuit; in England the

Miller Integrator was preferred.

The resulting circuits were super-

ficially very different, but once the

equivalence of the two is realized it

is easy to interchange developments

between the techniques with con- Miller integrator {b) linear sweep ^n-
. , - , , , X I- rnu* erators with single-alage amplifiers. The
Slderable advantage to both. 1 his circuits are fundamentally the same, dif-

duality was not realized until Bering only in ground connection, power
, , 1 . .

. . , i i supply, and switching arrangements,
recently and it is interesting to

note, in retrospect, that the major differences in the range-measuring

techniques developed on opposite shores of the Atlantic arose fundamen-

tally from the simple fact that whereas in America the plate was grounded
^

in England the cathode was earthed.

2*7. The Use of Operational Notation.^—In the preceding sections the

effect of a network on an input waveform has been described by a fraction

^ By D. M. MacRae, Jr.
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(a transfer function’^) having polynomials in p as numerator and

denominator. It is of interest to examine the operations performed on

these ^‘functions of p” and the conditions of their validity.^ There are

several ways in which these operations may be regarded.

The simplest interpretation of the operational expression of the

transfer function of a network is to consider the symbol p as a shorthand

for d/dt in the differential equations of the network. If d/dt is substi-

tuted for p in the transfer function

for example, th^jj^sult is

^2 _ pCR
7i
- 1 + pCR'

£2

ei

The correct interpretation is that the operational equation is simply a

convenient shorthand for the differential equation of the circuit

ei + CR^ = CR
at at

The indicated addition
( 1 + CR here corresponds to the addition

of the two waveforms and CR the indicated division^’ corresponds

to the fact that the denominator of the transfer function operates on C 2 .

Another relatively simple outlook on the operational notation, which

justifies the use of algebraic operations but is limited in validity, is the

assumption that input and output voltages have the form where p
is a complex exponent. Substitution of this function in the differential

equation^ yields an algebraic equation in which p takes the place of

d/dt. A corresponding transfer ratio may be expressed and has the same
form as the operational transfer function written as a shorthand for the

differential equation. For any given exponent p, this measures a complex

numerical ratio of the output amplitude to the input amplitude.* The
special case when p is purely imaginary (p = jw) corresponds to the

usual complex sine-wave analysis, and by extension to the Fourier

integral may be used to express the response of networks to waveforms
for which the Fourier integral converges.

^ For a detailed treatment of this subject, see Vol. 18, Chap. 1.

* If the behavior of the network is originally expressed by an integrodifferential

equation, it is assumed here that a corresponding differential equation has been
obtained by repeated differentiation.

* This approach is discussed in detail in H. W. Bode, Network Analysis and Feed’'

back Amplifier Design^ Chap. II, Van Nostrand, New York, 1945.
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A more general justification for the treatment of p as an algebraic

quantity may be arrived at by use of the Laplace transform.^ This

transformation converts the differential equation of a network into an

algebraic equation, but does not depend for its validity on the assumption

of any particular form of input waveform. The Laplace transform F{p)

of a function f(t) is defined by the equation

F{v)=^m) =

where p is a complex quantity. If this transformation is performed on

both sides of the differential equation of a linear network, the result is an

algebraic equation relating the transform of the input waveform, £(Ct),

to the transform of the output waveform, The ratio £(eo)/«£(c»)

assumes exactly the same form of the 'transfer function'^ defined by
either of the two preceding methods; in this case, however, the operations

indicated are genuine algebraic operations and the expression is valid

for any waveform for which the integral converges.^

The output waveform is then one which has the transform

<C(ct) • (transfer function) = £(Co)-

The output waveform may be found, if its transform is known, either

by an inverse transformation involving an integral similar to that for

the direct transformation, or from a knowledge of the transforms of

commonly occurring waveforms.

For the applications of this chapter, neither the transform nor its

inverse need be computed by integration. The transfer function is

arrived at by the conventional impedance analysis. The transform of

is not used explicitly, but considerations are based on a step-function

input; the waveforms Ci and Co, rather than their transforms, are associ-

ated with one another. The value of considering the Laplace transform

for these relatively simple cases, therefore, is that it affords an algebraic

interpretation of the transfer function and justifies in a sense the indica-

tion of algebraic operations. For more complicated networks and wave-

forms, the Laplace-transform approach is often the most convenient

method of solving the differential equations; the expansion of a trans-

form in partial fractions is then justified, and the actual computation of

the integral for the direct and inverse transforms may be done.

^ See, for example, M. F. Gardner and J. L. Barnes, Transients in Linear Systems,

Wiley, New York, 1942; H. S. Carslaw and J. C. Jaeger, Operational Methods in Applied

Mathematics, The Clarendon Press, Oxford, 1941.

* If ju) is substituted for p in the above integral, the result is the Fourier transform

of /(<). Formally the two transformations are the same, except for a differing range

of validity. If in the Laplace transform the quantity p has a positive real part, the

integral converges for some functions (e.g., a positive step function) for which the

corresponding Fourier integral does not converge.



CHAPTER 3

OPERATIONS WITH NONLINEAR CIRCUIT ELEMENTS

By R. Kelneii, J. W. Gray, and Britton Chance

INTRODUCTION

The idealize5^Kn^?ar circuit element is the resistor, inductor, or

capacitor that relates two measurable quantities, a voltage and a current,

by a constant of proportionality between the quantities or between one

quantity and the time derivative of the other. The operations of the

preceding chapter are all performed by combinations of such linear

passive elements with the addition of linear amplifiers in some cases.

However, the virtue of the ideal linear element—proportionality for all

values of applied voltage—is also a limitation. Thus, an applied

sinusoid can produce only other sinusoidal waveforms in a network of

linear elements. Likewise an oscillator or generator composed of linear

elements can produce only sinusoids.

Nonlinear elements provide a means for generating other waveforms.

The nonlinear two-variable element may relate its variables according

to a curved or discontinuous function or may provide entirely different

relationships for different ranges of the variables (a diode, for example).

Particularly useful is the multivariable nonlinear element that relates

three or more variables. The multigrid vacuum tube and some simple

circuits are often used as multivariable elements.

The number of variables in an element may be taken as the numVier

of useful quantities. According to this convention, a triode voltage

amplifier is a two-variable element relating input voltage and output

voltage. Alternatively the triode may be regarded as a three-variable

element in which the plate-voltage vs. plate-current relation is controlled

by the grid bias. Only in nonlinear three-variable elements can the third

variable ^^controL^ a two-variable function. Multivariable elements are

required for such operations as multiplication (three variables) or selec-

tion between two bounds (four variables).

This chapter describes the most important operations that are per-

formed with nonlinear elements. Some common nonlinear character-

istics are included together with stability data that are not widely

available. This information is essential for the design of precise wave-
form generators.

. 40
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3*1. Ideal Elements.—Among the nonlinear characteristics, several

useful classes may be distinguished. For two-variable elements or multi-

variable elements for which all variables except two are held constant,

the ideal characteristics are illustrated in Fig. 31. The linear element is

familiar. The curved characteristic is continuous and has a continuous

first derivative. In a hroken-line characteristic, two or more linear or

curved segments are separated by a break or discontinuity of slope. A
discontinuous characteristic possesses a jump discontinuity. A hysteresis

(a) Linear

characteristic

(6) Curved
characteristic

(c) Broken-line

characteristic

X2

I

id) Doubly-broken-

line characteristic

with a curved
segment

^ ^2

—-.r2 —^X2
if) Hysteresis

characteristic

t

^*1

(e) Discontinuous

characteristic

X2

X
i

t

I

Fio. 3-1.—Ideal two-variable characteristics. The variables Xi and X 2 may be any useful

quantities.

characteristic relates the two variables according to their present and past

values. Useful hysteresis characteristics must be cyclic (repeatable)

yielding a double-valued function, depending upon direction.

A multivariable element may exhibit any of the above characteristics

if all variables but two are held constant. A set of two-variable curves

corresponding to a set of discrete values of a third variable is called a

nonconstant characteristic.’^ The third variable may be called a

‘‘parametric variable,” but the distinction is dependent only upon the

data presentation or the usage of the element and not upon a property
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of the characteristic. A two-dimensional parametric representation of a

three-variable characteristic is illustrated in Fig. 3-2. This type of

graph is familiar in the form of vacuum-tube characteristics.

Although these terms are useful for circuit analysis by physical

argument, no symbols for the

‘‘broken-line element, etc., are in

common use. It may be desirable

to introduce such symbols at some

future time.

3-2. Basic Operations.'—These

sections will indicate the applica-

tion of the ideaJtnonlinear circuit

elements to the basic operations

usually employed in circuit tech-

nique. The basic linear opera-

tions are addition, subtraction,

and linear shaping; corresponding

with these there are three addi-

tional operations. The first of

these is the selection process, most

commonly used in radio receivers as frequency selection and, in that case,

dependent upon linear circuit elements. It is often found desirable to

select a portion of a waveform with respect to amplitude, phase, or

time, and in these operations nonlinear circuit elements are commonly

employed.

The second process is that of discrimination, and a well-known exam-

ple is frequency discrimination, commonly used in automatic-frequency-

control circuits for indicating the equality of two frequencies or the sense

and approximate magnitude of the difference between them. But this

processes also commonly carried out in terms of amplitude, time, or

phase. Each discriminator circuit has inputs in terms of amplitude,

frequency, time, or phase, but gives as an output a voltage indicating the

equality or the sense and magnitude of the inequality.

The third process is a newer one and has no well-kno\vn analogies in

radio-receiver practice; it is the indication of the instant of equality of

two voltages in amplitude, frequency, or phase. This process has been

extensively used in radar timing equipment where the moment of equality

of the amplitude of a sinusoidal or triangular wave to a parametric voltage

is required. The process has not yet been extensively used in terms of

phase and frequency. The comparison process has an inverse aspect; one

may wish to know the amplitude, phase, or frequency corresponding to a

Fkj. ,3-2.—Ideal threc-variahlo nonlinear

characteristics.

^ Sections 3*2 to 3*4 by Britton Chance.
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given time. This is essentially a sampling process and one of the impor-

tant methods for demodulation.

The processes of selection and comparison depend for their operation

upon nonlinearities or nonconstancies in the amplitude, frequency, phase,

or time characteristic of a circuit. Although nonlinear responses in

frequency and phase (with respect to a reference phase) are readily

obtained with linear circuit elements, nonlinear amplitude characteristics

are not; the nonlinear properties of vacuum tubes are therefore of con-

siderable interest. The following discussion defines in detail processes of

selection, comparison, and discrimination which have been useful in the

generation and manipulation of waveforms. The detailed description

and practical circuits are presented in the appropriate chapters of this

volume.

OPERATIONS WITH NONLINEAR CIRCUIT ELEMENTS

3'3. Initiation of Waveforms.—^The initiation of waveforms is one of

the most frequent uses of nonlinear and nonconstant circuit elements and

Fiq. 3-3.—-The initiation of an exponential waveform by a triode switch—a negative
rectangular wave is applied to the grid of a nonconstant circuit element.

needs no detailed definition. The process of waveform generation is

illustrated in Fig. 3-3. A large switching wave is applied to the broken-

line characteristic of a vacuum tube—for example, a triode. Constant
grid current supplied through Ri maintains the triode on the upper flat

portion of the broken-line characteristic. The negative switching wave,

which is large compared with the grid base of the tube, will initiate an

exponential waveform at the plate of the triode. The grid base should

be short in order that the switching wave may give rapid initiation of the

exponential wave. Quick recovery time requires a large current for the

conducting portion of the broken-line characteristic.

Another important function of the conducting portion of the char-

acteristic is the establishment of the initial potential of the exponential
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wave denoted by Ei in Fig. 3*3. Whereas this initial level may not be of

great importance for crude measurements made by cathode-ray-tube

displays, it is of utmost importance in precision operations, where a

slight variation of Ei would cause serious errors in precision-timing

operations depending upon amplitude comparison (see Sec. 3-5). Rea-

sonable stability is obtainable in this circuit since the plate current is

relatively independent of small variations of grid current. Often the

initial level of a wave is set equal to an arbitrary value or to its peak

value by 'M-c restoration.” Since this may depend upon the more
complicated processes of time selection and demodulation, it is discussed

in Secs. 3*6 and 3- 12.

34. AmplitttAe Selection.—Amplitude selection is defined as the

process of selecting a portion of a waveform lying above or below a

Fig. 3*4.—Amplitude seloctiou by means of the broken-line characteristic of diode Vi.

The portion b of wave a, which exceeds the cathode potential of Vi, is selected and has a
time delay At.

boundary or within two bounds. The selected portion of the input wave
is undistorted. Perfect amplitude selection requires the ideal broken-

line characteristic, but a satisfactory approximation to this is obtained

by using the broken-line characteristic of diodes or germanium crystals

at large input amplitudes. Figure 3*4 is a typical example of the selection

of a triangular wave a lying above the cathode potential Ekk of Fi, and
waveform h is obtained. The potential Ekkj at which the amplitude

selector operates, is often termed ‘Hhe reference potential.”

A practical use of amplitude selection is indicated in Fig. 3*5, where
the top of portions of a pulse train obtained on differentiation of a square

wave is selected. This results in elimination of the negative excursions

of the pulse train and the slower parts of the positive excursions. These
pulses are then suitable for display on a cathode-ray tube as time markers.

One may also select portions of a wave below a limit, giving the

familiar operation of clipping or limiting as indicated in Fig. 3*6, where
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the lower half of a sinusoidal wave is selected. A more useful method
for obtaining square waves from sinusoids is that of amplitude selection

between limits indicated in Fig. 3*7. This method depends upon the

doubly broken-line characteristic obtained from two diodes (A). In

this case the positive limit is set by Ei, the negative limit by £'
2 ,
and the

Fig. 3-5.—Waveform-shaping by amplitude selection. The negative pulses and the
broad bases of the positive pulses are eliminated by diode amplitude selector Vi. These
pulses are suitable for timing indices.

square waves of b are obtained. For this particular purpose, amplitude
selection may also depend upon the broken-line characteristic obtained

at the grid of a pentode (B) where the positive limit is set by bottoming
of the pentode and the negative limit set by cutoff.

For the selection of rapidly varying waveforms, small values of Ri
are required in Figs. 3-4, 3-6, and 3-7, and the broken-line characteristic

should be abrupt and have a minimum resistance.

m "“UA/V
Fig. 3*6.—Amplitude selection of the negative half cycles of a sinusoidal wave.

3*6. Amplitude Comparison.—If in Fig. 3-4 it is desired to determine

the exact moment of equality of the triangular wave and the cathode

potential of the diode, wideband amplification and differentiation give a

sharp pulse c, which precisely marks the time of equality of the triangular

wave and the fixed voltage. This is the process of amplitude comparison



46 OPERATIONS WITH NONLINEAR CIRCUIT ELEMENTS [Sec. 3-5

and may be defined in mathematical terms as the process of determining

the abscissa of a waveform given its ordinate, or, in physical terms, the

indication of the instant of equality of the amplitudes of two waveforms.

In the interests of economy, linear amplification of an amplitude-

selected wave is rarely used since regenerative devices having the backlash

or hysteresis characteristic are preferred. Their operation is, however,

nearly always initiated by amplitude selection—for example, by the

electron current initiating ionization in a gas-discharge tube or by the

selection of a small voltage initiating regeneration in a positive-feedback

circuit. It is, however, best practice to employ a diode amplitude selector

Fig. 3*7.—Amplitude selection between limits Ei and E2 by the two broken-line char-
acteristics (A). Sinusoidal wave a is converted into the rectangular wave h. The non-
linear characteristic of the pentode circuit (B) is also useful for this purpose.

at the input of any of these devices in order to obtain a stable voltage at

which amplitude selection occurs. The detailed design considerations

that permit a diode amplitude selector to determine the operating point

of a device having a hysteresis or backlash characteristic are discussed in

Chap. 9.

An example of a simple amplitude comparator is indicated in Fig. 3*8.

A triangular wave is connected to the grid of a thyratron—for example,

type 2051 by resistance-capacitance network RiCx and d-c restorer V2

(see Sec. 3-11). The level of the waveform is therefore adjustable by
means of a potentiometer and, if set, for example, to a negative value,

the moment at which the firing potential of F 1 is exceeded is indicated by
a sharp spike shown in waveform diagram b.

In a number of important applications the amplitude comparator
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and the timing-waveform generator are interconnected in such a way
that the amplitude comparator resets the waveform generator, with the

result that repetitive or relaxation oscillations are sustained. The
hysteresis or backlash characteristic at the plate of the hot-cathode gas

Fig. 3-8,—Amplitude comparison indicating the use of the discontinuous characteristic.

The moment of equality of the triangular wave o to the firing potential of Fi is indicated by
the sharp spike b.

diode gives a good illustration of this as is indicated in Fig. 3*9. If the

gas diode is nonconducting, a positive exponential wave is generated at a.

At the instant the plate potential equals the striking potential for the

arc, an abrupt transition is observed, a large current flows, and the plate

potential of the gas diode falls

below the extinction potential.

In this way the waveform genera-

tor is reset and then a new
exponential is generated. The
circuit operation, therefore, in-

cludes the distinct processes of

waveform initiation (Fig. 3-3) and

amplitude comparison (Fig. 3-8) "
g.g^Gas^iode relaxation o^cUlator.

that are basic in the operation of This circuit combines waveform generation

relaxation oscillators and rectan- amplitude compari^n by means of the
discontinuous characteristic of the gas diode

gular waveform generators (see to terminate the waveform and give recycling

Chaps 5 and 6)
operation or relaxation oscillations.

3*6. Time Selection.—Time selection is similar to amplitude selection

except that the operation is performed on the abscissa (time axis) of the

waveform. A time selector may select a waveform occurring within a

given interval or a portion of a waveform occurring before or after a

given time. The selected portion should be undistorted. The simplest
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method of time selection is that illustrated in Fig. 3*10 where a rectangular

selecting pulse h is added to waveform a, giving c. Amplitude selection

of c gives selected wave d. In all cases the amplitude of the selector pulse

must exceed that of unwanted pulses. Also the bias Ekk of the amplitude

Fig. 3*10.—Time selection. Waves a and h added in c arc (connected to amplitude .selector

c giving time selection in d.

selector and the amplitude of the selector pulse must be critically adjusted

lest some portions of the signal be lost or portions of the selector pulse

appear in the output. The latter effect is termed “pedestaF^ and is

usually undesirable.

Operation independent of the am-
plitude of the selector pulse is readily

> obtainable by using the multivariable

^ (d) —
\j

— characteristics exhibited by the pen-
^ tode. As shown in Fig. 3-11, the

_i^) selector pulse is applied to the sup-

A.zzzj^ C2 ”^6^ pressor grid and the input signal to

C\ yRz A
control grid of normally noncon-

S ducting pentode V i. The operation

i
' ^ is substantially independent of the

~ amplitude of the selector pulse which

S exceeds the upper limit of the broken-

I + line characteristic of the suppressor

grid. In most time selectors, how-
Fig. 311.—Time selection by means ever, a faithful reproduction of the

plntode
characteristic of

jg required, and therefore

negative feedback is desirable in order

to minimize distortion due to the curvature of the pentode characteristic.

The coincidence of a large number of inputs may be indicated by
connecting a number of simple time selectors in series or by taking

advantage of other control electrodes—for example, the screen potential

of the pentode. These combinations are discussed in Chap. 10.

Fig. 3-11.—Time selection by means
of the multivariable characteristic of

pentode Vi.
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The time selectors discussed above respond only to signals of one

polarity (unidirectional switches) and often equal response to signals of

both polarities is required. This is readily achieved by using two broken-

line characteristics. A true equivalent to the single-pole single-throw

switch is obtained and is often termed a ^^bidirectional switch.^’ In these

circuits the selector pulse is coupled to the circuit elements by condensers

or transformers, often depending upon whether normally conducting

or normally nonconducting operation is desired, as indicated respectively

by Figs. 312a and b. In Fig. 3*12a the input is short-circuited in the

absence of negative selector pulse applied to the plate of Vi and positive

selector pulse applied to the cathode of On the other hand, switch

(a) (6)

Fig. 3-12.—Time selection by means of two broken-lino characteristics, in (o) obtained
from normally conducting diodes and in {b) obtained from normally nonconducting diodes.
These time selectors are suitable for signals of both polarities.

circuit 6 is normally opened and is closed only by a positive selector pulse

applied to the plate of V\ and a negative selector pulse applied to the

plate of V 2 . The switch is maintained open by the voltages accumulated

across RiC\ and R 2C 2 -

Many other types of switch circuits specialized for various types of

time selection are described in detail in Chap. 10.

3*7. Amplitude Modulation.—A number of important modulation

processes depend upon variation of the reference potential of an amplitude

selector. Amplitude modulation, which is defined as modulation in which

the amplitude of the waveform is the main characteristic that is varied, is

illustrated in the simple example of Fig, 3T3. Here the variation of the

reference potential of a diode amplitude selector is in accordance with the

signal waveform b and results in amplitude modulation of the pulse

train c. For large values of the input waveform a, this process is linear

because of the relatively abrupt broken-line characteristic of the diode.
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Another method employs two broken-line characteristics—for exam-

ple, that of the diode switch circuits of Fig. 3*12. In Fig. 3*14, the

signal is short-circuited through V\ and y2 in the absence of the carrier

Fia. 3-13.—Electrical amplitude modulation. Amplitude selection of pulse train

a in response to variation of Ekk 6l amplitude selector V\ gives amplitude-modulated pulse

train c.

pulse, but the short circuit is released for the duration of the carrier

pulses as shown at d of Fig. 314. In the circuit of Fig. 3126 the carrier-

controlled switch, V

I

and F., is interposed between input a and output d

Fig. 3*14.—Phase-sensitive amplitude modulation by means of a bidirectional switch.

Signal a is connected to the output terminal by carrier pulses 6' and 6", giving amplitude-

modulated pulse train d. The polarity of the modulated output reverses with a reversal of

the sign of the input. Epp = —Ekk, Ri — Rt.

and interrupts the signal. Carrier pulses of the appropriate polarity

applied to the plate of Fi and the cathode of V 2 close the switch and

connect the signal to the output terminal d.
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Other types of nonlinearity have been used in amplitude modulation.

The carrier-controlled mechanical switch is an excellent example; it has

the most stable nonlinear characteristic. The above discussion has been

limited to variation of a resistance by the carrier frequency, but often

inductance or capacitance is varied (see Chap. 11).

An important feature of the modulator circuits based upon the bidi-

rectional switch circuits is that the polarity or phase of the output is

identical with that of the input, giving what is called ^'bidirectional

modulation'^ as indicated by the waveform diagram d of Fig. 3T4.

An important error in the amplitude modulation of slowly varying

signals may be the variation in contact potential of the modulating

(c) 0—
Fia. 3*15.—Electromechanical amplitude modulation, (il) indicates the modulation of a

d-c (zero frequency) carrier, (B) the modulation of an alternating carrier.

element with variations of heater voltage. This difficulty is reduced

by employing a pair of diodes, since the variation of one may balance the

other. The effect of heater voltage is eliminated by the use of germanium
crystals, but the greatest stability is obtained by employing a mechanical

switch.

Often amplitude modulation is required in response to mechanical

input signals, and resistors, inductors, and capacitors are commonly
varied and give amplitude modulation of a steady voltage as shown in

Fig. 3T5a or of an alternating carrier as shown in Fig. 3T55. An inter-

esting feature of Fig. 3T55 is that the phase of the output wave may be

made reversible with respect to a center tap on the potentiometer. Thus
the amplitude of the a-c wave indicates the magnitude of the displace-
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ment, and the phase of the a-c wave indicates the sign of the displacement

with respect to the center tap, thus giving bidirectional modulation.

3‘8. Time Modulation.—Amplitude selection of a portion of sinusoi-

dal, triangular, or other time-variable waveforms gives a modulation that

is called ‘Hime modulations^ and is defined as modulation of the time of

appearance of a portion of a waveform with respect to a reference time,

which may be defined by the waveform itself.

ia)

ib)

(c)

•
* * *

I I Livy ^FV1

!A(2'

±_1.

Fia. 3- 16.—Timo modulation by amplitude selection. In (a) the cathode potential
Ekk of Fi is varied, and the level of the waveform is maintained constant. In (fo) the cathode
potential of the amplitude selector is maintained constant and the level of the waveform is
varied. Time modulation of the interval between the initiation of the triangular waveform
and the selection of portion h is obtained. Amplification and differentiation may be used
to obtain pulse c.

Figure 316a indicates that variation of the reference potential of

amplitude selector Fi betAveen the values Ei and E2 gives amplitude
selection of portions of the input wave a at times Mi and M2 . For a
triangular waveform, M is linearly related to Ekk- Amplification and
shaping of the output of the selector gives accurate time indices indicated
in c. The whole process may be represented as that of amplitude com-
parison with a variable reference potential.

The reference voltage of the amplitude comparator need not be
variable in order to produce time modulation. For example, the level
at which the triangular waveform of Fig. 3T6fe is generated might be
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varied, giving a similar variation of the interval between the initiation

of the wave and the generation of the index.

3*9. Phase Modulation.—A fundamentally different method of

obtaining time modulation by amplitude comparison at a fixed reference

voltage depends upon phase modulation of a timing wave. For example,

in Fig. 3*17 the phase of a sinusoidal wave is shifted from that of a to

that of h giving a corresponding shift in the time at which the wave
passes through zero in the positive direction. Continuous inductance

and capacitance phase shifters (Fig. 3-17) have made this a very con-

venient method for modulation in response to mechanical input signals.

There are as yet no highly precise phase modulators responding to elec-

trical signals.

I^-Af -*1

Fiq. 3-17.—Elcctroincchiiuical pha.se modulation. Tliree-pha.sc sinusoids applied to
variable conden.ser C\ give modulation of the pliase cf the output in response to a mechanical
signal. The diagrams indicate the time modulation of a pulse obtained by amplitude
comparison.

Phase modulation may be defined similarly to the other forms of

modulation: it is a process of modulation in which the phase of a wave-

form is varied with respect to a reference phase.

3*10. Amplitude Demodulation.—Amplitude demodulation may be

defined as the process by which information is obtained from an ampli-

tude-modulated waveform about the signal imparted to the waveform in

modulation. Many methods of detection depend upon the broken-line

characteristic used for the amplitude selection of values of the modulated

wave which exceed a potential accumulated upon a storage or memory
circuit. An example of this is indicated in Fig. 3T8 where the resistance-

capacitance combination 7? iC i is charged to the peak value of the positive

excursions of the modulated carrier a, giving the demodulated or detected

output shown in 6. The resistance is necessary to provide decay of the

potential of 6 at a rate sufficient to give response to decreasing values of

the modulated input.
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A much more efficient detector circuit uses a bidirectional switch

that is operated for a predetermined interval at the carrier frequency

to connect the modulated input to a storage condenser as indicated in

Fig. 3*19. The outstanding property of this detector circuit is that no
shunt resistor is needed in order to secure an output response to decreases

the output is obtained by /^i.

of the input signal as was the case in Fig. 3*18. As indicated by wave-

form diagram c, the output therefore proceeds in a series of steps each

equal to the peak amplitude of the last signal pulse. This results in a

considerable reduction of carrier content for a given speed of response.

In addition, a detector circuit of the switch type has the advantage of

Fig. 3*19.—Phase-sensitive detection with constant output obtained with a bidirectional
switch. The bidirectional property of the switch circuit permits constant output between
carrier pulses and gives reversal of the polarity of the output in response to phase reversal
of the modulated wave.

time selectivity, and interfering waveforms not coincident with the switch-

ing pulse will not affect the output. The detailed properties of this

important circuit are discussed in Chap. 14.

341 . Level-setting.
—

^The output of the detector of the type illus-

trated in Figs. 3- 18 and 3- 19 may be used to establish at an arbitrary
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potential the level of a wave at the instant of its peak value or, in the

case of the switch detector, at any chosen instant. These circuits, some-

times called ^M-c restorers, do not necessarily restore the original level of

a wave, but rather hold a particular part of the input wave at an entirely

new level. This is indicated in Fig. 3*20a, where the level of the wave is

established by the potential accumulated across Ci, which with an

appropriate choice of circuit constants is equal to the negative peak value

of the applied triangular waveform. In this particular case, the peak

0

(a) without Vi

Fig. 3-20.—Level-setting (d-c restoration) by means of two types of detector circuits

{A) indicates the use of a peak detector to maintain the maximum excursions of wave a at
ground potential. {B) employs a switch detector to set the level of waveform a at its

value at the time of occurrence of switching pulse h.

value of the triangular waveform does not fall below ground potential

except for the small voltage required to maintain the charge upon Ci.

Figure 3*205 illustrates the establishment of the level of a waveform at

an arbitrary time M with respect to its initiation. Other applications

of these techniques of level setting are described later in this volume and
in Vols. 20 and 22.

3*12. Time Demodulation.—A simple method of time demodulation is

indicated in Fig. 3-21, where the time of occurrence of a rectangular pulse

is modulated in accordance with signal information. Time selection of a

portion of this modulated wave with respect to the recurrent selector

pulse h gives a rectangular wave of variable duration as indicated in c.

The area of this wave may be detected by a circuit similar to that of
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Fig. 3*18 by inserting resistance in series with the diode to avoid detec-

tion of the peak value of the wave. Alternatively, the rectangular wave

c may be converted into a triangular wave of variable amplitude by

means of the circuit of Fig. 3-3. The output of this circuit is then peak-

detected by the circuit of Fig. 3T8. This represents the process of time

(1) (2 ) (ir (2 )’
( 1 )” (2)"

demodulation, which may be defined

as the process by which information

is recovered from a time-modulated

waveform about the signal imparted

to the waveform in time modulation.

Another fundamental method of

time demodulation depends upon

the process of time comparison, the

1 ^

3 *21 .“Conversion of a time-niodu- determination of the amplitude of a
lated wave into a duration-modulated wave

. .

^

for the purposes of time d^uodulation. wave at a particular time. If, for
The rectangles 2, 2', and 2" are time-modu- example, a triangular waveform a is
lated with reference to the pulses 1, 1 ,

and *1 i_
• • i r

1" and are converted into duration-modu- connected to the input terminals of

lated pulses in c by time selection with 6. detector circuit of Fig. 3-19,
The duration-modulated waves in c are

i i i i .

then to be average-detected or converted whlch IS energized by time-modu-

detected^”^^^'^^^
peak- lated pulse 6, the amplitude of the

output will vary in accordance with

the time of occurrence of pulse 6 as indicated in Fig. 3-22.

This extremely efficient and simple time demodulator has, however,

the disadvantage that it is sensitive to interfering pulses occurring at any

time during waveform a. Time-demodulation circuits used in radar

range measurements employ a negative-feedback system for time

demodulation, which has great

time selectivity and accuracy and
consists of a time-discriminating

element and a time-modulating

element. The time-discrimina-

tion element usually consists of

a pair of time selectors, composed,

for example, of two elements of

the circuit of Fig. 3T 1 ,
where time-

modulated pulses a of Fig. 3*23

are connected to the parallel-con-

nected control grids, and selector

Fig. 3*22.—Time demodulation by time
comparison. A switch circuit of Fig. 3-19.

operating at times M\, etc. connects timing
wave a to the output circuit giving potentials
E\y etc.

pulses h and c are connected to the suppressor grids. The output d of the
first time selector represents the overlap of a and 6, and the output e of

the second time selector, the overlap of a and c. Detection and subtrac-
tion of the areas of pulses d and e are carried out by circuits called differ-

ence detectors’^ (see Chap. 14). This circuit gives zero output if outputs
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d and e are of equal areas; and, if d

time modulation of the input pul

output. This combination of cir-

cuit elements is termed a ^Time

discriminator,’^ and its function

may be defined as that of indi-

cating by zero output equality of

the times of occurrence of the

input pulse and the selector pulses

and inequality by the sense and
approximate magnitude of the

output.

The demodulated output of

the time discriminator is not,

however, used to represent directly

the modulating signal. The outpi

and e are of unequal areas because of

ses, the circuit gives a demodulated

Fio. 3-23.—The use of time selection in

time discrimination. The time of occurrence
of the modulated pulses in a with respect to
selector pulses b and c is compared in a pair

of time selectors giving pulses d and e.

These pulses are detected, and their areas
are subtracted in a difference detector. The
whole process represents time discrimination.

b is connected, to an electrically con-

P^io. 3-24.—Amplitude
discriminator. The plate

potentials arc equal for

equal grid voltages and are

unequal in the sense and
approximate magnitude of

unequal grid voltages. In
addition, a common-mode
signal, the sum or average
value of the two input
signals, is rejected pro-

viding Rz ^ {Ri 4- -R 2)/2 ,

where Epp and Ekk are fixed.

trolled time modulator in a negative-feedback

system and thereby furnishes merely a control

voltage to the time modulator, which, in turn,

generates the selector pulses. In this way the

selector pulses are constrained to follow the

modulation of the input signal. The linearity of

the operation, therefore, depends upon that of

the time modulator and not upon that of the time

discriminator, and consequently extremely high

accuracies are obtained (see Vol. 20, Chaps. 8

and 9).

3-13. Amplitude Discrimination.—Just as a

time discriminator indicates the time inequality

of two events, an amplitude discriminator is a

means for indicating the equality or inequality

of two voltages. Similarly, the sense and ap-

proximate magnitude of differences are indicated.

Amplitude discrimination may depend upon

linear circuit elements and may be accomplished

by the subtraction of two voltages Ei and E^,

The subtraction may be carried out by inversion

and addition, or it may be carried out by a dif-

ferential or balanced amplifier circuit, as shown
in Fig. 3-24. Equality of grid voltages gives

equality of plate voltages for balanced circuit

components, and inequalities of grid voltages give corresponding inequali-

ties of plate voltages.
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An important aspect of this process is the necessity for the rejection

of common potential variations of the input signal—for example, a

signal applied in series with the ground return of both grids of Fig. 3-24.

For balanced components this signal does not affect the differential mode

of operation of the amplifier, since it occurs in the common mode of

operation of the inputs. Such a signal is therefore called a common
mode^^ signal. These common-mode signals are rejected only as long

as the circuit components of the differential amplifier are balanced and,

hence, operating linearly.

Amplitude discrimination may depend upon phase-sensitive modula-

tion and demodulation systems, and in these devices the rejection of

common-mode dTbcts is generally complete.

Amplitude discriminators are used extensively as an element in nega-

tive-feedback systems—for example, in amplifiers and servomechanisms.

Usually the voltage kiputs to an amplitude discriminator are both

varying slowly with time, but in certain cases it may be desired to equate

the peak value of a wave to a steady voltage.

CHARACTERISTICS OF NONLINEAR CIRCUIT ELEMENTS^

Although the important properties of an element are summarized in

its ideal characteristic, every physical unit exhibits departures from this

ideal. In most cases, the major

task of a circuit designer is to de-

termine the size and effectiveness

of these sources of error. The
data of this type that are given

here cannot be exhaustive, but

only exemplify the information

that the designer of precision cir-

cuits must obtain by measure-

ments on many unitsunder various
conditions.

344. High-vacuum Diode.

—

A diode provides a broken-line

relationship between voltage and
current. The average character-

istic of a representative diode is

shown in Fig. 3*25. For applied
voltages, more negative than a few tenths of a volt, the current is negligible
(10-» amp in most diodes and 10“^® amp for special tubes)

;
for applied volt- .

ages positive with respect to the '
‘ break,” the current increases rapidly with

increasing voltage. The break in the characteristic is not perfect since
‘ Sections 3- 14 to 3-27 by R. Kelner and J. W. Gray.

Fig. 3*26.—Typical average broken-line diode
plate characteristic (6AL5).
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there is no discontinuity in slope but only an exponentially shaped transi-

tion region. The conducting segment of the characteristic is shaped

according to a power law. These two regions may be seen on the curves

of Fig. 3*26. The diode has the great advantage of approximating an

open switch for one segment of its characteristic.

The most common means for utilizing the diode characteristic is a

series circuit Avith a resistor. The characteristic relating the voltage

across the combination and the voltage across the resistor is shown in

Fig. 3-27. The extent in voltage of the conducting segment is greatly

increased and the segment is linear. The increase in the range of the

(a) (^>)

Fig. 3*27.—Diode-resistor circuit characteristic (6AL5) Eff — 6.3, average tube, (a)

Broken-line characteristic with linear conduction segment, (h) Expansion of break. The
size of resistance affects the effective break voltage slightly but not the shape (sharpness) of

break. (1) R = lOA:, (2) R = 100/c.

voltages (for allowable currents) is very effective in stabilizing the ele-

ment against cathode drifts. The exponential decrease of current

extends over a small percentage of the voltage range and is therefore

very nearly the ideal break. The curvature may be troublesome if

very accurate selection is necessary. The exact voltage of the “ break

is defined only to the extent that subsequent circuits define the output

voltage level at which a response is observable: the higher the subsequent

amplification, the earlier will apparent conduction occur.

Since the break is of primary interest for most applications of the

diode, a discussion of the nature of its exponentiality is appropriate. The
diode consists of a two-electrode element in which electrons are emitted

from the hot surface of the cathode and are repelled or attracted by the

potential of the plate with respect to the cathode. Because of initial

electron velocities, a small amount of current flows despite small negative

plate voltages. The distribution of the normal components of velocities
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of the electrons emitted from a hot surface explains the exponential
decrease of current as the plate voltage becomes more negative. (Note
the linear semilogarithmic curves of Fig. 3-28.)

Fio. 3*28.—Expanded plate characteristics near break. The grid tubes are diode-con-
nected. (a) Average characteristic for several tube types, {h) Effect of heater-voltage
variation upon an average 6AL5 characteristic: (1) normal heater voltage, 6.3 volts; (2)

85 per cent; (3) 115 per cent. A similar parallel shift occurs between units of the same
type of tube at normal heater voltage. The JAN specifications require that all JAN tubes
have a characteristic passing between points A and B,

Of the total number of electrons emitted in a given time, the portion

having sufficient energy to reach a surface of potential E volts below that
11 ,600^

of the cathode is e ^
,
where T is temperature in degrees Kelvin.

Thus, the total plate current is proportional to this expression if is the

minimum potential to be found between plate and cathode of a diode
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having plane parallel electrodes. For ordinary currents this potential is

determined by the space charge, and is far below the plate potential;

but if the plate voltage and current are rather low, this is no longer the

case. The minimum potential becomes practically identical with the sum

of plate potential and contact potential. The latter is a constant voltage,

depending only on electrode materials. Thus, for small currents the plate

current is approximately
11,600

le ^
( 1 )

where Cp is plate-to-cathode voltage, Ew is contact potential, and / is total

emission current, ^oth I and Ew may be omitted by introducing io as the

plate current at zero plate voltage (assuming the relation to hold at this

point)

:

11,600

tp«i> ^ (2)

An oxide-coated cathode is operated normally between 1000° and

1100°K; hence Eq. (2) in this case is approximately

ip «

If the current is expressed logarithmically.

(3)

In ip ^
Q QQ

“h In iof (4)

logio ip « + logio io. (5)

The current thus increases geometrically with respect to plate voltage,

increasing tenfold for each 0.21-volt increment of voltage. The meas-

ured characteristics of Fig. 3-28 follow the predicted relationship [Eq. (5)]

closely except for small variations in slope.

The above applies to concentric cylindrical electrodes as well as to

plane-parallel configuration.^ The end effects of other tube geometries

seem to result in a larger figure than the 0.21 volt quoted above. The
increase never is more than about 50 per cent, however, and the value is

quite constant for a given tube (filamentary cathodes are not considered

here).

The value of plate current below which the logarithmic relationship

is fairly linear depends on cathode area and interelectrode spacing, and
ranges from 50 to 300 iisl for receiving tubes, whether they are diodes or

diode-connected triodes, etc. Figure 3-286 shows the curve for a 6AL5
diode. This has cylindrical electrodes with very little end effect, and
the semilogarithmic curve is linear up to 100

^ J. Millman and 8. Seely, Electronics^ McGraw-Hill, New York, 1941.
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Cathode Temperature .—Cathode temperature (heater voltage) affects

the total electron emission, and the most noticeable effect of temperature

variation is a shifting of the curve mth respect to plate voltage. That is,

a given change in temperature may be offset by a certain change of plate

voltage, which is largely independent of the value of the current. The
temperature change, as shown by Eq. (2), affects the slope of the logarith-

mic curve, so that the effect on plate voltage at a given current is slightly

greater at lower currents. The relative insignificance of the latter effect

is shown by the dashed curves in Fig. 3*286, which were obtained with

higher and lower heater voltages applied.

Lowering the heater voltage shifts the curve to the right
;
the steepen-

ing effect is small in comparison.

Fio. 3‘29.—Voltage shift at constant diode (6--i.L5) current caused by heater-voltage

change.

The effect of heater voltage is shown more completely in Fig. 3-29

where the plate voltage required for various constant values of current

is plotted against heater voltage. It is seen that, in the neighborhood of

normal heater voltage, the plate voltage for any given current must

increase by about 0.1 volt for a 10 per cent decrease of heater voltage.

This figure seems to apply, as an approximation, to all tubes with oxide-

coated cathodes. There is some variation from it, perhaps 20 per cent in

either direction, with respect both to tube types and to tubes of the same

type. This variation from tube to tube is an important consideration in

the design of circuits wherein an attempt is made to eliminate the effect of

heater-voltage variation by balancing the shift in one tube against that in

another. More will be said of this method of cancellation in Sec. 9-6. A
more complete discussion of the whole subject appears in Chap. 11, Vol.

18 of the Series. Pentode drifts are largely canceled by those of a com-

pensating diode in one of the methods discussed there.
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Drift ,—Drift of the characteristics as the tube ages can cause appreci-

able shift in the operating voltage. This drift is due mainly to change of

the cathode affecting the total emission, and has the same general effect

as heater-voltage variation, shifting the curve of Fig. 3-28a to the right or

left without appreciably affecting its shape. As a tube ages, the general

trend is toward the right. The drift may be quite large and erratic in a

new tube, but after a few hundred hours with heater voltage applied, drift

decreases to a fairly small average rate, such as 10 or 20 mv per week.

The short-term drift over a few hours is more erratic but may be as small

as 4 /xv/min.

A lateral drifto^rf the curve of Fig. 3*28a, whether the result of heater-

voltage change or change of the cathode with time, produces an equal

lateral drift in Fig. 3-276, so that a drift of the characteristics of a certain

number of millivolts results in that many millivolts change of the oper-

ating point of a comparator diode, regardless of the resistance employed.

Factors Affecting Slope of Characteristic .—The lack of definition due to

the curvature of Fig. 3-276 would be lessened by a steepening of the loga-

rithmic curve of Fig. 3 •28a. As already pointed out, this is accomplished

to a small degree by lowering the heater voltage. The slope of the loga-

rithmic curve is inversely proportional to cathode temperature, but a very

large decrease of this will reduce the emission to zero. Reducing the

heater voltage to half of normal decreases the temperature and increases

the slope of the curve by about 20 per cent, without reducing the emission

enough to affect the operation of most circuits employing broken-line

characteristics. This may be permissible and advisable if the maximum
current drawn in operation is considerably less than the emission so that

the cathode surface is not endangered. A given percentage heater-voltage

variation has slightly less effect upon diode voltage at a constant current

if the absolute value of heater voltage is low. Rate of drift may also be

decreased by the reduced temperature.^

The best cathode material is that which will give satisfactory emission

at the lowest temperature since the constant of Eq. (2) is not a function of

material. Thus, thoriated tungsten would have a characteristic much less

steep than that of Fig. 3 •28a, as it is operative at above 2000'^K.

As has been stated, tubes with electrodes neither plane-parallel nor

cylindrical produce characteristics somewhat less steep than that of Fig.

3-28a, but nevertheless linear. The 6J6 has a plane cathode, but the

^ If a fixed resistor is employed to drop the heater voltage from normal to half of

normal, the change of heater resistance caused by deterioration of the heater will have

no effect on the heater power and therefore none on the cathode temperature, thus

affecting a further decrease of the drift. The effect of variation of heater-supply

voltage, however, is increased by about thirty per cent by the series resistor because
of the change of heater resistance with temperature.
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end effects are large. As revealed by the slopes of the diode characteristics

plotted logarithmically in Fig. 3*30a with grid tied to plate, the slope at

normal temperature is one decade in plate current per 0.3 volt. The
dashed curves show the effect of operating with grid connected to cathode.

These curves are slightly steeper, though still not so steep as in Fig. 3 •28a,

until the current becomes large, when the resistance becomes much greater

than with the usual diode connection. There is little effect on the shift

with heater voltage at the low currents.

Figure 3*306, for a diode-connected 6SH7, shows that the suppressor

grid connected to the cathode has no apparent effect.

A filamentary cathode is quite unsatisfactory for most applications to

waveform generation and analysis. Aside from the need for a separate

filament supply, and the large amount of hum (if alternating current is

used), the nonuniform cathode potential results in a much more curved

characteristic.

Some low-current d-c amplifier tubes^ utilize a filamentary cathode,

and may be used advantageously if stability rather than sharpness of

break is important since the 10-ma filament current may be regulated

electronically, and this source of drift is thereby eliminated. The diode,

type V-21, has a rated inverse peak voltage of 3500 volts and an approxi-

mate leakage resistance of 10^® ohms. The plate current is 250 /xa at 5

volts Epk-

In general, the best diode has a cylindrical oxide-coated unipotential

cathode and a cylindrical plate, and is operated at a subnormal heater

voltage. The types GAL5 and VR-91 (British) have a cylindrical struc-

ture. For most applications, where the current is rather low, the size,

power rating, and nominal conductanc^e are immaterial. Employing
two diodes in parallel is of no advantage, since the combined logarithmic

characteristic has then the same slope.

Tolerance of Characteristics .
—^There is considerable shift to the right

and left of the curve of Fig. 3*286 between different samples of the same
tube type, although the slope of the curve is quite independent of this.

For example, the 6AL5 JAN specifications require that each diode will

cause between 5 and 20 /xa to flow in a 40-k resistor from cathode to plate.

This allows the curve (at E/ = 6.3 volts) to be anywhere between points

A and B in Fig. 3*286. The shift of the curve which may occur trans-

lates directly into a change of the operating voltage of the device, and

must be taken into account in some way with a ‘^zero^^ adjustment.

In many amplitude selectors in which a diode is employed, its shift

with respect to heater voltage is balanced against that in another diode

by causing either the reference input voltage or the wave itself to be

shifted. This is accomplished in a more satisfactory way if the two diodes

^ Victoreen Instrument Co.
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are the sections of a double-diode tube since the characteristics thereof are

most likely to be similar. The zero adjustment required is also somewhat

reduced, for the same reason. The JAN specifications for the 6AL5 per-

mit a difference of only 5 /xa between the values of current that each of the

diodes in a given tube passes through a 40-k resistor, while, as stated

above, it may vary by 15 /ua from tube to tube. The result of this

specification is that there should be no more than 0.25 volt, laterally,

between the curves for a pair of diodes. The curves for a 6SU7 double

triode, diode-connected (grid to plate), should be within 0.1 volt of each

other, by extrapolation from one of the JAN specifications pertaining to

Heater voltage

Fig. 3-31.—Effect of cathode temperature on heater-cathode leakage of diodes. One section
of each of four 6H6’s.

Leakage .—At ordinary inverse voltages the reverse current in a good
diode is in most applications negligible. In diode-connected grid tubes,

however, it may become appreciable, sometimes rising to over 0.01 at
— 100 volts. Since reverse current is mainly the result of ionization, it is

nonlinear with respect to inverse voltage and increases more rapidly

at higher voltages. It is not very greatly affected by cathode tempera-
ture. Surface leakage may also be present, both inside and outside the

tube. If special precautions are taken, the base leakage resistance

between any two pins may be held above a thousand megohms, even at

high temperatures and humidities.

Leakage takes place between the cathode and heater, and may be
several microamperes for some tube constructions. It is therefore

desirable to design the circuits so that the cathode-to-ground resistance

is low, or to provide a separate floating heater supply for the diode.

Reduced heater voltage may reduce the leakage considerably. For a
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number of triodes (6SN7) operated as diodes, with the cathode 150 volts

negative with respect to the heaters, the average leakage has been observed

to change from ^ //a at 6.0 heater volts to^ //a at 4.5 heater volts. The
results of a test on the 6H6 diode are shown in Fig. 3*31. A majority of

the tubes have leakage currents

less than ^ iisi at 0.3 heater volts.

The leakages of one hundred

triodes (6SN7) operated at ordi-

nary cathode temperatures are

indicated in Fig. 3*32. Over half

the units have leakage currents

less than A )ua. In another test

at a few milliamperes of plate cur-

rent it was found that the life of

the tube was not lessened by oper-

ation at Ef = 4.8 volts.

Capacitive current will flow

through the tube in either direc-

tion at high frequencies. Ordi-

nary analytical methods may be
applied in the calculation of this current from the known interelectrode

and the measured wiring capacitances. For most diodes, a few micromi-

crofarads are present.

3*16. Contact Rectifiers.—Crystal rectifiers were formerly used in

communications receivers and have been recently applied as detectors

Heater • cathode leakage in/xa

Fig. 3'32.—Heater-cathode leakage for
100 tubes (Sylvania 6SN7 GT triodes).

Eff — 6.3 volts, Epk = -f250 volts, Eg =
—8 volts.

E D C B A

Fig. 3-33.—Germanium-crystal rectifier cross section. {From J, H. Scaff and H. C.
Theurer, ''Preparation of High Back Voltage Germanium Rectifiers," NDRC 14-555, p. 28.)
A—Metal end piece. B—Ceramic insulator. C—Point contact. D—Germanium wafer.
E—Pigtail connector.

and converters of uhf signals. Their characteristic resembles the diode
characteristic, but the effects of electron transit time, interelectrode

capacitance, ‘^contact potential,^^ drift, and curved break in the charac-
teristic are smaller than for the diode. These contact rectifiers are
simply made; a pointed wire of a conducting material such as tungsten is
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placed in contact with a crystal of silicon, germanium, or some other

semiconductor. A germanium crystal is shown in Fig. 3-33. The con-

tact rectifier requires no filament supply and, in general, is smaller and has

a longer operating life than the diode.

The surface contact rectifier is familiar as a converter of a-c power to

d-c, and is particularly useful for large current loads at low voltages and
small current loads at high voltages.^ The characteristic of a selenium

surface is shown in Fig. 3*34. Copper oxide or selenium rectifiers are

often used for a-c meters that are to be accurate to 1 or 2 per cent.^

The applications of these devices to waveform-shaping have not been

important. This is due chiefly to the excessive reverse current at low

reverse voltages, the negative-resistance characteristic that is entered at

higher reverse and forward voltages, variations from unit to unit, and a

Reverse direction in volts dc

Fig. 3-34.—D-c characteristics of the selenium rectifier.

severe temperature sensitivity. Hysteresis, drift, spontaneous and vibra-

tion noise and aging effects have been observed.

These sources of error have been investigated and reduced greatly in

the past few years, since the uhf crystal detectors are extensively used in

radar (see Vol. 15 of the Series). Among the crystal materials that have

been investigated, germanium is outstanding for high back resistance

at comparatively high voltages. The germanium crystal has been studied

considerably with a view toward waveform-shaping applications. In

some instances (in addition to those of the first paragraph of this section),

the crystal may be substituted for the high-vacuum diode. ^ The nega-

tive-resistance characteristic may occasionally be of some use.

' See ^‘Selenium Rectifiers,” Engineering Manual and Standard Element Specifica-

tions
j
Bulletin RDP-107, Fansteel Metallurgical Corporation, North Chicago, 111.

®See E. C. Cornelius, ” Germanium Crystal Diodes,” Electronics^ 19, 118 (Febru-

ary 1946).
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Germanium Crystals .—A typical germanium-crystal characteristic is

shown in Fig. 3-35. The back-voltage characteristic is sufficiently good

that such a unit could be used in place of a diode for many waveform

0 4 8 12 16
Volts reverse

20 - 0.2 - 0.1 0 + 0.1 + 0.2

Volts

(h) (c)

Fig. 3-35.—Typical germanium-crystal characteristics (d-c). (a) Complete character-

istic. Forward and back voltage scales are different. A resistance of 100,000 ohms may be

realized at a and of 200 ohms at b. Point s represents the maximum reverse current per-

mitted by the specification for the WE D-1 72925 d-c restorer crystal (0.86 ma at —50 volts).

(5) Expanded characteristic, (c) Variations in the expanded characteristic. The shaded
area indicates the variation from one unit to the next at 25°C.

operations. Unfortunately, the closest specification for theWE D-172925

d-c restorer crystal permits larger back currents, as is shown in the figure

by the point s, defining maximum back current.
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The variation of characteristic in manufactured units is great as

Fig. 3*36 indicates.^ The best method for preparing the materials,

assembling the units, and stabilizing the characteristics (by heat and

voltage cycles) resulted in the distributions shown. If inferior methods

are used, a much smaller percentage of crystals suitable for waveform

operations at high voltages is found.

The temperature dependence of the characteristic is larger for high-

back-resistance units than for low-back-resistance units. A complete

characteristic is shown for several different temperatures in Fig. 3-37.

DC reverse current

at 1 voit in Ma

DC reverse current Peak reverse voltage in volts

at 30 volts in ma
Fig. 3*36.—Variations in germanium-crystal units at 25°C. {From J. H. Scaff, NDRC

14-566.) The ordinate is the percentage of manufactured units having the characteristic

(at worst) specified by the corresponding abscissa.

The comparative insensitivity to temperature at large forward and back

voltages suggests that the crystals are suitable for operations utilizing

these portions of the characteristics if temperature variations are expected.

For high-voltage waveform operations for which low back current and

stability of break are important, temperature control is necessary.

An advantage of the crystal is that zero current corresponds to zero

applied voltage since no power can be supplied by the element. In order

to take advantage of this stability, the effective break should be placed at

as low a current as possible. The current at the effective break is defined

by the neighboring circuits for any application of the crystal. For various

‘ J. H. Scaff and H, C. Theuerer, “Final Report on Preparation of High Back

Voltage Germanium Rectifiers,“ NDRC 14-555, Bell Telephone Laboratories.
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units supposedly prepared in an identical manner, the effective break
voltage may vary by one or two tenths of a volt if it is defined at too

high a current value. A few hundred microvolts of noise are generated

in the germanium-crystal rectifier, though some crystals have been
observed that generate as little as lO^iV of noise.

The shunt capacitance of the point contact rectifier may be from to

iV M^f* This is a factor of 10 lower than diode capacitance. At ultra-

high frequencies this property is important.

The shape of the break is shown in Fig. 3-35?). The theory of the

crystal rectifier is not yet complete, but the rise of current is roughly

Current in milliamperes

Fig. 3*37. Effect of temperature upon the d-c characteristics of a typical germanium
rectifier. {From J. H. Scaff, NDRC 14-565.)

represented by a positive exponential rising from a negative current value
and passing through the origin. Deviations from an exponential char-

acteristic are always present and may be represented by a small resistance

in series with the truly exponential element. At room temperatures the
crystal-rectifier logarithmic slope may theoretically be five times that of

the ideal thermionic diode with its cathode at 1000° K. Actually the
average crystal characteristic does rise more rapidly than the diode at low
currents. The two characteristics may be compared in Fig. 3-35i!>. This
slope for the crystal characteristic may vary by a factor of 2 or 3 from
unit to unit and with large temperature changes (see Figs. 3 -350 and 3*37).

3*16. Photocells.—The characteristic of a high-vacuum photocell (two
metallic unheated electrodes) is given in Fig. 3*38 for two values of
incident light intensity. The voltage-current curve^ exhibits two breaks.

^ See M.I.T. E. E. Staff, Applied Electronics, Wiley, New York, 1943, p. 105.
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in volts

3-38.—High-vacuum photocell 919
(average plate characteristics).

At the origin the potential difference between electrodes reverses direc-

tion, and the electrons emitted by the surface exposed to light are drawn

back to the emitting surface. The distribution of initial electron veloci-

ties determines the shape of cutoff characteristic.

As the plate or collector electrode is made positive with respect to the

cathode, a larger and larger per- r

centage of the emitted electrons 14

are collected. The flat portion of 12 Light flux

the characteristic corresponds to 10 -
lumens =0.5

the collection of all emitted elec- 5 8

trons. The addition of gas to the % ^
j

photocell introduces ionization 4

effects. The current does not 2

become independent of the applied ^0 20 60 100 140 180 220
voltage in this case. in volts

The photocell is also an exam- Fig. 3-38.—High-vacuum photocell 919

pie of a multivariable element, (average plate characteristics).

relating a current, a voltage, and a light intensity. The common applica-

tions of the photocell require a resistance in series with the element. The
7/^-drop across the resistor is the useful output and the light intensity is

the useful input.

3*17. Cutoff in Grid Tubes.—The addition of one or more grids

between a thermionic cathode and
300

1

^ plate electrode results in the fa-

£>;> miliar current ^Valve. The plate-

rs °
^

cathode current Ipk is considered,

200 kS ^0 / at least for amplifier usage, to be
^0 < / controlled by the grid-cathode volt-

o— plate-cath-

voltage Epk. More generally,

^ / the element relates these three vari-

Q I ^ ables in the manner described in

Sec. 3*27. This is a multivariable

element and provides a variety of

1 1 \ multivariable characteristics
® and nonlinear two-variable

Fig. 3-39.—Broken-line cutoff char- characteristics,

acteristic (6SL7). The value of ei at If the triode is connected as for
which the break occurs is a function of

amplifier applications, the

Egk to Epk relation (\vith AEpk proportional to — Alpk) is the most descrip-

tive characteristic. The relationship may be nearly linear over large

portions of the characteristic as may be seen in Sec. 3*27. As the grid is

made more negative, however, the tube 'Vuts off.” The characteristic

Fig. 3-39.—Broken-line cutoff char-

acteristic (6SL7). The value of ei at

which the break occurs is a function of Epp.
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shows a break at the cutoff bias. The sector of grid control is called the

‘^grid base.” For the cutoff tube, the characteristic is flat—the output

does not vary as the input is varied. Such a curve is shown for the

6SL7 in Fig. 3-39.

This is a very useful broken-line characteristic. The same triode

element may perform a nonlinear operation and amplification. The
impedance of the grid circuit may be very high on both sides of the break

(on the grid base and ^^beyond” or ^^below” cutoff). The diode cir-

cuits, on the other hand, exhibit different impedances on the two sides of

the break, an inherent property of the direct nonlinearity.

The sharpness of the break may be shown by plotting Ipk-Eyk

curves for various fixed values of Epk (for a triode) or Eg^k (for a pentode).

The curve is logarithmic in the low-current region but is considerably less

sharp than the diode cutoff curve. Any potential between the control

grid and the next electrode (plate or screen) causes the slope of the loga-

rithmic characteristic to be less than for the diode. For the best defini-

tion of the break, the plate or screen voltage should be as low as possible.

The grid base is also shortened for these low plate or screen potentials.

Figure 3-40 shows the effect of the plate-to-grid potential on the slope

of the logarithmic relationship of current to voltage in the low-current

region. The plate-to-grid potential rather than plate-to-cathode poten-

tial was held constant in each curve, so that the diode characteristic

{cpg = 0) could be included for comparison. Total cathode current is the

ordinate for the same reason; but for all values of Cgk below about —0.8 to

— 1.0 volt this is almost entirely plate current.

In triode operation the slope of the logarithmic characteristic is

evidently constant up to as high a current as in diode operation, but with

diminishing slope for greater plate potentials. All tubes give about the

same slope for the diode curve, but there is much variation between tube

types in the rate of decrease of slope with respect to plate potential. In

general, well-constructed high-/x tubes are less affected by plate voltage

than are low-^ tubes.

In so far as the curves of Fig. 3-40 are straight, the transconductance

is proportional to the current. If the slope of a curve is

d logio i ^
dCgk Eo (6)

Eo being the increment of Cgk producing a tenfold increase of current, then

di __ 2.3z

dcgk Eo (7 )

where i is the plate current wherever Cgk is below about — 1 volt. [The
fact that epg is fixed for each curve, rather than 6^%, only means that the
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transconductance is m/(m + 1) of the expression of Eq. (7).] Thus, a

high-/Li triode, at a given plate voltage and current will have a higher

transconductance in the low-current region than will a low-fx tube, regard-

less of rating or nominal transconductance. At a plate voltage of 90

volts and a plate current of 0.1 ma, the transconductance of the 6SL7 is

400, while that of the 6SN7 is only 140 /imho. Another conclusion to be

{d) 6J6. Figures (a), (6), and (d) have Epg as parameter, (c) Epk. Figure 3-71 is the 6SL7
characteristic with Epk as parameter. The 6J6 characteristic shows incomplete cutoff, such
as is observed in many 6J6 tubes. In (d), E// = 85 per cent normal for the dashed curves
(see Fig. 11-2, Vol. 18 of this series for other low-current triode characteristics).

drawn from Eq. (7) is that in the low-current region no increase of trans-

conductance may be obtained by employing tubes in parallel since the

current, and therefore the transconductance, of each tube is lessened.

It will be remembered that this conclusion applies also to the variational

resistance of diodes.

In many tubes the cutoff is incomplete, so that a measurable plate cur-

rent will flow regardless of grid bias. This is subject to large variations

from tube to tube. It is always greater at higher plate potentials, and is
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usually decreased with a decrease of heater voltage. Figure 3-40d reveals

the effect in the case of one 6J6

“y V 7 7 triode.

300 - / II Curves similar to those of Fig.

100 - •f*/ / /
3*40 are given for a pentode in

w % / 3*41. In this case the differ-

S/ ent curves are for different screen

•e*
' / / /

I
potentials, the plate potential be-

3 - / III fixed at 90 volts. The

\- J II / effect of the latter on total current

y ^ . / . / , J found to be very slight al-

^-8 -6 “2 0 though it does affect the ratio of

^gik screen to plate current.

Fig. 3-41.—Logarithmic cutoff character- cutoff characteristics of
istics of pentode (6SH7). as parameter.

i i i x i
" several triodes and pentodes are

shown in Fig. 3*42. The plate-to-cathode voltages are used rather than

plate-to-grid voltages.

Biases on other grids may cut off plate current if made sufficiently

negative. The slope of the logarithmic curve is usually smaller than for

6SH7

-10 -8 -6 -4 -2 0-10 -8 -6 -4 -2 0

Fig. 3-42.—Logarithmic cutoff characteristics of several pentodes. Eg^^k as parameter.
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the curve corresponding to first control-grid cutoff. The multivariable

nonlinearities are often useful, however, and Sec. 3-24 is devoted to the

elements possessing them.

In comparing the pentode and the triode as nonlinear elements, an

important consideration is the isolation of the screen voltage from the

output signal in the case of the pentode. In order to provide a large out-

put signal, the supply voltage must be large for a triode. This, however,

implies that the grid base is comparatively large. For the pentode, how-

ever, a short grid base and a large output may be obtained together.

The screen voltage may have a lower bound imposed by its effect on con-

trol-grid current.

The most important distinction between the diode and the triode

(cutoff) nonlinear elements is that the diode break is considerably more

stable with respect to tube change. If this factor and the sensitivity to

triode plate potential are considered, the diode is clearly preferable for

most precision operations.

3-18. Plate-voltage vs. Plate-current Nonlinearities.—In the last

section a two-variable characteristic—the broken-line transfer character-

istic of a vacuum-tube amplifier—was
discussed. The important variables for

that nonlinear relation are input voltage

and output voltage.

If the relationship of Epk to Ipk were

examined for the circuits of the last sec-

tion, it would be convenient to consider

them as nonconstant with respect to Egk.

The relationship between Epk and Ipk also

has two nonlinearities. The first may
be called bottoming and, for the pen-

tode, occurs below the ^^knee^^ in the

plate characteristic. The transition from
the usual plate impedance of several hundred kilohms to this low value is

the break in the characteristic. The impedance at the plate-cathode

terminals is 1 or 2k for many pentodes (that of the 6AG5 is larger). The
break is not sharp compared with a diode break but is often useful for

comparatively nonprecise operations. An example of this break is shown
in Fig. 3*43 for a constant grid bias of — 1 volt on the 6SH7 tube.

The same curve shows the second break, the cutoff of plate current for

negative Epk. This effect is sharper than the knee and may equal the

sharpness of diode cutoff for small values of Epk. The stability of this

break is generally worse than for the diode, but the sensitivity to cathode

temperature is approximately the same.

For switch-tube applications, the same curve for a constant value of

10

0 I 1 1 1

0 100 200 300

Epk in volts

Fig. 3-43.—The “knee” and
“ bottoming effects.” A broken-line
characteristic for a pentode (6SH7).
Eff =6.3 volts, Eg^k ==100 volts.
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grid current rather than grid bias may be desired. Such a curve is

shown in Fig. 3*44 for the 6AG7 pentode. This too, is a doubly broken-

line characteristic. The beam-power tetrode has a plate characteristic

Fig. 3*44.—Pentode characteristic in low-plate-resistance region (6AG7). Eg^k = 66 volts.

Maximum screen dissipation =» 1.1 watts.

that is similar to that of the pentode but less sharp for either constant

control-grid voltage or current. See Fig. 3*45.

For the triode connection of a pentode, the ‘‘bottoming’^ or ‘^knee^^

break disappears for the negative grid

biases. The cutoff break remains, and

the variational plate impedance of a

triode is low so that the triode may be

said to retain the two left-hand seg-

ments of Fig. 3*43. Thus the ‘‘bot-

toming^^ operation that is often useful

in setting the lower bound of a plate

waveform may be performed with

triodes. Part of the cutoff break is

shown for a pentode, pentode- and
triode-connected in Fig. 3*46. The

complete triode characteristic is singly broken and the pentode char-

Fig. 3-45.—Broken-line character-
istic for a beam tetrode (6Y6-G).

E/f = 6.3 volts, Eg^ = 136 volts.
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acteristic is doubly broken. A doubly broken triode characteristic can be

obtained at a constant positive control-grid bias.

The upper segment of two-triode Epk-Ipk characteristics for constant

values of grid current are shown in Fig. 3*47. The lower portions of

the break are exponential, and like the pentode may be nearly as sharp as

but not so stable as the diode cutoff. (This part of the characteristic is

not well known. From Fig. 3-69 it would appear that the corresponding

curves for constant values of Egk would be similar in shape. An upper

bound can be placed on the plate current for Epk — Egk- The character-

istic of the diode-connected tube provides the sum of plate and grid cur-

rents in this cas^
3‘19. Grid-current Nonlinearities.—The flow of electrons to the first

control grid of a vacuum tube is

very small if —Egk is negative and

larger than about one volt, pro-

vided the next electrode is at a com-

paratively high potential so as to

maintain the electron velocitio:-.

through the grid openings. The
grid current is desired to be negligi-

ble for most amplifier applications

but may provide two useful non-

linear characteristics.

The first is the direct nonline-

arity in the grid-voltage vs. grid-

current curve. This effect is

similar to the diode broken-line

effect and may be explained in the

same way. The break is an exponential curve as may be seen in Fig. 3*48.

The slope of the logarithmic curve is approximately the same as for the

diode.

The characteristic is taken with a large series grid resistor (the voltage

across the resistor provides a measure of the grid current). Such

a resistor or its equivalent—the internal impedance of a waveform

generator—^is necessary in order to limit the grid current if the applied

wave-form Ci assumes positive values. The series resistor and the grid-

to-cathode circuit provide a characteristic corresponding to the resistor-

diode circuit of Sec. 3*4.

The second nonlinearity is produced by the same circuit as the first.

The mutual characteristic between €i and ip (or ipRLy for an amplifier

circuit) possesses a sharp break. Just as cutoff bounds the grid base at a

low value, so the flow of grid current provides an upper and sharper

Fig. 3-48.—Grid-current characteristic

of a triode with fixed Epk (6SL7). (Dashed
curves, E// =85 per cent of normal.)
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boundary. Cathode temperature variation shifts the grid voltage at any
given grid current, just as for a diode, resulting in very little change of

plate current. The stability of the upper bound of the mutual char-

acteristic permits this break to be used in precision circuits.

The lines of constant grid current on a plate characteristic follow the

lines of constant grid bias very closely. The grid and plate currents have
a fixed ratio. This fact may be observed for the 6SL7 tube in Fig. 3*69.

Another grid-current characteristic for this tube is shown in Fig. 3-70.

The cutoff of grid current at negative values of Egk is not complete. The
JAN specification for the 6SL7 at Egk = — 2 and Epk = +250 allows a

maximum current flow to the grid of 1 /ua. The 6SU7 (selected 6SL7) has

a much smaller value of maximum current for a similar operating condi-

tion (0.01 fxsi). Other standard receiving tubes (except the 6AK5 pen-

tode) are permitted a larger flow of grid current under similar (Class A
amplifier) operating conditions (1 or 2

/xa).

Pulses of grid current may assume
large values if the average power is held

rather low watt for the 6SN7 tube).

Blocking oscillators make use of this

region of triode characteristics. Such
tube characteristics are described in

Chap. (). The plate-cathode character-

istic of a triode with a very positive

grid appears on the basis of a few tests

to be that of a low impedance diode

without filament-voltage drift effects.

Suppressor Grid .—Unlike the control-grid characteristic, with its high

value for positive Egkj the suppressor grid tends to lose control of

plate current for positive biases. The combination of this effect and of

the grid current to the suppressor grid at positive biases results in a sharp

break in the Eg^k — Ipk characteristic. Such a characteristic is shown in

Fig. 3*49. For low values of plate voltage a similar effect may be observed

with the first control grid of a 6AC7. The resultant waveform in a pulse

amplifier may be observed in Fig. 9*40.

3*20. Composite Characteristics.—The cutoff and grid-current breaks

for a triode provide a doubly broken mutual characteristic. The effects

that cause the breaks have been described in the last three sections and
will not be discussed further here.

Figure 3-50 shows the mutual characteristic for a triode-amplifier cir-

cuit, with two different values of Epp and of load resistance. The effect; of

Fia. 3*49.—Suppressor-grid-char-

acteristic break at Eg^k = 0 volt.

E// = 6.3 volts, Epk =120 volts, Eg^k

= 120 volts, Eg^k = — 1 volt (6AS6).
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variation of the series grid resistor is also illustrated. In the cases where

a =z Of the upper break is caused by plate-bottoming. The size of grid

base is directly proportional to Epp.

The doubly broken-line characteristic at the pentode plate is shown in

Fig. 3*51. The two breaks correspond to the knee in the plate char-

acteristic and to the cutoff of plate current by plate voltage.

Fig. 3-50.— Doubly broken amplifier characteristics.

A complete suppressor-grid characteristic is shown in Fig. 3-52. The
sharpness of second -control-grid breaks are in general inferior to those of

the first control grid.

3'21. Gas-filled Tubes.—Conduction through a gaseous atmosphere

between two electrodes is characterized by a distinctly nonlinear voltage-

I I I I

-30 0 + 50 +100

Epic in volts

Fig. 3‘61.—Doubly broken plate char-
acteristic (6SH7). E/f = 6.3 volts,

=

100 volts, Eg^k =* — 1 volt.

-20 -10 0 +10
Eg^lc in volts

Fig. 3-62.—Doubly broken suppressor
characteristic (6AS6) . E// = 6.3 volts,
= 120 volts, Eg.k = 120 volts, En,k = —1
volt.

current curve. ^ Several different regions are defined by different effects,

but the most valuable nonlinearities are provided by the ionization of the
gas. Additional freeing of electrons and nullification of space charge by
the ionized particles make large currents available. The current flow

‘ M.I.T. E. E. Staff, Applied Electronics

j

Wiley, New York, 1943, p. 198, Figs.
13 and 14.
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may increase spontaneously after ionization has progressed sufficiently

and must, therefore, be limited by an external resistance in order to pre-

vent injury to the electrodes. The voltage drop across the tube may be
constant over a wide range of currents.

The regenerative nature of the breakdown or rise of current is an
important property of gas tubes. Such effects are observed in regenera-

tive vacuum-tube circuits.

With two unheated electrodes in a gas tube (the commercial voltage-

regulator tube—for example, the VR-105), the constant voltage after

breakdown (60 to 150 volts) is the property of greatest interest. The
applied voltage for breakdown is somewhat above this constant voltage

and is subject to considerable variation with time, temperature, tube unit,

and incident light. For this reason, the discontinuity in the cold-cathode

gas-diode characteristic is not much used for amplitude comparison. The

Fia. 3-63,—Characteristic discontinuities for a cold-cathode gas-diode circuit. The char-
acteristic has both discontinuities and hysteresis properties.

characteristic of a gas-diode and series resistor circuit is shown in Fig
3-53.

With a thermionic cathode the characteristic is similar to that of the
high-vacuum thermionic diode for voltages less than the ionization poten-
tial (not the breakdown potential of the element) of the gas. As the plate-

to-cathode voltage is increased, breakdown occurs as for the cold-cathode
diode, but current prior to breakdown is considerably higher. The break
in the high-vacuum diode characteristic is present as well as the ideal break
at the breakdown potential. The latter point on the characteristic is sub-
ject to the same variability as the corresponding point for the cold-cathode
tube and to cathode drifts in addition.

For many purposes it is desirable to control the start of the regenera-
tive increase of current in a gas tube by means other than the acceleration
of electrons by diode plate bias. ^ In particular, a grid structure around a
thermionic cathode permits the firing to be controlled by the grid-cathode
bias. The bias at which regeneration is self-sustaining is approximately

^ Ihid.^ p. 244.
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as constant as is the high-vacuum triode bias for a specified current. The
discontinuous characteristic that is provided by some grid-controlled gas-

filled tubes with negligible grid current before firing is shown in Fig. 3*54.

The grid current that flows before and after firing may affect the

applied waveform. A series resistance to limit the grid current after firing

is often necessary. The conducting gas-filled tube has noise of much
greater amplitude than that of a vacuum tube; under suitable conditions

thismay be as much as several volts.

During conduction, the plate

current is determined by the supply

voltage and the series impedance,

the plate-to-cathode voltage (gen-

erally between 5 and 20 volts) being

almost entirely independent of

plate current. When the plate cur-

rent is flowing the grid has little

control, and means must be pro-

vided to extinguish the current by

dropping the plate-to-cathode volt-

age to some low or negative value.

The current flow must be reduced

to a value of 0.5 to 5 ma.

Before initiation of plate cur-

rent, the negative potential of the

grid acts to keep electrons from the

cathode from reaching the high

gradient produced by the plate po-

tential, where they would acquire

sufficient velocity to ionize the gas.

The grid potential at which enough
electrons get through to cause

breakdown thus depends on the

initial velocities at the cathode,

just as does the voltage that is

required to obtain a certain cur-

rent in a high-vacuum triode. The breakdown potential is therefore

subject to the same sort of drifts due to aging and change of heater volt-

age and to others due to the variation in gas composition and density.

Figure 3-55 shows the effect of heater voltage on the critical potential in a

2050 thyratron. The curves have much the same slope as for a hard-

vacuum tube, and a fair degree of compensation for heater-voltage varia-

tion may be achieved by balancing the effect with a diode or triode.

A fundamental difficulty in the application of ionization processes to

-2.0 -1.0 -0.5

Egk

Fig. 3*54.—Grid-controlled hot-cathode
gas-tube circuits. Voltage-transfer char-

acteristic. The firing may not be turned
off by the grid potential but only by an
auxiliary means of lowering the plate cur-

rent. Eak at firing is a function of Epp.
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fast waveform control is the relative slowness of ion movement. The
breakdown may be delayed by a microsecond or more from the time at

which the critical voltage condition is attained. This delay may vary

from one repetition of a waveform

to the next. The time required

for deionization is considerably

greater and is dependent upon the

degree of ionization and the volt-

ages available to remove ions.

This recovery time may be from 15

to 200 iusec for various tubes and

operating conditions.

3*22. Feedback Circuits.—The
regenerative nature of the firing

of a gas-filled tube is described in

Sec. 3-21. The characteristic of

that element possesses a discon-

tinuous segment and a hysteresis

property that describes the ir-

reversible nature of the firing.

Such properties can also be found

in regenerative vacuum-tube

amplifiers.

The doubly broken-line char-

acteristic of Sec. 3-20 may have a

large slope on the central segment,

ment.

-0.2

-0.4
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-0.8

f -1.0
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o
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Fig. 3*55.—Effect of cathode temperature on
thyratroii firing potential.

This corresponds to a high-gain ele-

If the signal levels at which saturation of the amplifier occurs are

held fixed and the gain is increased, as, for example, by additional stages,

the result is as shown in Figs. 3*56a, 5, and c. The entire range of output

Fig. 3*56.—Effect of conductive regeneration on amplifier characteristics.

variable is traversed for a smaller and smaller increment at the input.

The characteristic approaches a true discontinuity.

Regeneration is employed to provide very high gain in a single ele-

ment. The effect of d-c-^oupled regeneration is shown in Fig. 3*56,

including Fig. 3*56d. These characteristics provide even more variety



86 OPERATIONS WITH NONLINEAR CIRCUIT ELEMENTS [Sec. 3-23

than that produced by the increase of gain with additional stages. As

d-c regeneration is increased, the element may pass through the condition

for a simple discontinuity and exhibit hysteresis properties (see Fig.

3*56d), Adjustment c is often called the ^^infinite-gain amplifier since

the output signal is produced by an infinitesimal input increment. This

characteristic would be suitable for many applications where a discon-

tinuity is desired at the same value of a variable regardless of the direction

of approach if the element gain and gain variation were stable. The
vacuum-tube gain varies considerably, of course, and the voltage value

Fig, 3*67.—Four-diode element giving a doubly broken characteristic symmetrical about
the origin. Two GSNT’s are used, diode-connected.

for regeneration also varies. Balanced circuits may be used to compen-
sate systematic cathode drifts. The time scale of operation is limited by
the stray reactances. Two circuits and their characteristics for various

amounts of feedback are given in Sec. 9T6. These examples are not
designed for rapid operation, and the point of regeneration is very unstable
in each case.

3*23. Multiple Circuits.—By the combination of several diodes and
resistances, simple circuits can be formed that have doubly broken-line

characteristics of various kinds. Two examples appear in Figs. 3*57 and
3*58 for the 6H6 and 6SN7 (diode-connected). For identical resistors
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and tubes with identical characteristics, the curves are symmetrical

about the origin. The bidirectional conduction of these circuits may be

necessary for some operations.

For many purposes, however, two-diode sections provide a suitable

doubly broken-line characteristic (see Chap. 9-3). A representative

circuit is shown in Fig. 3*59. A two-crystal characteristic is shown in

Fig. 3-60. This circuit, used as an ampli-

tude comparator, is discussed in Chap. 9.

3*24. Multivariable Elements.—The
multigrid vacuum tube is an example of a

multivariable element that relates several

electrode potentials to the plate-cathode

current and to grid currents. Other multi-

variable elements are constructed as cir-

cuits of two-variable elements.

The pentode has been shown to possess

several two-variable nonlinear characteris-

tics. For some of these, all variables ex-

cept two are held constant; for others, the attention is focused on two

variables, such as input voltage and output voltage, despite the variation

of others. The current variables are ignored if voltage relationships are

Fig. 3-59.—Two-diode ele-

ment giving a nonsymmetrical
doubly broken characteristic.
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important, except during the calculation of the transfer characteristic of

the element.

If three variables are in use, their relationship may b(^ represented by a

simple equation or by a set of graphs* The nonlinear functions are of

the greatest interest, since linear multivariable elements are equivalent

to circuits of linear two-variable elements.

The major portions of the 6AS6 pentode characteristic are shown in

Fig. 3-61. The breaks in the several two-variable characteristics are not

given in detail, but they are similar to the breaks that are previously

described for pentodes, except for

the suppressor-cutoff break. The
6AS6 is designed with a compara-

tively sharp suppressor-cutoff char-

acteristic so that this tube is often

called a ‘Hwo-control-grid tube.”

The screen grid bias exercises less

effective control over the plate cur-

rent but may be a useful variable.

One important property of the

OASG is the dependence of the varia-

tion in plate current upon the pro-

duct of and A{E,,^k — Eg^k)>

This property is utilized for a mul-

tiplying circuit in Chap. 19.

A second control grid (Grid No.

3) in a pentagrid converter tube

(6SA7) provides the characteristics

shown in Fig. 3*62. The second

control grid is placed between two
screen grids, and a suppressor

shields the plate from the outer

screen. The cutoff break of the

6SA7 is less sharp than that of the 6AS6, and the tube is also less

suitable as a multiplier. The switching of an amplifier on and off is a

comparatively nonprecise application for which the 6SA7 characteristic is

suitable.

The VR-116 (British pentode) suppressor-cutoff characteristic is

shown in Fig. 3*63. This tube has been much used where two-control

grids are required.

A triode is a three-variable element, but the effect of plate voltage upon
plate current is often an undesired effect. If this relation is used in a
circuit operation, the triode may be considered a two-control electrode
element. The 6K6 triode may pass a plate current proportional to the

Total current through matched
crystal pair in ma

Fig. 3'60.—Two-crystal characteristic.
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Fig. 3-62.—Three-control-grid characteristic of 68A7. The first grid curve is not given.

id) Ea,k characteristic, (b) Screen chlw^iCt^Hstin .
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product of the incremental plate and grid signals in some operating

regions (see Chap. 19).

A pair of triodes may be connected in many different combinations to

give a three-variable relationship. An unusual

example is shown in Fig. 3-64. The approxi-

mately identical response to positive or negative

values of may be desirable in some instances.

If two triodes are connected in parallel with a 1

common plate resistor or in series with one tube

serving as plate resistor for the other, many of
***

the functions of a two-control-grid amplifier can

be performed.

3*25. Curved Characteristics.—This char- ^

acteristic is used for special applications such as

the generation of curved waveforms, the syn-

thesis of curved functions in computers, or

modulation by curvature. The curved characteristics that are at present

available are neither as stable nor as faithful to the desired curve as are

linear elements.

Fia. 3*64.—A multivariable characteristic from a two-triode circuit.

In Sec. 3-14, the curvature of the thermionic-diode characteristic is

described. For high currents, a power law is obeyed; for low currents, an
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exponential. An exponential grid characteristic for a triode is given in

Sec. 3*19. These curvatures find use in some automatic logarithm com-

puters. (The exponential waveform may be simply generated by linear

networks.) Thus, the grid current for a triode is obtained from a photo-

electric cell, in a photographic densitometer, so that the plate current of

the triode is a measure of the logarithm of the illumination of the cell.

The curvature for many elements obeys a square law. Such char-

acteristics are described in detail in Chap. 19. The stability of shape

(fidelity) of a vacuum-tube plate characteristic is better than its stability

of absolute values.

The variable-M pentode has a curved transfer characteristic that is

used for AGC. This characteristic is achieved by varying the spacing

between grid wires, and some variation in the type of curvature is

possible.

3*26. Displacement ERments.—The concept of waveform may be

profitably extended to include nonelectrical physical systems. The
preoccupation of this volume with electrical systems does not exclude

some systems such as meter and cathode-ray-tube indicators. There are

a number of nonlinear characteristics available with such elements.

The use of a mask with a visual presentation of any variable by dis-

placement provides a broken-line characteristic. The connection

between the observer and the data is completely severed for a range of

values of the variable. This may be said to correspond to an ideal diode

characteristic. Nonlinear scales are a flexible and often-used device for

focusing attention upon a particular region of the variable.

The meter is restricted to the presentation of slowly varying quantities.

Special galvanometers may provide fast response, and the cathode-ray

oscilloscope, even faster response; the latter is limited only by transit-

time effects. The oscilloscope is often used for a displacement presenta-

tion, and masking is perfectly possible in this case.

Automatic control of electric circuits by a photocell, perhaps on a

cathode-ray-tube face, or by electrical contacts to which the electron

beam can be switched by deflection, provides a set of valuable nonlinear

relations. The latter device has been developed for a special waveform

—

coding operation.

3*27. More Complete Descriptions of Physical Elements.—The
^‘element” of the preceding sections may be described symbolically by

Fi{Xij X 2 ,
X 3 ,

•
•

•
)
= 0, (8)

where Fi represents a set of graphs, a set of equations, or some tables of

data. The variables A* 1, A 2, Xa, . . . are those inputs and outputs that

are useful to the circuit designer. Among them he may designate inde-
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pendent variables, dependent variables, or parametric variables. These
names are often helpful in analyzing a circuit by physical reasoning.

Reactive Effects .—If inductances or

capacitances are present within the

element, Fi must be equivalent to

equations containing derivatives with

respect to time. Such elements are

said to have reactive characteristics.

In order to simplify the descriptions

of such elements, all distributed react-

ances are lumped and all elements

are broken down into simple elements

until the lumped reactances can be

placed across the external terminals of

the element. ' The element may then

be considered to be resistive, and the

reactive effects are computed by a cir-

cuit analysis. The resistive charac-

teristic must often be represented by
linear segments for such calculations.

This may not lead to excessive errors

if the reactive effects are compara-
tively small. Throughout the re-

mainder of this volume nonlinear

elements are treated in this way.

Nonlinear reactances have only a few
special applications in waveform-
shaping. ^

^ Nonlinear characteristic

will be taken to imply the resistive

component of a nonlinear character-

istic unless “nonlinear reactance” is

specified. Therefore Fi contains no
derivatives with respect to time,^ al-

though other derivatives represented

by the hysteresis characteristics may
be present.

Complete Characteristic Sources of

Error .—The functional relationship

of Fi is incomplete; for a careful cir-

cuit design, the sources of error that

cause deviations from the normal or av<

Flo. 3-66.—Subminiature high-/> triode
(SD-917).

must be known as well. The

^ See M.I.T. E. E. Staff, Electric Circuits, Wiley, New York, 1943, Chap. 1.

* Unless time is a useful variable.
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sources of error cannot be distinguished from the useful variables until a

particular use for the element is prescribed. For elements used in a

familiar way, however, the distinction between useful variables (or, sim-

ply, variables) Xi, X2 ,
Xa, . . . and sources of error a, jS, 7 ,

. . . is

clear. The complete (resistive) characteristic becomes

F2 (Xi, X2 ,
X3 ,

• •
•

;
a, 7,

• •
•

)
= 0. (9)

The sources of error may include temperature, age, usage, incident light,

atmosphere in the tube, the geometry of the electrode structure. Sources

of error in one application may be useful variables in another. The
screen-cathode voltage of a pentode is a familiar example.

The means for representing these undesired effects are graphs, or

data, showing the departure of a characteristic from a standard or average

value for an incremental change in the source of error. The analytical
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equivalent is a knowledge of the partial derivatives or differences of the

useful variables with respect to the sources of error, for some regions of the

ideal characteristic. The relationship F2 is never represented completely.

The data of this chapter consist, in part, of important deviations from

the average characteristics. The manufacturer’s handbook data and the

textbook descriptions of elements seldom include this information, even

though it is required for accurate circuit design. The remaining data

included in this chapter are made up of unfamiliar portions of common
characteristics. In particular, the exact shape of the characteristics

near cutoff of current is of interest. When new applications of elements

are made, or greater predictability

is desired, the designer is usually

forced to take extensive new data.

In order to clarify the relation

of ordinary vacuum-tube charac- «

teristics to a more complete des- s

cription, the high-/x triode is

discussed here. The construction

of such an element is shown in

Fig. 3*65 with the filament wires,

cathode, grid, and plate visible as

concentric structures. The com-
Tj

mon symbols for this element are

shown in Fig. 3-66.

100 200 300 ^ 500
in volts

3. 3-67.—Average plate characteristics for

high-M triode (6SL7). E/f = 6.3 volts.

In the manufacturer’s published tube data, the following information

may be found:

1. Rated heater voltage and current.

2. Interelectrode capacitance values.

3. Maximum average tube dimensions, base type, and base connec-
tions.

4.

A set of Epkj Egkf maximum plate-power dissipation, amplification

factor, transconductance, plate current, and plate resist-
OCgk OCgk

dc
ance, recommended for Class A-1 a-c amplifier usage with an

otp

average tube.

6. A plate characteristic such as is shown in Fig. 3*67.

This information is sometimes all that is necessary to design an ampli-

fier for which extreme economy, linearity, and stability are not important.

The manufacturers may supply, in addition, curves of transconductance

or plate resistance vs plate current for several values of plate voltage,

or plate current vs. grid voltage for several values of plate voltage (a
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transfer characteristic). A third representation of this three-variable

characteristic would designate plate current as a parameter. ^

For amplifier operation with all signals sufficiently small so that the

element may be considered linear, the triode may be represented by an

equivalent generator and resistance. The constant-voltage and constant-

current generator circuits of Fig. 3*66 are used when the load resistance

is high or low respectively compared with the plate resistance of the tube.

The two simple familiar analytical expressions corresponding to these

circuits are derived from the equations

^ipk
Tp

(]0)

and M

^e„k = —RiAtpk. (H)

These expressions are -

_ A..
/ 1

*
1 (/A;

Rl + Tp
Aepu (12)

^ -pAeyk if/^A»rp
and

A R iXp
— OmAe^k f>

1

ilL "T ^p
Acj-i,

'

(13)

^ —gm^egkRh ii Rl <^rp.

This analytical approximation is widely used despite the fact that

Omf Tp, and, to a lesser extent, /z are not constant throughout the triode

characteristic. For larger signals in high plate-current regions, a three-

halves-power law approximates a plate curve at constant grid voltage.

An exponential law is suitable for expressing the low-current control by
grid voltage. These more exact expressions may be necessary for some
applications of the tube. The variation in tube characteristics from

various sources of error is so large that the exact analysis is usually not

profitable. 2

The two less familiar representations are shown in Figs. 3*68a and
3*686. The complete three-variable characteristic could be represented

by a three-dimensional model as in Fig. 3*68c. The two-dimensional

graphs are projections onto coordinate planes of sections of the character-

istic surface. All of these provide the same information, the character-

istic of an average tube at 6.3 filament volts. They all assume that there

are only three useful variables for this high-/x triode—plate current, grid

voltage, and plate voltage. For some tubes the plate characteristic and

^ See E. L. Chaffee, Theory of Thermionic Vacuum TubeSj McGraw-Hill, New York,
1933.

* An exception is nonlinear modulators. See M.I.T. E. E. Staff, Applied Elee^

ironies, Wiley, New York, 1943, Chap. 12.
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grid current are given for the positive grid region in addition to the above

data.

For a particular high-pi triode unit in operation, the characteristic may
vary widely from the average because of sources of error. The size of

(c)

Fig. 3-68.—Other average characteristics (J5// = 6.3). (a) Transfer characteristic,

voltage to current (6SL7). (6) Transfer characteristic, voltage to voltage (6SL7). {c)

Three-dimensional 6SL7 characteristic.

such effects as these is not often specified. For precision equipment the

size of these effects was excessive, and selection of the tubes near the

average has been practiced during the war. This process has been

standardized in the Joint-Army-Navy Specification for Radio Electron
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Tubes, Some excerpts from the specification for a high-/x triode, the

6SL7 (one section), follows in order to illustrate the important sources of

error.

Excerpts from the JAN specification for a hi-p triode (65L7).

Ratings (as in manufacturers^ data).

Ef = 6.3 + 10% volts absolute maximum
Epk = +275 volts absolute maximum
Pp = 1.1 watts absolute maximum
Ehk = 100 volts absolute maximum

Test Conditions,

Ef = 6.3 volts

Epk = +250 volts

Egk = —2 volts

Vibration Test. The tube is connected under the test conditions

(4000-ohm load resistor) and vibrated with a simple harmonic

motion of 0.0+in. amplitude at frequencies from 12 to 25 cps. The
resultant alternating current appearing across the load resistor must

not exceed 400 mv rms.

Heater Current. With E/ = S volts, the heater current may vary

from 275 to 325 ma.

Healer Insulation. With the heater voltage applied, 100 volts is

applied between the heater and the cathode. The current flow

between the two elements must not exceed 20 pSL for either polarity

of applied voltage.

Grid Current. Under test conditions the current flowing to the grid

(positive ion and secondary emission current) shall not exceed 1 pa.

Plate Current. Under test conditions the plate current shall be

within the range of 1.4 to 3.2 ma. With Egk reduced to —5.5 volts,

the plate current must not exceed 25 pa.

Transconductance. Under test conditions, the transconductance shall

be within the range of 1200 to 2000 ^nihos.

Amplification Factor. Under test conditions the amplification factor

shall be within the range of 55 to 85.

Other tests are specified for a-c amplification, life test (500 hr before

transconductance falls below its limit), noise, emission, the physical

dimensions of the tube.

From the tolerance of the specification, the large variations that are

common in unselected tubes may be inferred. The plate characteristic

for Egk = —2, even of a selected tube at 6.3 filament volts, can only be
predicted to lie within a region such as that shown as a shaded area in
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Fig. 3-69. The actual characteristic for a given unit is usually, but not
always, parallel to the average characteristic. The effect of varying
the filament voltage for an average tube is shown for one grid bias,

== ~4 on the same graph. These effects are additive and are smaller
than would be observed on unselected tubes. (These sources of error

affect all constant-grid-voltage curves similarly.) A tube life of 500 hr
means that the characteristic drifts out of the specified region in 500 hr.

The JAN specification represents an enormous improvement in the
predictability of vacuum-tube characteristics. This standardization is

essential for accurate circuits and
for maximum reliability. The
development of tubes that will

satisfy more stringent stability

requirements seems desirable in

view of applications in computers

and laboratory instruments.
However, it is not expected that

it will be economically feasible to

select all commercial vacuum tubes

even to the JAN specification.

Even the JAN specification is

aimed at only a few of the pos-

sible applications of the high-M

triode. For some purposes a

knowledge of the average grid-

current characteristic (see Fig.

3-70) is desirable. Another use

of the circuit may require a more exact knowledge of the transfer

characteristic near cutoff. Such a curve is shown in Fig. 3*71. The
effect of various sources of error on these curves is not shown, although
it is often of interest.

An illustration of the inherent similarity of all the variables—useful,

parametric, or sources of error—may be noticed in the triode. Grid
current is a source of error in an amplifier that is ideally linear. It is a
useful variable if a resistance is placed in series with the grid signal, for a
useful nonlinear characteristic is provided. The plate-voltage vs. plate-

current curve for a fixed value of grid current is shown in Fig. 3*69. The
grid current is shown as a parametric variable in the double-triode circuit

of Fig. 3-64.

For linear amplifier service the Egk voltage is an independent variable;

it changes continuously. If the plate and cathode terminals of the tube

are to provide a resistance, variable in steps, the Egk voltage is a con-

trolling parametric variable. Similarly, if the plate-cathode impedance

Fig. 3-69.—Deviations from average plate
characteristics. The effects of JAN pre-
scribed unit-to-unit variation and of a ±10
per cent variation in E/f are shown. The
plate current and plate voltage for which 1

/Lia of Gi current flows is shown (dashed) to be
parallel to a constant grid-bias curve. All
curves are affected similarly to those shown
with tube and E// variations.
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eg- volts

Fig. 3-70.—Negative and positive grid current in a triode operated with constant plate

current (6SL7), ip =0.1 ma.

is to be low or infinite (a switch), the Egk must assume two distinct and

fixed values.

There is a useful distinction

between mutual and direct elec-

trical characteristics. A direct

characteristic relates current and

voltage at a single pair of termi-

nals. A mutual characteristic re-

lates variables at two different

pairs of terminals, which may
share a terminal. The mutual

characteristic often provides isola-

Fio. 3'71.—Expanded cutoff characteristic

(6SL7 triode).
tion between one variable and

another or, in other words, be-

tween the waveform generator and a circuit operating on the waveform.

Thus, an ^‘electron-coupled” device is described by a mutual character-

istic. In such circuits, the choice of independent variable and dependent

variable is prescribed by the unidirectional isolation.



CHAPTER 4

SINUSOIDAL WAVEFORM GENERATORS

By G. R. Gamertsfelder and J. V. Holdam

CONTINUOUS WAVES

Classical electrical circuit theory has been concerned largely with

circuits in which the variations of current, voltage, and charge are

sinusoidal functions of time. The emphasis is entirely understandable

since sinusoidal variations occur so frequently in the solution to network

problems. Indeed the sine function, along with the exponential function,

may be considered one of the ^^naturaT^ modes of an electrical circuit.

In the introduction to this volume it has been emphasized that the point

of view would be essentially different from the classical, and that atten-

tion would be focused on methods of generating nonsinusoidal waveforms

for particular applications. On this basis, it might seem that a chapter

on the sinusoidal waveform is out of place. However, in the development

of the art, new uses have been found for the sinusoidal waveform, often

in conjunction with other less standard waveforms, and for this reason

the present chapter is included. Emphasis will be placed on the genera-

tion of sinusoidal waveforms having frequency stability, amplitude stabil-

ity, and freedom from harmonics.

4*1. General Properties.—The sinusoid is unique among waveforms

in that its shape is unaffected by any linear network. Because of this

property it is, in principle, one of the easiest of waveforms to generate.

Suppose that a sinusoidal voltage is applied to a linear amplifier. The
output of the amplifier will have the same shape as the input and will

differ from it only in amplitude and phase. If the output is passed

through a suitable linear network, the amplitude and phase can be so

altered that the voltage is an exact replica of the input voltage. If the

original voltage source is removed and the output of the linear network

is connected to the amplifier input, the circuit continues to operate in

exactly the same manner, and the result is a sinusoidal oscillator. Ordi-

narily the characteristics of the amplifier and feedback network are such

that the output and input are in phase at only one frequency, and thus the

frequency of oscillation is determined by the phase-shift properties of

the amplifier and feedback network. Such a generalized feedback oscil-

lator is illustrated in Fig. 4-1. If the gain of the amplifier is A and the
101
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transfer function of the feedback network is /S, both being complex

numbers and functions of frequency, the required condition for sustained

oscillations may be written

Afi = 1 (1)

Since both A and are complex quantities their product is also a com-

plex quantity. Both A and are functions of frequency and, in any

practical system, functions of amplitude. In any system that can sustain

continuous oscillation, the frequency and the amplitude adjust themselves

so that Eq. (1) is fulfilled. The

problem of design is to make A and

the proper functions of frequency

and amplitude so that the desired

frequency is generated and the de-

sired amplitude is obtained.

The production of continuous

oscillations can be looked upon

from another standpoint—that of negative resistance. Consider, for

example, a simple resonant circuit composed of an inductance L and

capacitance C in series as shown in Fig. 4-2. The a-c resistance of the

circuit, which can never be completely eliminated, is represented by R.

A solution of the differential equation for the circuit indicates that, if by

some means a current is started, the natural behavior of the circuit is

oscillatory, the amplitude of the oscillations decreasing exponentially with

time. The oscillations are associated with the interchange of energy

between the inductance and capacitance. However, the resistance R is

constantly dissipating energy, and

therefore the amplitude must con-

tinually decrease. If energy is

supplied to the circuit at the same

rate as that at which the resist-

ance R dissipates it, there is no

decrease of amplitude. From the Fig. 4-2.—Generalized negative-resistance

circuit standpoint a negative re-
oscillator,

sistance equal in magnitude to R and connected in parallel with R makes

the effective resistance infinite, preventing any net flow of current in this

branch and hence preventing the dissipation of energy. Such a negative

resistance is equivalent to a source of energy. The production of negative

resistances will be discussed later; for the present it is intended only to

point out that such a device is capable of maintaining the natural

oscillations of a resonant circuit at constant amplitude.

In any practical circuit the amount of negative resistance depends

upon the amplitude of oscillation and balances the dissipation for one
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amplitude only. Also, circuits that can be used as negative-resistance

elements usually contain reactive components that influence the resonant

frequency. Just as in the case of feedback amplifiers, the frequency and
amplitude establish themselves at levels where the negative resistance

exactly cancels the dissipative resistance in the circuit.

These two ways of looking at an oscillating circuit are not meant to

imply a rigid classification of oscillator types. Frequently a given

oscillator circuit can be analyzed equally well from either point of view.

Usually, however, the circuit configuration makes one or the other of the

two viewpoints more natural, and hence the oscillator circuits discussed

in this chapter are divided according to this rather arbitrary criterion.

Amplitude Stability and Wave Shape .—It has been pointed out that

both A and jS are functions of the amplitude of oscillation, and that as a

result the amplitude adjusts itself so that Eq. (1) holds true. For the

amplitude of oscillation to be held constant, either A and must be held

constant, or their variations with variable external conditions must have

compensating amplitude characteristics.

In general, both A and depend on time (age), temperature, and
supply voltage. Consequently, it is generally necessary to use regulated

voltage supplies and components with low temperature coefficients.

Furthermore, it is generally necessary to include in elements that

compensate for the change in A with time and temperature.

Automatic-gain-control circuits, composed of active elements, can be

designed to stabilize the amplitude to about 0.1 per cent. Passive

nonlinear elements, that is, thermistors, etc., in either the positive- or

negative-feedback loops are more efficient than AGC circuits, but are

not as effective for stabilization. Stabilization employing these methods

is discussed more fully in Sec. 4 9.

In order to preserve good wave shape it is necessary that the non-

linear elements employed in the stabilization circuit have time responses

that are long compared with the period of the oscillation. This assures

that the stabilizing element is linear for the oscillatory AC, a necessary

condition for a sinusoidal waveform to be unaffected by the element.

Frequency Stability .—The frequency dependence of A and p is usually

determined by a circuit having a transfer function in which the phase

angle changes rapidly with frequency near the oscillation frequency.

Consequently, the frequency stability can usually be tied down to a few

components in the circuit. In most circuits the frequency is also some-

what dependent on the characteristic of the active element in the circuit,

particularly on the plate resistance of the oscillator tube.

In Sec. 4T0, the most common methods of making the frequency

independent of temperature and aging are discussed. The principal

methods employed are plate loading of the oscillator tube so that changes
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in the plate resistance are negligible compared to the total resistance, and

temperature compensation of the resonant element, particularly the

condensers. Circuits that employ crystals for the frequency-determining

element are made stable in frequency by thermostatically controlling the

crystal temperature or by employing a crystal cut that has a low tem-

perature coefficient. In practical circuits, crystal oscillators can be made

to be stable within a few tenths of a part per million per degree centigrade,

whereas LC-oscillators can be made stable to a few parts per million per

degree centigrade.

4*2. Resonant-circuit Oscillators.—Oscillators in which one or more

resonant circuits swic used to determine the frequency of oscillation are

probably more widely used than any other type—particularly for radio

frequencies. Crystal oscillators are included in this category because a

crystal is equivalent to a resonant circuit; but since their properties are

somewhat different they are considered in a separate section. The

principal advantages of this type of circuit are simplicity, high efficiency,

and the fact that the resonant circuit discriminates strongly against

harmonics of the oscillation frequency. The use of oscillators for deliver-

ing large amounts of a-c power is not treated here; frecpiency stability,

amplitude stability, and good waveform are the matters of primary

concern.

The LC-oscillator circuits most commonly used are the Hartley,

Colpitts, tuned-plate, tuned-grid, and tuned-plate tuned-grid. These

circuits are discussed in all standard references such as Terman,^ and

satisfactory operating conditions have been established for each circuit.

The theoretical treatment of these circuits is also complete. Williams

derives the conditions for oscillation by negative resistance methods, and

Reich and Chaffee establish these conditions by feedback methods. ^

It is generally necessar}^ to verify experimentally the operating condi-

tions and stability of any LC-oscillator circuit. The theoretical treat-

ment of such circuits generally assumes that /x and Rp are constant—that

is, the tube characteristics can be properly represented by equally spaced

straight lines. These assumptions are justified only for Class A operation

and when negligible grid current is allowed to flow. For Class C opera-

tion there may be considerable error.

It is also generally assumed that the losses in the inductance can be

represented by a series resistance. This assumption is not justified if

detailed performance characteristics are desired from the theoretical

^ F. E. Terman, Radio Engineers^ Handbook^ McGraw-Hill, New York, 1943,

Sec. 6.

* N. H. Williams, Electron Tubes, Edwards Brothers, Ann Arbor, 1937; H. J.

Reich, Theory and Application of Electron Tubes, McGraw-Hill, New York, 1939,

Chap. 10; Chaffee, Theory of Thermionic Vacuum Tubes, McGraw-Hill, New York,
1933, Chap. 13.
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treatment. For example, an isolated inductor—one that is not mag-

netically coupled to another circuit—may be represented either as a

series or parallel combination of inductance and resistance for any single

frequency. Because the inductor is completely characterized at a given

frequency by a single quantity, namely its impedance, the impedance

can be synthesized in any way whatsoever as long as it has the correct

magnitude and angle. The theoretical conditions for oscillation and

frequency of oscillation depend upon the model chosen to represent the

inductor. For example, in the case of a tuned-plate oscillator, where

the inductor is characterized by a series inductance and resistance, the

conditions for oscillation are

and

j^^CrR^L
(2)

(3)

The frequency-determining elements are L and C; r is the series resistance;

Rp is the plate resistance of the oscillator tube; m is the amplification

factor of the oscillator tube, and M is the mutual inductance between

the resonant circuit and the secondary winding of the inductor.

If the inductor is synthesized as a parallel combination of inductance

and resistance, the conditions for oscillation are

and

(4)

(5)

where R is the resistance in parallel with L. The correct representation

is even more complicated than a combination of series and parallel

resistance, since it is also necessary to take into account the distributed

capacity of the inductor winding. As a result, it is rarely worth while

to make an elaborate theoretical examination, taking into account all

of the possible variables; the direct approach of laboratory experimenta-

tion generally yields satisfactory results more quickly.

Figure 4*3 shows a modified Hartley oscillator designed to operate on

approximately 20 kc/sec. The amplitude and frequency stability of

this circuit are discussed in Secs. 4-9 and 4TO.

When an output of large amplitude is desired and extremely good wave
shape, frequency stability, and amplitude stability are not required,

oscillators are usually operated Class C. The grid bias is so adjusted

that the tube conducts for only a fraction of a cycle, with the result that
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the plate current is distinctly nonsinusoidal. However, the impedance

in the plate circuit is high for the fundamental frequency, and relatively

low for the harmonic frequencies, and consequently, the voltage output

is very nearly sinusoidal. The amount of distortion depends largely

+300

on the Q of the resonant circuit and may usually be kept as low as 1 per

cent.^

If much less harmonic distortion is essential, it is preferable to operate

Class A, and keep the amplitude of oscillation very small. Bias may be

obtained as illustrated in Fig. 4*3 from a self-bias resistor in series with

the cathode, bypassed so that the impedance at the

oscillation frequency is very small. When the ampli-

tude is small, the curvature of the characteristics is so

slight that satisfactory amplitude stability cannot be

obtained unless a small amount of grid current is

allowed to flow at the peaks of the grid voltage wave-

form. At the point where grid current starts to flow

there is an abrupt increase in the circuit losses, which

prevents the amplitude from increasing further. If the

circuit is barely oscillating, the amount of grid current

is small and there is very little distortion of the

waveform.

4*3. Crystal Oscillators.—A quartz-crystal plate clamped between

two electrodes is electrically equivalent to the circuit of Fig. 4*4. The
capacitance of the electrode with the crystal as a dielectric is C'. The
inductance L and the capacitance C correspond respectively to the mass

1 Harmonic rejection as applied to frequency multiplier circuits is discussed in

Chap. 16. The same considerations hold true for Class C oscillators.

Fig. 4-4 .
—

Equivalent cir-

cuit of crystal.
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and spring factors which determine the mechanical resonance of the

crystal, and r corresponds to the frictional damping of the mechanical

oscillations. Ordinarily the damping is very small and as a result the Q
of the circuit is very high and may range from 2000 to 500,000, depending

upon the manner in which the plate is cut and the method of mounting.

The capacitance C' is usually much larger than C. At frequencies

such that the reactances of L and C are nearly equal, the impedance of the

LrC branch is so small that the effect of C' can be neglected, and the

crystal behaves as a series-resonant circuit. At some slightly higher

frequency the impedance of the LrC branch is principal^ an inductive

reactance equal to the reactance of C'. In this region the crystal behaves

as a parallel-resonant circuit. The difference between the series-resonant

and parallel-resonant frequencies depends upon the ratio of C' to (7. If

w, is the series-resonant frequency, Wp is the

parallel-resonant frequency, and k is the ratio

of C' to C

At frequencies remote from either cop or o), the

crystal appears simply as a capacitance C'.

Since a crystal has the properties of a resonant circuit, it can be used

in a feedback oscillator to determine the frequency of oscillation. Crys-

tals are very stable and are affected to only a slight degree by temperature

and hence are ideally suited to this application.^

Figure 4-5 shows an example of a crystal oscillator using the parallel

resonance of the crystal as the frequency-determining characteristic.

The plate circuit is tuned to a frequency somewhat higher than the

parallel-resonant frequency of the crystal so that at the oscillation

frequency the plate circuit has an inductive component of impedance.

The coupling to the grid circuit is through the grid-plate capacitance of

the tube.

In the Pierce oscillator. Fig. 4-6, the crystal is connected directly

between plate and grid. Since the crystal has a low impedance near its

series-resonant frequency, there is sufficient feedback at this frequency

to maintain oscillation. The capacitance from grid to ground is used to

control the grid excitation. Since the grid circuit is capacitive, the

crystal must appear inductive to give the proper phase shift between

plate and grid. At most, this phase shift is less than 180®, -and for that

reason the additional phase shift must be achieved by loading the plate

circuit of the tube capacitively—^by use of a detuned resonant circuit

1 Vol. 17 gives the physical characteristics of the principal types of crystals used in

radar timing systems.

Fio. 4-5.—Crystal oscil-

lator equivalent to the tuned-
plate tuned-grid circuit.
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whose resonant frequency is less than the crystal frequency. In some

cases a resistor or an untuned choke can be used for the plate load if

there is sufficient stray capacitance from plate to ground.

A widely used variation of the tuned-plate tuned-grid crystal oscil-

lator is the Tritet shown in Fig. 4-7. A tetrode

or pentode is used and the screen grid is

connected as an anode for a series-fed tuned-

plate tuned-grid oscillator. The parallel-

Fui. 4*6.—Pierce crystal oscillator. Fio. 4-7.—Tritet oscillator.

resonant plate circuit may be tuned to the crystal frequency or it may
be tuned to a harmonic of the crystal frequency. Electron coupling

reduces the usual reaction of the load on the oscillator and hence increases

the frequency stability.

The circuit shown in Fig. 4-8 is

often used as a frequency standard

at about 100 kc/sec. Here the

crystal acts as a filter in series with

the inductance of an electron-

^ coupled Colpitts oscillator. When
the circuit is tuned approximately

to the crystal frequency, it oscil-

lates at the frequency for which the

crystal has it lowest impedance,

that is, its series-resonant fre-

quency. The frequency can be
varied over a range of about 0.01

Fig. 4.8.-Staiidard frequency oscillator.
p^j. ^ent by the tuning COndensers.

The circuit shown in Fig. 4*9 is used in the CPN-11 and CPN-12 to

control accurately the recurrence frequency in the AT Loran equipment.
For master-station operation the resistor Ri in series with the crystal is

bypassed by a small condenser and no correction voltage is applied to /2i.
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The circuit is equivalent to a tuned plate-tuned-grid oscillator, and the

proper feedback phase is realized when the plate circuit has a natural

resonance at 115 kc/sec. Since the oscillator is a pentode, it is necessary

to use an external capacitance between the plate and grid circuit (C 2 in

the figure) to supply regeneration. The crystal has a low temperature

coefficient, and the stability is further improved by thermostatically

controlling the temperature of the crystal mount. Capacitances C 1 and

C 2 are selected with the proper temperature coefficient to improve the

stability even further. The short-time stability of this circuit is at least

as good as 2 parts per miliion per hour; the long-time stability is much
better.

For slave-station operation R\ is the cathode load of a cathode follower

whose grid input is the fundamental frequency. The phase and ampli-

tude of the grid input to the cathode follower are automatically controlled

so that the slave station's oscillator maintains exact synchronization

with the master station.

Oscillators employing low-frequency crystals as the frequency-

determining element have a somewhat different design than the crystal

oscillators discussed in the preceding paragraphs. Figure 4*10 shows the

construction of a low-frequency crystal and Fig. 4T1 shows a circuit

employing such a unit. The crystal is wire-supported and vibrates in

either a longitudinal or a face flecture mode, depending on the cut. The
division of the electrode surfaces makes the unit a four-terminal network.

The two pairs of electrodes are coupled primarily by the mechanical

vibration of the crystal; hence, in an oscillator, direct feedback through

the shunt capacity is avoided.

In Fig. 4* 11 the crystal is shown with four electrodes, two of which

are connected to ground. Resistors Ri and R 2 may be made adjustable

in order to control the amplitude of AC on the plate of V 1 and the ampli-
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tude of the crystal excitation. With the exception of the crystal con-

nections, the circuit is standard. Tube y2 is an amplitude-limiting diode

for the purpose of delayed AGC (see Sec. 4*9). The plate load is not

tuned because, for the use to which

Fiq. 4*10.—Low-frequency crystal.

(Beff Telephone Labe.)

this circuit was put, a sinusoidal wave-

form was not essential. In this circuit

the purest sinusoidal waveform is found

at the grid of Fi.

4*4. Phase-shift Oscillators.—

A

phase-shift oscillator consists of a simple

amplifier, usually a single tube, whose

output is fed back to the input through

a phase-shifting network composed of

reactive and resistive elements. In a

sense, the classification is artificial since

the above description applies to any of

the feedback oscillators discussed in

this chapter. The circuits to be con-

sidered here differ in that the amplitude

of the fedback voltage does not have
a maximum at the oscillation frequency.

A typical phase-shift oscillator,

shown in Fig. 4* 12, consists of a triode

amplifier that drives a phase-shifting

network composed of three resistance-

capacitance sections, the output of

which is fed back to the grid. The
plate load of the amplifier is a resistance

that is low compared with the imped-

ance of the phase-shifting network at

the frequency of oscillation, with the

result that the voltage at the plate is

roughly 180° out of phase with the grid

voltage. At the frequency of oscilla-

tion the phase-shifting network pro-

duces an additional 180° phase shift.

If the attenuation in the phase-shifting

network (1//8) at this frequency is equal

to the gain of the amplifier, the condi-

tion AjS = 1 is satisfied.

There are four kinds of phase-shifting networks, illustrated in Fig.

4*13, that can be used in this type of oscillator, some of them having
advantages over the others for particular applications. For analysis, it
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is advantageous to generalize the impedance elements as illustrated in

Fig. 4- 14. One of the elements Zi and Z2 must be reactive and the other

resistive.

By straightforward circuit analysis, the transfer function T of the

network can be shown to be

^ Zl + 6ZiZi + bZiZl + z\’

which can be written

rp 1

1 + 6fc + + fc*

where

(7)

(8)

(9)

The ratio k is always imaginary since the impedances Zi and Z2 have

Fig. 4*11.—Low-frequency crystal oscillator. Fig. 4'12.—Typical circuit of a phase-shift

oscillator.

have a phase angle of 180°, the sum of the imaginary terms in the

denominator must vanish, giving as one of the conditions for oscillation

6fci + kl = 0

or

ki = ±j \/6, (10)

where ki is the value of k at the oscillation frequency. The positive sign

is used for networks B and C and the negative sign for networks A and D
(since resistance, inductance, and capacitance are positive real quanti-

ties). Equation (10) determines the frequency of oscillation wi, since

one of the impedances Zi and Z2 is a function of frequency. The value
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of for the four networks is given in Table 4T. If Ti is the value of J

at the frequency of oscillation, Eq. (8) becomes

Substituting the value of ki from Kq. (10) gives

(12)

In the simple one-tube phase-shift oscillator considered here, the trans-

fer function is identically /3 and the gain of the amplifier stage is identically

A. Hence /3i = 7’i = — ifV and
c c c L L L

in order to satisfy the requirement

^ = 1 ,
the gain 0 of the amplifier

must be —29. Since the gain is a

function of the signal amplitiule,

the amplitude of oscillations will be

A B
Zi Zi Zi

Fig, 413.—Phase-shifting networks suitable Fio. 4- 14.—Generalized phase-shifting

for phase-shift oscillators. network for phase-shift oscillators.

stabilized at that value which makes the gain — 29. The negative signs

for A and /3 denote a 180° phase shift in both the amplifier and the filter.
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The curvature of the amplifier characteristics which gives rise to this

amplitude stability also introduces harmonics into the output. How-
ever, harmonic distortion so introduced is multiplied by a factor H where

H 1

1 - (13)

because these distortion voltages are also fed back to the amplifier input.

Let Hny kn, and /3n respectively be the value of fc, and for the nth

harmonic of the oscillation frequency. For oscillators employing net-

works A or D of Fig. 4- 13, the value of kn is equal to fci/n; whereas for

oscillators employing networks B or C in Fig. 4- 13, kn is equal to nki.

For A and D,

/3n =

71 71
^ 71^

or

hence,

or

Pn =
1

,
.G\/6 30

,
.6 Vo’

1 - 3 —
2 + Jn

1 - = 1 +
29

- 30 . 6 a/O

//„ =
71^—1

- J

30

(14)

For .8 and C it is only necessary to replace n by 1/n and j by —j, giving

H

1 -- 3Qn^

1 — + jT) Vfi n

30 + jG \/0 n
(15)

The absolute value of Hn is of principal interest and the value of \H2 \y

that is, the reduction in second harmonic, is included in Table 4-1.

Note that for B and C this quantity is greater than 1, indicating that the

distortion is enhanced rather than reduced by the feedback. For net-

works B and C, the limiting value of \Hn\y as the order of the harmonic

n approaches infinity, is 1. For A and D, however, the factor \Hn\

decreases with increasing n, having as a limiting value.

The above remarks apply if the output is taken from the plate. If

the output is taken from the grid, harmonic distortion introduced
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by the tube is multiplied by a factor jFC„, where

For A and D

and for B and C

K,. =
Pi

i3,(l - ^(8n)

I

/3n

=

/3„

iifn =

k:, =

-29

('-i=)(—¥)
-29

(1 - n2)(30 - in6 Ve)

Values of |K' 2 |
are also given in Table 4T. It is apparent that for A and

D the purest waveform is obtained at the plate, for ^ and C at the grid.

Phase-shift oscillators are particularly adapted for fixed audio
frequencies. Variable-frequency operation is possible but is not as

easily achieved as in some other types. It is necessary to vary three

elements simultaneously in order to keep the value of p at the oscillation

frequency equal to —
The input impedance Zi of the phase-shifting network is

I +Qk + + k^\

3 + ^k + k^ )

At the frequency of oscillation E<p (16) becomes

(16)

7 ___
-29Z2

-3 +

If variable-frequency operation of the oscillator is desired, it is

important that the impedance presented to the plate circuit of the ampli-
fier be constant to prevent change of amplitude with frequency. Equa-
tion (17) shows that the impedance of the network at the oscillation
frequency is proportional to Zj, and since at this frequency Zi = kZt
and one of these elements is a resistance, the impedance is in every case
proportional to R. Hence, tuning should be done by a simultaneous
variation of the three reactive elements. Because variable inductances
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are inconvenient, networks A and C are more easily adapted to variable-

frequency than networks B and D, Network C has an advantage in

that the three capacitances have a common terminal that is at ground

potential, making it possible to use an ordinary 3-gang variable condenser.

However, the waveform produced is not as pure as that given by A, in

which the capacitances do not have a common terminal. It is possible

to vary the frequency by tuning only one of the reactance elements, but

the frequency range is limited and an automatic gain control is necessary

to keep the amplitude constant.

A phase-shifting network having much less attenuation than those

illustrated in Fig. 4*13 can be built by making the impedance of the

second section high compared with the first, and the third high compared

with the second.^ In the limiting

design of such a network, the phase

shift per section is exactly 60° and

the attenuation per section i, giving

a total attenuation of i, and hence

requiring an amplifier with a gain

of 8. The reduction in harmonic

distortion is also slightly greater

than given in Table 4T. The net-

work is not, however, suited tc

variable-frequency operation be-

cause of the difficulty of varying 20OO

three unequal elements and keep-

ing their ratios constant. Figure

4*15 shows a network that resem- -

bles this type, designed for fixed-

frequency operation. This circuit

employs a network of type A and hence has a good output waveform.

Bias is obtained from the cathode resistor, which is bypassed with a large

condenser to prevent a-c degeneration.

It is also possible to reduce the attenuation by using four sections in

the phase-shifting network instead of three; however, this method also

complicates the problem of achieving variable-frequency operation.

4*6. Bridge Oscillators.— high degree of frequency stability and
excellent waveform can be achieved in an oscillator combining positive

and negative feedback. The two feedback paths can conveniently be

realized by the use of a bridge circuit as shown in the generalized bridge

oscillator in Fig. 4* 16. A bridge oscillator is an amplifier having a

differential input with the output fed back to the input through a bridge

circuit or equivalent. The function of the bridge circuit is to allow

^ R. W. Johnson, P^oc. I.R.E.j 33, 697 (September 1045h

Fia. 415.- -5090-cvcle phase-shift oscillat*^r

(.\N/ART-18).
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regeneration at only one frequency, all other frequencies being

degenerated. The so-called null networks have amplitude and phase

responses which make them ideally

suited to application in the bridge

circuit of oscillators of this

type.

The most common null net-

works^ are the twin-T, the

bridged-T, and the Wien bridge

illustrated in Fig. 4*17. By proper
Fig. 416.—Generalized bridge oscillator.

, . ^ 7 j i

choice of the parameters k and 0
,

the transfer function T for these null networks can be represented by

Fio. 4*17.—Characteristics of null networks.

^ The transfer functions for various null networks are derived in Vol. 18, Chap. 10.
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T = — —Eo

% (18)

/ CO ^ C0o\

\COo CO /

where co is the angular frequency and coo is the null angular frequency,

and the values for k and b are given in Fig. 4* 17. Figure 4- 18 shows how
the phase and amplitude of the transfer function vary with frequency.

The amplitude and phase angle

of the transfer functions for the

twin-T and Wien bridge and for

a bridged-T in which the induct-

ance has a Q of 10 are plotted on

a logarithmic frequency scale in

Fig. 419.

Since the twin-T and the

bridged-T are three-terminal net-

works, they can be used in the

same way to form a bridge os-

cillator. The remainder of the

bridge consists of a resistance

voltage divider as shown in Fig.

4*20. The output Eo is A times

the difference between the input

voltages, El — E 2 ,
and is assumed

to be real. If the resistance volt-

age divider RiRo is so arranged

that El = Eq/Aj then for the null

frequency of the bridged-T net-

work E 2 is zero, the feedback

factor 13 is just 1/^4, and the con-

dition Ap = 1 is satisfied, and

oscillations can occur. At all

other frequencies, the voltage E2

is not zero and the feedback fac-

tor jS is 1/A — T,

The amplifier output Eq is A times the difference between the input

voltages and is assumed to be real and not a function of frequency. If

R 2 1

*0

~10

Fig. 418.-

+10

Wf) Q}

-Geneializ.-(i transfer function for

null networks.

Ri -f" R2

the feedback factor /3 is given by

(19 )

1

Degrees

phase

shift
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and at the null frequency T is zero and the condition for oscillation is

satisfied. Regeneration occurs at all frequencies through the resistors

ill

Fio. 4-19.—Transfer functions for null networks.

R\R 2 but it is counteracted by the null network at all frequencies except
the null frequency.

Because the Wien bridge is a four-terminal network, it cannot be

Fig. 4-20.—Bridged-T oscillator.

used in the same fashion as the

tmn-T and bridged-T networks.

However, a feedback factor jS of

the form of Eq. (20) can be ob-

tained in a simple way. Since this

circuit is already a bridge circuit

no additional feedback path is

needed: the amplifier inputs are

connected to points c and d of Fig.

4- 17c. The transfer function of a
balanced Wien bridge can be writ-

ten as

T = - ^ p
R1+R2 ^ ^

3 (21 )

where F is the transfer function of the three-terminal reactive half of the
bridge. The transfer function F is given by
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F =
(22)

which has a maximum amplitude of i at w = coo.

If the bridge is unbalanced by changing Ri and R 2 to R[ and R'^, and

the points c and d are connected to the amplifier input in the proper

phase, the feedback factor can be written

/3 = F - R't

R[ + R'i
(23)

Substituting the value of F from Eq. (21),

R’2

R\ +
- T.

If R[ and R'^ are made to satisfy the equation

then

K _ 1 1

R[ + R'i 3 A’

(24)

which is identical to Eq. (20).

It should be noted here that for the Wien bridge oscillator positive

feedback is applied through the network containing reactive elements

and negative feedback through pure resistances; whereas with the twin-T

and bridged-T the network containing reactive elements is in the negative

feedback loop and the resistances in the positive feedback loop. The
form of the net feedback is the same, however, for all cases.

Because the net feedback is negative at harmonics of the oscillation,

frequency distortion produced in the amplifier will be reduced. Specifi-

cally, the harmonic distortion is multiplied by a factor

r. _ 1
" "

11 - API
From Eqs. (20) or (24)

jr_ 1" “ A\T\ (25)

High gain is therefore desirable, provided the gain is not accompanied

by excessive distortion. For fixed amplifier gain the best waveform is

obtained when IT] is large at the harmonic frequencies. The rate at

which |!r| increases as the frequency deviates from the null frequency

is determined by the factors b and k in Eq. (18).
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The relative merits of the three oscillators from the standpoint of good

waveform can be seen from Fig. 4*19. The value of \T\ for the Wien

bridge at w = 2wo is about 0.15. For the twin-T, the maximum value

of 6, obtained for n = 1, makes the value of ITI at co = 2a)o about 0.34.

For a bridged-T in which the inductance has a Q of 10, 17'1 is nearly equal

to its maximum value of unity at a> = 2a)o. Therefore the bridgcd-T oscil-

lator is inherently capable of producing the most nearly pure sinewave.

For optimum frequency stability the phase angle of S should change

as rapidly as possible with frequency. The bridged-T is superior in this

respect also and the phase changes most rapidly with frequency when the

Q is high. Howop^^r, it must be remembered that inductors, particularly

at audio frequencies, are less’ stable than resistors or condensers. They
are susceptible to pick-up from power lines or stray fields. These facts

may more than offset the advantage of the steep phase-frecpiency

characteristic.

Of the three oscillators discussed, the Wien bridge oscillator is best

adapted to variable-frequency operation. Simultaneous variation of the

two capacitances C, or the two resistors Ry will provide a convenient

frequency control and does not require any alteration in the values of

R2 and Ri, A 2-gang variable condenser with a ratio of 10 between

maximum and minimum capacitance will produce a 10 to 1 change in

frequency. By combining such a condenser with a switch to change the

values of R in steps, a total range of 10,000 to 1 in frequency has been

achieved in a production instrument.

The twin-T oscillator is not as well suited to variable frequency

operation. An examination of the conditions for a null in Fig. 4-17

shows the nature of the difficulty. For the twin-T, the oscillation fre-

quency coo can be changed by a variation in Ry C, or n. If R is varied, a

3-gang variable resistance can be used as a control. If such a resistance

is used, and if n has its optimum value of unity, one of the variable

resistors must be equal to half the value of the other two. If n is made
equal to i, all three resistors will be equal. If n is made equal to 2, the

three capacitances will be equal and a 3-gang variable condenser can be
used as a control. The frequency can be changed by a variation of only

two elements, namely the shunt resistance and shunt capacitance, but
this involves a peculiar relation between the values of the two elements
and the frequency. Moreover the value of n (and b) changes with
frequency and therefore the shape of the transfer function depends on the
oscillation frequency.

Tuning of the bridged-T oscillator requires a simultaneous variation
of at least two elements, one of which is a resistance and the other an
inductance or capacity. Such a variation, maintaining the required
relation between these elements, is very difficult in practice.
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Figures 4-21 and 4*22 show two applications of a twin-T rejection

circuit in an 7?C oscillator. In Fig. 4*21 positive feedback is obtained by

connecting the common terminal of the twin-T to the plate load of V 2 -

This connection is regenerative since the plate voltage at 1^2 is in phase

with the grid voltage of V i. Negative feedback is applied from the

6F5G 6Y6G

Fig. 4*21.—General Radio 608 oscillator.

out-of-phase cathode of F 2 through the twin-T to the grid of V i. Since

the twin-T has zero transfer impedance at coo, there is no negative feed-

back at 0) 0 ,
and the positive feedback permits the circuit to oscillate.

The amount of positive feedback can be varied by moving the tap on Ri]

+300 V

hence the regeneration can be adjusted to allow the circuit barely to

oscillate. This assures good waveform in the output.

The circuit in Fig. 4*22 has separate positive and negative feedback

loops. The out-of-phase cathode voltage of 72 is fed back to the grid of

Vi through the twin-T to form the negative loop. The in-phase plate
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voltage from F4 is fed back to the grid of Fi to form the positive loop.

The amplitude of the oscillation is measured by Fs and controls the gain

of Fi to correct the amount of positive feedback. By thus varying the

amount of positive feedback the amplitude of oscillation is stabilized.

The circuit shown in Fig. 4-23 is designed for variable frequency oper-

ation with stable output. The elements Ri and Ci form the reactive

network in the positive feedback loop and R-i and Ri, being connected

to the cathode of Fi, provide the negative feedback. The thermally

nonlinear resistance Ri operates to maintain constant amplitude inde-

pendent of frequency.

Crystal-bridge Oscillator .—It was pointed out in the discussion of the

bridged-T oscillator that the purity of the output is closely related to

+300 V

the Q of the circuit. If a high-Q crystal is used as the reactive “net-
work,” the stability is very good. With reasonable care the frequency
stability can be held to one part in 10* or 10*, being limited only by the
frequency stability of the crystal. Figure 4-24 shows an oscillator’ that
employs a crystal as the reactive arm of a bridge. The crystal is oper-

ated at its series resonance to minimize the effect of stray shunt capacity
and, together with the fixed resistor Ri, it forms the negative-feedback

arm of the bridge. Resistors Ri and Ki form the positive-feedback arm
of the bridge and R^ is a tungsten-filament lamp, which exhibits thermal
nonlinearity. The bridge is operated slightly unbalanced—otherwise
there would be no signal or the grid of Fi—but the unbalance becomes
very large and degenerative if the feedback frequency is not exactly at
the crystal resonance. Resistor i?i increases in resistance with dissi-

>See L. A. Mecham, “The Bridge-stabilized Oscillator,” Proc. I.R.E., 26, 1278
(October 1938).



Sec. 4*6] NEGA TIVE-RESISTANCE OSCILLATORS 123

pated power and thus operates to maintain a constant output. Over

large ranges of plate and heater voltages, the frequency stability is

limited only by the crystal. If the crystal is operated in a thermo-

statically controlled oven, a stability as good as 1 part in 10® can be

achieved.

Summary .—Of the various bridge-oscillator circuits discussed in this

section, the crystal-bridge oscillator has by far the greatest amplitude

stability and frequency stability. Following the crystal-bridge oscillator

are the bridged-T, the twin-T, and the Wien bridge in that order. Fre-

quency and amplitude stabilization depend on the constancy of the com-

ponents and on the use of a stabilizing nonlinear element. As far as

+200

waveform is concerned, there is little difference between the crystal-

bridge and the bridged-T oscillator with a Q as great as 10. Since the

maximum value of T is 1, maximum harmonic rejection is obtained if the

Q is as large as 10.

4*6. Negative-resistance Oscillators.—In the introduction to this

chapter it was shown that a parallel-resonant circuit shunted by a suit-

able negative resistance is capable of sustained oscillations. Devices

that exhibit negative resistance can be constructed in several ways. One
of the simplest and best known methods makes use of the secondary

emission from the plate of a vacuum tube. An oscillator employing

this type of negative resistance is called a “dynatron oscillator.^^ Most
modern tubes are treated to reduce secondary emission but some older

tubes exhibit this phenomenon very markedly. Since secondary emis-
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sion characteristics change with age and use, the dynatron is unsuited

to use as a precision oscillator.

A more satisfactory method of obtaining a negative resistance is

based upon the fact that in a pentode in which the suppressor grid is at

negative potential, an increase in suppressor voltage causes a decrease in

screen current, even though the screen voltage increases by the same

amount as the suppressor. If the screen is capacitively coupled to the

suppressor, an increase in screen voltage is accompanied by a decrease in

screen current; the tube then has a negative resistance between screen

and cathode. A tuned circuit between screen and cathode may be

capable of sustained oscillations. An oscillator of this type, called a

transitron, is illustrated in Fig. 4-25.

The negative resistance obtained

in this way is much more stable

than the dynatron negative resis-

tance since it does not depend upon

the surface characteristics of the

tube elements.

The transitron oscillator shown
in Fig. 4*25 has component values

for satisfactory oscillation^at about

1 Mc/sec. The exact frequency is

determined by 1j\C\ in the usual

way and the principal component
that has to be changed for different

frequency operation is Ci. The
advantages of the circuit as an
oscillator are that LiCi is a two-
terminal network and the plate

circuit is electron coupled to the os-

cillatory circuit. These advantages
make the circuit very stable—the frequency stability being limited pri-

marily by the temperature coefficients of Li and Ci, and the amplitude
stability being limited by regulation of the supply voltage. The
control grid can be used in an AGC circuit to stabilize the amplitude.

A negative resistance can be obtained by the use of positive feedback
from the output to the input of a noninverting amplifier. Oscillators

using this type of negative resistance, however, are usually treated as

feedback oscillators.

4-7. Beat-frequency Oscillators.—If two sinusoidal currents differing

slightly in frequency are added together and passed through a nonlinear
element, the output will contain not only the original frequencies, but
also frequencies equal to the sum and difference of the original frequencies.
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A low-pass filter can then be used to eliminate all but the difference

frequency. Devices of this sort are called ^^beat-frequency oscillators.^^

Strictly speaking, they are not oscillators but generate the desired

sinusoidal waveform by means of a heterodyne action. They have the

advantage that a small percentage change in the frequency of one

oscillator causes a large percentage change in the difference frequency;

with the result that a large range of output frequencies can be covered

with a single tuning control. This same property may be considered a

disadvantage from the standpoint of frequency stability and can be very

troublesome at low beat frequencies.

Variable oscillator

L 2 Variable oscillator coil 913-340

Fig. 4-26.—Beat-frequency oscillator. {General Radio.)

A diagram of a beat-frequency oscillator is shoAvn in Fig. 4-26. Out-

puts from the two high-frequency oscillators are taken from tertiary

windings on the transformers and are applied to the multigrid-tube

modulator. The filter on the output selects only the beat frequency.

In designing a beat-frequency oscillator the following precautions

should be taken: (1) The two high-frequency oscillators should be made
as nearly alike as possible so that frequency variations due to temperature

or voltage changes will be about the same for both. (2) They should

be well shielded and decoupled from each other to minimize any tendency

to synchronize. (3) In order to have the beat frequency free of har-

monics, the high-frequency oscillators should have no distortion.

4*8. Electromechanical Sine-wave Generators.—Frequently it is

desirable to produce sinusoidal waveforms with frequencies as low as a

fraction of a cycle per second. Such waveforms are useful, for example,
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in the testing of the response of servomechanisms. Ordinary oscillator

circuits can not be used conveniently for frequencies as low as this, and

it is generally necessary to resort to some sort of electromechanical device.

The electromechanical devices that lend themselves to this application

are potentiometers, variable condensers, synchros, and cam-interrupted

light beams. These methods are discussed in Chap. 12, in Yol. 17 and

Vol. 22. Potentiometers, variable condensers, and cam-interrupted light

beams are admirably suited to the generation of waveforms of arbitrary

shape, whereas synchros are carefully designed to make the output-vs.-

shaft rotation a true sinusoid.

Since this chapter deals exclusively with sinusoidal waveforms, only

the synchro is discussed, since synchros are engineered to give exact

sinusoidal output with mechanical rotation.

Carrier

Modulated
carrier

E'=Eq sin cjct sin (at

Fig. 4*27.—Electromechanical oscillator.

Figure 4*27 is a schema of a mechanical assembly using a synchro

to generate a low-frequency sinusoidal waveform. The synchro rotor

is mechanically connected to a constant-speed motor (or a variable-speed

motor if variable frequency is desired) through sufficient gear reducers to

cause the synchro rotor to turn at the same angular rate as the desired

sinusoidal output. Most synchros are designed either for 60-cps or for

400-cps carrier operation. Assuming a 10 to 1 ratio between carrier

and modulation frequencies (for good carrier rejection), the maximum
frequency output is 6 or 40 cps. The principal use of such systems,

however, is the generation of sinusoidal waveforms at lower frequencies.

There is no lower limit since the circuits are carrier operated and give

output for zero mechanical rate.

Stabilization of Oscillators

4*9. Amplitude Stabilization.—^The qualities most often required of an
oscillator are the following: (1) the waveform must be pure, that is, free

of harmonics, (2) the amplitude must be constant, and (3) the frequency
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must be constant. It is the purpose of this section to consider how these

requirements can be met.

In many respects purity of waveform and amplitude stability are

mutually exclusive, at least in a simple circuit. Waveform purity

depends on the linearity of the characteristics of the oscillator tube,

whereas amplitude stability depends on the nonlinearity of character-

istics with signal amplitude to maintain Afi = I during component aging

and supply-voltage variations. Methods of stabilization include grid-

leak biasing, grid limiting, variation of grid bias produced by rectified

output, and control of feedback

factor either by a thermosensitive

element or by a variable-gain feed-

back amplifier controlled by the

rectified output. For applications
that require good amplitude stabi-

lization and purity of waveform,

the latter is by far the best

approach. This principle of am-
plitude stabilization by thermo-

sensitive elements without
waveform distortion is employed
in the bridge oscillators shown in

Figs. 4-22, 4-23, and 4*24. In all

three circuits the amplitude is con-

trolled by automatically varying

the amount of feedback. Wave-
form distortion is kept to a mini-

mum by operating all tubes in

class A and by degenerating har-

monics in the feedback loop. Vol, 21, Sec. 14*5 contains other examples of

stabilized oscillators employing nonlinear resistance elements.

Variable regeneration is not practical for LC-oscillators such as are

discussed in Sec. 4*2. Regeneration in these oscillators is usually the

result of mutual inductance or capacitance—that is, quantities that are

not easily varied. Consequently, for such circuits, the output is stabi-

lized either by grid current in the oscillator or by a separate AGC circuit.

Since grid current, no matter how small, introduces some distortion into

the output waveform, AGC circuits are required when purity of wave-

form as well as amplitude stability is a specification.

Terman^ describes a simple arrangement for stabilizing amplitude

without distorting the waveform. A biased diode is connected to the

1 F. E. Terman, Radio Engineers* Handbook, McGraw-Hill, New York, 1943,

Sec. 6.

Ec

Fig. 4 28.— Delayed AGC for amplitude
stabilization.
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oscillator tank circuit to absorb energy when the amplitude of oscillation

is greater than the bias. Such a system can be made to introduce less

than 0.01 per cent distortion.

Figure 4-28 is a schema of a Hartley oscillator with delayed AGC.
The cathode of 1^2 is biased positive by an amount equal to the desired

amplitude of the a-c oscillator output. If the output of Fi is greater

than the positive bias of the cathode of F 2 ,
the amplified difference

between the a-c amplitude and the bias voltage is plate-detected in 1^2

and used to reduce the gain of V i. The positive supply voltage that is

first applied to the grid of V 1 assures that oscillations start and build up
rapidly.

The grid of F2 presents very little loading to the plate of V 1 since it

need not draw grid current, but probably introduces some harmonic
distortion. If Fi were an electron-coupled oscillator, the plate loading

would have much less effect on the frequency and the harmonic distortion

would be very small. The accuracy of this method of amplitude stabili-

zation is limited by the drift of the reference voltage at the cathode of

F2 and by the drift in grid-cathode cutoff characteristic of F2 .

4*10. Frequency Stabilization.—The frequency of an oscillator is

determined by the fact that the condition for oscillation given in Eq. (1)

is ordinarily satisfied at only one frequency. Anything that varies the
phase angle of either A or 13 changes the frequency of oscillation.

Frequency stability is greatest if somewhere in the circuit there is an
element or network of elements whose phase angle changes very rapidly
with frequency. A very slight change in frequency will then cause a
sufficient change in the phase angle to compensate any spurious shift.

An example of such an element is a resonant circuit. At the resonant
frequency the phase angle is zero but a slight shift in frequency causes a
large change in phase angle. Since the rate of change of phase angle
with frequency increases with the Q of the resonant circuit, high-Q
circuits are desirable for good frequency stability. A quartz crystal is

equivalent to a resonant circuit with an exceedingly high Q and is there-
fore almost invariably used when frequency stability is important. The
Q of crystals is so high that in a crystal oscillator the frequency is almost
independent of the values of the other circuit components.

The most obvious cause of frequency variation is a change in the
values of the circuit components due to either temperature effects or
mechanical deformation. The latter can be avoided by proper design
and good construction practice.

The effects of temperature are of two kinds: those due to local heating
either by vacuum-tube filaments or by power dissipated in circuit ele-
ments, and those due to changes in ambient temperature. The only
remedies for the former are to choose overrated components and mount
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them in well ventilated regions so that the temperature rise is reduced

(see Chap. 17, Vol. 21) and to allow the circuit to warm up for a period

sufficiently long to establish temperature equilibrium. Frequency varia-

tion due to changes in ambient temperature can be reduced by tempera-

ture compensation, provided the temperature change is slow enough for

all the critical components to be equally affected. Temperature com-

pensation is a process of choosing components with proper regard to

their temperature coefficients so that the net effect of a temperature

change is zero. The process is usually based upon the assumption that the

value of a component varies linearly with temperature, that is, that an

equation of the form

A = .4o[l + k(T - To)} (26)

can be written where A is the value at a temperature T, Ao is the value

at a temperature To, and k is the temperature coefficient. This assump-

tion is valid if the temperature change is not too great. As an example

of the process of temperature compensation, suppose that a resonant

circuit oscillator is built and that experiment shows that the frequency co

increases with temperature. In order to compensate for this change

some circuit component, whose effect on frequency is known, is made to

vary with temperature in such a way as to make the change in frequency

zero. For a resonant circuit oscillator the frecpiency is given approxi-

mately by

CO
_1_

(27)

and for that reason C is a convenient element to use for the compensation.

It is necessary first to determine quantitatively the effects of changing

the temperature of all components except C. The most satisfactory

way of finding these effects is to use for C a condenser whose temperature

coefficient ki is known. Then if the oscillator circuit is subjected to a

known change in temperature AT, and a frequency change Aco is observed,

the proper temperature coefficient k^ of C is:

(28)

A similar analysis for an oscillator with RC tuning where the fre-

quency is specified by

1
0) = m ™

yields for the desired temperature coefficient of the condenser,

hi = ki + -1 A(o

^T (30)
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In some instances it is possible to choose resistors with compensating

characteristics, and an analysis similar to the above can be made assum-

ing the condenser is fixed and selecting the temperature coefficient of the

resistor to provide temperature compensation. When either method is

used, it is generally advisable to choose the fixed component with a low

temperature coefficient.

Suppose there is available an assortment of condensers with coefficient

ka greater than fc 2 and an assortment with coefficients h less than k^.

The values of two condensers, Ca and Ct, that have these coefficients and

will give a total capacitance Co with coefficient k 2 can then be determined

from the following equations:

and

Co(A:2 kb^

ka — h

Co(A/2 ka^

kb — ka

(31)

(32)

If condensers are not available in the exact sizes specified by Eqs. (31)

and (32) it is necessary to add a small trimming condenser to set the

frequency to the required value. This trimmer will usually be so small

a part of the total tuning capacity, however, that its variation with

temperature will be unimportant.

The frequency of an oscillator will usually be found to change with

variations in heater current and plate supply voltage. This change can

often be traced to a change in the plate resistance of the tube. For

example, Eq. (3) shows how the frequency of a tuned-plate oscillator

depends on the plate resistance of the tube. In order to minimize the

effects of these variations, the effective plate resistance may be increased

by the addition in the plate circuit of any external resistance that is

large compared with the actual plate resistance. Thus a change in the

actual plate resistance becomes only a small change in the total or effec-

tive plate resistance and hence causes much less change in frequency.

For maximum frequency stability, the stabilizing resistance should be

2 to 5 times the tube plate resistance, and a low-/x tube should be used

for the oscillator if the resistor is in the plate circuit.

Figure 4-3 shows a modified Hartley oscillator with resistance stabili-

zation. A 12,500-ohm resistor, /?i, is in the cathode circuit but performs

the function of plate resistance stabilization. Being in the cathode
circuit it is equivalent to 12,500 X (m + 1) ohms in the plate circuit.

This constitutes a nearly constant plate resistance since n is constant and
12,500 X (m + 1) is large compared with r,,.

Llewellyn has shown that for resonant circuit oscillators it is possible

to minimize the effect of changes in supply voltages by inserting suitable
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reactances in the plate and grid leads. ^ These series reactances can

conveniently be the grid and plate blocking condensers.

The interelectrode capacitances of the tube frequently affect the

frequency of oscillation. Since these capacitances are not constant, the

circuit should be so designed that they are small compared with other

frequency-determining capacitances. In the case of a resonant circuit

oscillator, such a design entails the use of a low L to C ratio in the tuned

circuit. A low L to C ratio is also desirable since it increases the effec-

tive Q of the tuned circuit. Many authors^ have treated the effects on

frequency of variations in tube characteristics. For most oscillators

employing high-Q circuits it is possible to minimize the effects of tube

variations and to make the frequency essentially independent of them.

The effect of a load on an oscillator is to introduce phase shifts

because of the impedance coupled into the resonant circuit. The coupled

impedance also serves to reduce the circuit Q and thus reduce frequency

stability. To achieve maximum stability the load should not be coupled

directly to the oscillator but should be isolated from it by a buffer

amplifier. Electron-coupling allows the functions of oscillator and

buffer to be combined in a single tube.

Polyphase Sinusoids

Phase modulators (see Chap. 13) require two or more sinusoidal wave
trains of the same frequency that have a definite phase relationship.

For example, a phase-shifting condenser used to produce a continuously

variable phase shift requires three sinusoidal voltages differing in phase

by 120°; also the production of a circular sweep on a cathode-ray tube

requires two sinusoidal voltages whose phases differ by 90°. Usually

there is also a requirement for the relative amplitudes of the voltages.

There are two approaches to the problem of producing polyphase

sinusoidal waveforms. A polyphase oscillator® or generator can be

devised; or the output of a single-phase oscillator or generator can be

split into several channels, each of which shifts phase by an appropriate

amount to achieve the desired output phase relations. Devices of the

first kind are apt to be more complex and to involve considerable inter-

dependence of the phase and amplitude controls. They have not been

used to any great extent and will not be considered here.

^F. B. Llewellyn, “Constant Frequency Oscillators,^’ Proc, I.R.E., 19, 2063

(December 1931).

*See, for instance, F. E. Terman, Radio Engineers* Handbook^ McGraw-Hill,

New York, 1943, Sec. 6, Fig. 5.

*Rene Mesny, “Generation of Polyphase Oscillations by Means of Electron

Tubes,” Proc. I.R,E., 16 , p. 471 (August 1925); I. Takas, “Fundamental Considera-

tions on Four-phase Oscillator Circuits,” Electro. Tech, /., 3 , p. 75 (April 1939).
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Because of rather large tolerances on values of components, and
because tube capacitances and stray wiring capacitances are not pre-

cisely predictable, it is necessary that any device for producing polyphase
waveforms involve some adjustable components in order to achieve the

exact phase and amplitude relations desired. An n-phase device will

require n — \ adjustments for phase and n — I adjustments for ampli-

tude. For convenience these adjustments should be independent—that

is, the setting of one phase shoidd not affect the other phases or any of the

amplitudes. Complete independence of the controls is never achieved,

and it is necessary to make repeated settings until all phase and amplitude

conditions aref^Imultaneously satisfied.

4*11. Generation of Circular Sweep for Cathode-ray Tube.—An
exceedingly simple and accurate time base

can be achieved by causing the electron

beam in a cathode-ray tube to follow a cir-

cular path with constant angular velocity.

This results in a circular trace on the face

of the tube upon which timing pulses can be

superimposed by means of a radial deflecting

electrode, or by intensity modulation of the

electron beam. The use of these circular

sweeps is discussed in Vol. 20, Sec. 8*7 and
in Vol. 22, Chap. 7 of this series.

The motion of a point on a circle with constant angular velocity can
be resolved into two component sinusoidal motions of ecpial amplitude
along two axes in the plane of the circle, the relative phases being equal
to the angle between these axes. To achieve a circular motion of the
electron beam in a cathode-ray tul)e requires two sinusoidal voltages
differing in phase by the angle between the two pairs of deflecting plates,

and having amplitudes inversely proportional to the deflection sensi-

tivities of the plates. The following analysis will be simplified by assum-
ing that the deflection sensitivities are equal and that the two pairs of
plates are mutually perpendicular. The required voltages will then be of
equal amplitude and 90° apart in phase. In practice the phase and
amplitude controls are adjusted by observing the trace and making it

circular, so this assumption does not restrict the validity of the discussion*
The method most commonly used for producing the required voltages

is illustrated in Fig. 4-29. The tuned primary U of the transformer is

in the plate circuit of an oscillator or amplifier. Two secondaries Lx and
Z/ 2 ,

tuned by condensers C

\

and C2 ,
are loosely coupled to the primary and

are connected to the two pairs of deflecting plates of the cathode-ray
tube. If there is no coupling between Lx and L 2 and the mutual induct-
ances between the primary and the two secondaries are the same, the

Fig. 4-29.—Circuit for niuking
circular sweep.
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voltages induced in Li and L 2 are the same.^ Let this voltage be V.

The equivalent circuit of Fig. 4-30 represents either secondary, the only

difference in the two being the value of C. When it becomes necessary

to distinguish between the two secondaries the subscripts 1 and 2 will be

used, otherwise they will be omitted. The resistance r represents the

a-c losses in the circuit and the ratio of the reactance of L to r will be

represented by Q.

L\ and L 2 are tuned so that the

vector impedances Zi and Z 2 have

angles of approximately +45° and
— 45° as shown in Fig. 4*31. This

Fig. 4-30.—Equivalent circuit for either Fig. 4-31.—Vector-impedance diagrams
secondary of Fig. 4-29. for circuit of Fig. 4-30.

relation is not exact since, if the angles were exactly +45° and —45°, the

magnitudes of the two impedances Zi and Z 2 would be equal and the

magnitudes of the currents would be the same; however, since the capaci-

tive reactances in the two circuits are not equal, the output voltages

which are the products of the currents and the capacitive reactances

would not be equal in magnitude. The required relation between the

voltages El and .£^2 is

E is given by

E =

or

E =

or

E =

Substitution in Eq. (33) gives

1 — o)HjCi + jWCi = i — corC2, (37)

' The F. W. Sickles Co. has built most of the coil assemblies used in this applica-

tion. The Sickles number for the 82-kc/sec coil is RE 10001; 163-kc/sec, 13386;

820-kc/8ec, 12907.

II
(33)

V 1

Z jw& (34)

V
(35)

V
1 — o)'^LC + joji'C

(36)
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and equating real and imaginary parts

— oirCi = 1

corCi + (ji^LC^

Solving the simultaneous equations of Eq. (38) for Ci and Cj,

(38)

and

Setting

b>L + r
(39)+ r^)

c, =
U)L — r

(40)
a)(to*L^ + r=*)'

uh = Q

Eqs. (39) and (40) may be rewritten

I Q(Q + 1)
C, + 1

^ _ 1 Q(0 - 1).

Q* + 1

(41)

(42)

Both of these expressions can be expanded in powers of 1/Q. Taking

the first two terms of the expansions gives a very close approximation if Q
is reasonably large, say 10 or more, so

and

(‘ -
s)'

Note that l/w^L is the value of capacitance necessary to tune either

secondary to resonance. Equation (36) can be written*

E = V
[(1 - at^LC}^ +

—j tan"i
e

wrC
r-«>Lc

(45)

^ Substituting Eqs. (41) and (42) in Eq. (45) and letting wL/r = Q gives

E, . K(ffi!)",-'“-|i-|,

(46)

(47)

and shows that the analysis is correct since the requirement expressed in Eq. (33) is

fulfilled.
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It is of interest to see how the values of E\ and Et are affected by small

changes in Ci and Cj. Writing Eq. (45) in the form

But from Eq. (36)

E = \E\ei>,

dE _ d\E\

E \E\
+ jdd.

(48)

(49)

dE w*LC(l - to^LC) - - jurCdC
E (1 - w^LCy + c (50)

Equating real and imaginary parts of Eqs. (49) and (50)

d\E\ _ oi’^LCil - oi^LC) - t^^r^C^dC

\E\ (1 - co^LCy + C
and

-torC dC
^

(1 - <yLcy + c

'

(51)

(52)

Again substituting from Eqs. (41) and (42) and letting wL/R = Q these

may be written

dlEil

l£?il

d\E,\W
ddi

Q 1 dCi

Q — 1 dC2

Q 4" 1 dC\

(53)

(54)

(55)

and

dd2
Q- \ dC

2

2 C 2
(56)

If the percentage changes in Ci and C 2 are the same (the usual behavior

if the changes are caused by variations in ambient temperature), the

changes in the phase angles are very nearly equal with the consequence

that the relative phase of Ex and E2 is not appreciably affected. How-
ever, there is considerable change in the absolute phase resulting in a

shift in the zero point of the time scale. The changes in amplitude are in

opposite directions with the result that the pattern on the cathode-ray

tube becomes elliptical. The effect of ellipticity on the accuracy of the

time scale is discussed in Vol. 22, Chap. 7 of this series.

The variations in output voltage caused by changes in tuning capaci-

tance are proportional to the Q of the secondary windings, as indicated

in Eqs. (53), (54), (55), and (56). It would be advantageous from this

standpoint to use low Q windings. However, the amplitude of the out-

put voltage is also proportional to Q as shown by Eqs. (46) and (47)

and the discrimination against harmonics is proportional to Q. For these
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reasons a high Q circuit is desirable. Obviously a compromise must be

made. It has been found in practice that with a Q of 35 a sufficient

degree of temperature compensation can be achieved so that, under

laboratory conditions, the pattern will remain circular for many hours.

For any application in which a wide range of temperatures is encountered,

it would probably be necessary to use a lower Q,

Although the phase and amplitude controls are in no sense inde-

pendent, it is quite easy to make the adjustments by watching the trace

on the tube and tuning the two secondaries alternately for minimum
eccentricity of the ellipse.

Another method of generating a circular sweep makes use of the 90°

difference in phase between the voltages in two loosely coupled resonant

circuits. This method, illustrated in Fig. 4-32, was used in the SCR 584

radar. Link coupling between the resonant circuits and the deflecting

plates is used in order to reduce the effects of stray capacitances. In

use, the primary is tuned for maximum amplitude, after which the

secondary amplitude and phase are adjusted by means of the condenser C
and the loading resistor R. These adjustments are made by visual

observations of the trace on the CRT.
442. Resistance-reactance Phase Shifters.—A series combination of

a resistance and a reactance can be used to shift the phase of a sinusoidal

waveform. If an alternating voltage is applied across, the combination.
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Fio. 4-34.—Equivalent circuit for determining effect of load impedance on resistance-

reactance phase shifter.

the voltage across either element differs in phase from that across the

other by 90° and differs in phase from the applied voltage by an amount
that depends upon the ratio of the reactance to the resistance. In the

arrangements illustrated in Fig. 4-33 the resistance-reactance combination

is connected across a balanced or push-pull voltage source, which may be a



138 SINUSOIDAL WAVEFORM GENERATORS [Sec. 4*12

center-tapped transformer or a phase-inverting amplifier. The output

voltage is then taken between ground and the junction of the resistance

and reactance. Since the voltages across the two elements are 90° out of

phase and since their sum must equal the applied voltage 2Ey the locus

of a graph of the output voltage is a semicircle with 2E as a diameter as

shown in the vector diagrams in Fig. 4-33. The phases of the output

voltage with respect to the voltage E for the four cases shown are:

(a) e =

(d) 6 =

(g) 0 = +2 tan

-|-2 tan ^

— 2 tan

1

coKC

^coflC

ijR )• (57)

uL

U) e = —2 tan“^
l̂i

Fiq. 4*36.—Four-phase voltage system.

Since the output voltage is repre-

sented as a radius of the semi-

circle, its magnitude is always equal to the magnitude of E,

The above relations are true only if no current is drawn from the

output terminal. The elfect of an impedance Z connected between the

output terminal and ground can be found in the following way. Let the

phase-shifting elements be gener-

alized as Zi and Z 2 . Then in the

circuit of Fig. 4*34a, the voltage

Eo can be shown to be

Eo — Z2 — Zi E
Z2 + Zi ZiZ

Zi + Z:
+ z

(58)

Fig. 4'36.—Three-phase voltage system.and hence the circuit can be repre-

sented by the equivalent circuit of

Fig. 4-34^, in which a generator having an open circuit voltage equal to

2 2 Z Z
^ an internal impedance ^ \ is connected across the

^2 ’T ^1 All Z12

load impedance Z. It can be easily shown that the equivalent generator

voltage is equal to the voltage output expected with infinite load imped-

ance, that is, the amplitude is equal to the amplitude of E and the phase

given by the appropriate expression in Eq. (57). From this equivalent

circuit the output to be expected for any Z can readily be calculated.

In Fig. 4-35 the circuits of Figs. 4-33a and 4*33d have been combined

to provide a four-phase voltage system suitable for the operation of a

phase-shifting condenser. For this application the voltages should be
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90° apart in phase and, hence, R should be made equal to 1/wC. A
variable resistance across the transformer is used instead of a center tap

on the transformer, since a more accurate voltage bal-

ance can be obtained in this way. It is sometimes

necessary also to connect a capacitance from one end
of the transformer secondary to ground to make the

voltages at the two ends of the transformer 180° apart

in phase. A similar arrangement shown in Fig. 4*36

can be used for a 3-terminal phase-shifting condenser.

The phases in this case must differ by 120°, therefore

the relations between the components must be,

= Ri tan 60° = y/Z R\

1 R2 R2

C0C 2 tan 60° , -y/s

E

Fig. 4-37.—Phase-
shifting circuit.

Another method of obtaining a phase-shift variable between 0 and
180° is shown in Fig. 4*37. Since the input and output have a common

terminal, neither a transformer

nor a phase inverter is required.

Figure 4-38a is an impedance dia-

gram for the part of the circuit

composed of the resistance R and
the inductance L in parallel. If

OA represents the reactance of L,

and OB the resistance Rj then

OD, drawn perpendicular to A By

represents both in amplitude and

angle the impedance of the par-

allel combination.^ Since angle

ODA is 90°, a plot of the locus of

D as 72 is varied from 0 to 00 is a

semicircle vnth OA as diameter.

Figure 4*385 is the impedance dia-

gram for the complete circuit.

The reactance of the capacitance

C is made equal to one half the

(b)

Fig. 4‘38.—Impedance-vector diagrams for

reactance of L and, therefore, the

sum of the impedances Zrl and
circuit of Fig. 4-37. 1/jwC will always be a radius of

the semicircle. Thus the total impedance of the circuit Z is of con-

^This is a general theorem applicable to any two parallel impedances ha^ing

angles that differ by 90®.
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slant magnitude equal to l/coC and has a phase angle that varies

from —90° through 0 to +90° as R ranges from zero to infinity. The

voltage -Bo across C will then be equal in magnitude to the applied

voltage E and will lag it in phase by an angle 2 tan~^ R/o)L which may
be varied from 0 through 90° to 180°.

Fig. 4*39.—P h a s e -

shifting circuit.

Fuj. 4-40.—Impedance-vector diagram for

circuit of Fig. 4-39,

To obtain a voltage which leads the input by an angle variable from
0° to 180°, the circuit of Fig. 4-39 may be used. Here l/coC is made
equal to 2coL as shown in the vector diagram of Fig. 4-40. The angle of

lead is 2 tan~^ coBC.

Fig. 4-41.—Pulsed sinusoidal oscillation.

PULSED OSCILLATIONS

The importance of sinusoidal waveforms in time measurement has

been discussed in the introduction to this chapter. In general, the use

of a continuous sine wave for measuring the time interval between two
recurrent events requires that the earlier event be synchronized with the

sine wave. In many instances,

however, the events are not peri-

odic and the starting time of the

interval is not predictable. It

then becomes necessary to achieve

synchronization by allowing the
earlier event to initiate the timing waveform. The required waveform is

one that is zero until the beginning of the interval, becomes sinusoidal for a
time greater than the interval, and then returns to zero and remains there
until the start of the next timing interval. It is necessary that the oscil-

lations always start in the same phase, and it is desirable that the starting

transient be of as short a duration as possible. In addition, it should be
possible to stop the oscillations quickly in order that the circuit may be
ready for another timing cycle. This type of waveform, illustrated in
Fig. 4*41, is known as a pulsed sinusoidal oscillation.

In order to start an oscillation with no transient, all voltages and
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currents in the quiescent state must have values that they will have

simultaneously at some instant in the steady state. To achieve this

in a simple manner, one chooses an oscillating circuit that involves the

fewest components. Phase-shift oscillators or bridge oscillators are

obviously unsuited to this application. Resonant circuit oscillators, in

particular the Hartley circuit, are better adapted to this type of opera-

tion, provided certain precautions are taken in regard to time constants

involved in the biasing circuits.

4-13. Ringing Circuit.—The cir-

cuit shown in Fig. 4*42, a parallel

resonant circuit connected to a con-

stant voltage E through a current

limiting resistor Ry is a logical intro-

duction to the discussion of a pulsed

Hartley oscillator. The a-c losses in

the resonant circuit are represented

by a shunt resistor r rather than by
a resistance in series with L, This

gives a more accurate representation

of the starting conditions since the

d-c resistance of L is usually small

compared with the a-c resistance and

L short circuits r for direct current.

Initially the switch S is closed and a steady current equal to E/R
flows through the inductance. At time t = 0 the switch is opened and

the subsequent behavior of the circuit is determined by the differential

equation

Ficj. 4-42.—Circuit for producing damped
sinusoidal oscillations.

(61)

where i is the current through the inductance.

The solution is

i Ae cos (wt + </>)

where

/JL 1

" Vl(7

(62)

(63)

The arbitrary constants A and <t>, evaluated by noting that when < = 0,

i = E/R and di/dt = 0, are

tan <t>
=

2rCa)

and

1

4r*C’*ai»

(64)

(65)
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The voltage Eo is then given by

It Ry 4r^C^w\
I cjLe sin cot.

The quantity rCo is just the Q of the resonant circuit. Neglecting

1/4Q^ in comparison with 1, Eq. (66) can be rewritten

sin cot.

. Equation (67) indicates that the

Fig. 4-43.~Damped osffftation produced voltage Eq is a damped sinusoidal
by circuit in Fig. 4-44.

oscillation, the rate of damping being

such that the amplitude is reduced to l/e of its initial value in Q/ir cycles.

Figure 4*43 is a photo^aph of a waveform of this type produced

by the circuit of Fig. 4-44. It is identical with the circuit of Fig. 4-42

except that the oscillations are initiated by a triode that is made non-

conducting by a negative gate applied to its grid. This gate must be so

large that the tube is completely cut off for all subsequent values of the

cathode voltage, that is, it must be greater than the cutoff voltage plus

the initial amplitude of the oscillations.
^

The waveform of Fig. 4*43 is not the L.

desired waveform and has been discussed

principally as an introduction to the ma-
^

terial to follow. However, in some ap- ^
plications, time markers are generated by Neg.

connecting the damped sinusoid to an ^ate

| ( ,

amplitude comparator (see Chap. 9). T £
If the point of amplitude selection is not < d

exactly zero, there will be some error in y 1

the generated time markers, although the 3
zeros of the sinusoidal waveform are p
equally spaced. ,,

4*14. Pulsed Hartley Oscillator.

—

T j X X 1 r xu 4-44.—Ringing circuit.
In order to prevent the decay of the

oscillations in the ringing circuit, it is necessary to replace the energy

dissipated in the resistance r. This can be done by means of the circuit

of Fig. 4*45 which will be recognized as that of a Hartley oscillator. As
in the previous case the oscillations are initiated by a negative gate

applied to the grid of V 1 . The voltage from point b of the resonant

circuit is applied to the grid of a second vacuum tube V 2 connected as a

cathode follower, the cathode being returned through a resistance Ri

to the center tap a of the inductance. Assuming perfect coupling

between the two halves of the inductance, the impedance looking into
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the center tap is Qo^L/A and is resistive. Hence if /?i is equal to QcaL/A,

the voltage fed back to the center tap will be one half the voltage at 6.

Because of the auto-transformer action of L, the net feedback voltage

at the grid of F2 is just twice the ^
voltage at a, or is just equal to the

voltage at h. Assuming F2 to have

unity gain, it is apparent that the

condition = 1 is satisfied and

that oscillations of constant ampli- H
tude will occur. In practice, the

gain of F 2 is always slightly less

than unity, and the coupling be-

tween the two halves of L is not

perfect. The effect of these factors

is to reduce the amount of feed- —
back; this can be compensated for Hartley oscillator.

by a reduction in Ri. Usually is a variable resistor and is adjusted

to give oscillations of constant amplitude.

At the end of the negative gate, Vi again becomes conducting so

that the oscillations are rapidly damped to zero amplitude, usually

within 2 or 3 cycles, by the low-cathode impedance of Vi.

Because of the distortion in

F 2 ,
the waveform at h is more

pure than that at c. However,

the impedance at c is much the

lower, and for any load other than

the grid of a vacuum tube the

output is taken from c. In some
cases, it may even be necessary

to add a buffer amplifier to reduce

the reaction of the load on the

oscillator. The waveform at c is

particularly bad for large ampli-

tudes of oscillation because of the

tendency of F2 to cut off on

the negative grid-voltage swings.

Fiq. 4-46.—Pulsed Hartley oscillator with
low-impedance output.

This fault can be eliminated by
biasing the grid of Fs positive

with respect to ground as shown in Fig. 4’46.

The frequency stability of this oscillator is very good, since the

oscillator tube Vt is operated in a linear region and no grid current flows.

In a carefully designed oscillator at 160 kc/sec, the frequency changed

by less than 10 parts per million with a change in supply voltage from
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100 to 400 volts, by less than 1 part per million with a change in filament

voltage from 4.5 to 8 volts, and by 5 parts per million per degree centi-

grade. The operation of the circuit here is cpiite different from that in

the conventional r-f oscillator in which the tube operates in class C.

As a result, there is little or no amplitude stability in the ordinary sense.

That is, if the clamp tube Vi remains nonconducting for a sufficiently

long time, the oscillations eventually either decay to zero amplitude or

build up until grid current limits the amplitude. For most uses this

lack of amplitude stability is not to be considered as a defect, since the

circuit is allowed tf^^scillate for so short a time that no appreciable change

in amplitude occurs.

Fig. 4*47.—Pulsed Hartley oscillator to minimize effect of tube change on frequency.

It will be noted that the input capacitance of and the cathode-

heater capacitance of Fi form a part of the tuning capacitance of the

resonant circuit. As long as the same tubes are used these external

capacitances cause no trouble, but if it becomes necessary to change
these tubes, a change in frequency may be observed. In cases where it

is not feasible to reset the oscillator frequency after changing a tube, the
circuit of Fig. 4-47 will minimize this effect. The heater of Vi is ener-

gized from a transformer separate from the normal filament supply.
The secondary winding of this transformer is maintained at the same, or
very nearly the same, r-f potential as the cathode of Fi by connecting
either the center tap or one side to a buffer cathode follower F, driven
from the oscillator. If the ratio of the a-c voltage at the cathode of Fa
to the a-c voltage of the cathode of Fi is B, the apparent capacitance
from the cathode of Fi to ground due to the heater-cathode capacitance
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is (1 — J5) times the heater-cathode capacitance. Thus B will be the

product of the gains of F 2 and F3 and will be slightly less than unity.

Hence the quantity (1 — B) is very small, and changes in heater cathode

capacitance have much less effect on the frequency. The input capaci-

tance of y 2 can be minimized by using a pentode with the screen grid

bypassed to the cathode. Use of a pentode also increases the gain of F 2

and makes the quantity B approach one more closely.

An alternative form of the pulsed Hartley oscillator has the resonant

circuit in the plate circuit of the switch tube, as shown in Fig. 4-48.

Here the plate supply voltage for the switch tube is taken from a voltage

divider on the power supply. The circuit has several disadvantages.

The voltage divider must be bypassed to ground so that the top end of

the resonant circuit is at ground

potential for a-c. Variations in

duty ratio change the potential ob-

tained from the divider and hence

the amplitude of the oscillations.

Furthermore, at the end of the

period of oscillation the circuit is

damped only by the plate resist-

ance of Fi, which is much higher

than the cathode resistance. A1

though this circuit has the advan-

tage that a separate biasing circuit

for the grid of F 2 is not necessary

to get a good waveform from the cathode of F 1 ,
it is, on the whole, inferior

to the circuit discussed previously.

4*15. Pulsed Crystal Oscillators.—In Sec. 4-3, Fig. 4-4 shows the

equivalent circuit of a crystal—a resistance, inductance, and capacitance

in series shunted by a capacitance. The equivalent Q of a crystal is so

high that when oscillations are started they continue with a very small

decrement, and regeneration is unnecessary. A feature of the crystal

which restricts its application is that several of the connections between

the impedance elements of the equivalent circuit are inaccessible. As a

result, oscillations of the crystal cannot be initiated in the same manner

as in the pulsed Hartley oscillator, and it is diflficult to stop the oscilla-

tions at the end of the timing interval.

A complete pulsed crystal oscillator designed for operation at 82 kc/sec

is shown in Fig. 4*49.^ A positive gating voltage applied to the grid of

Fi cuts off the current in F 2 by raising the cathode voltage. The trans-

former differentiates the current waveform in the plate circuit of F2 ,
and

the balanced secondary winding applies the pulse to the two input

^ Another pulsed crystal oscillator is described in Vol. 21, Chap. 7.

Fig. 4-48.- "Pulsed Hartley oscillator with
plate clamping.
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terminals of the crystal bridge. The function of the bridge circuit is to

allow the voltage pulse from the transformer secondary to excite the

crystal without having the pulse appear in the bridge output. For the

pulse to be completely eliminated, the bridge would have to be balanced

for all the frequencies contained in the pulse, a condition that could only

250

{h)

Jio. 4*49. (o) Pulsed crystal oscillator, 82 kc/soc, {h) Output waveform from pulsed
crystal oscillator, 82 kc/sec.

be achieved by using identical crystals in two branches of the bridge.
This is no solution, however, for both crystals would be excited and their
voltage output would cancel in exactly the same way as the pulse.

At frequencies not near the natural frequency the crystal appears as
a fixed capacitance, and, therefore, the most satisfactory balance is

obtained with a capacitance in the opposite branch of the bridge, as
shown in the circuit. The frequencies in the pulse which are near the
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crystal frequency are not balanced out and cause some distortion at the

beginning of the pulsed oscillation; the duration of the distortion, how-
ever, can be restricted to about one-half a cycle. Figure 4-4% is a

photograph of the output pulsed sinusoid; it shows the distortion due
to the unbalanced residue of the pulse.

The output of the bridge circuit is amplified by Fa and F4, the output

being taken from the plate of F4. At the end of the gate, F2 again

becomes conducting. The grid of y2 is connected through a phase cor-

rection network to the amplifier output so that when F2 conducts, the

amplified crystal voltage is applied to the crystal in opposite phase.

Thus the termination of the input gate quickly damps the output voltage.

Small changes in gate width or in repetition rate have no effect on ampli-

tude provided the quiescent period corresponds to 30 to 50 times the

crystal period.

The amplitude of the oscillations as a function of time is proportional

__^
to the quantity e where cj is the angular frequency of the oscillations

and Q, in terms of the equivalent circuit of the crystal, is oiL/R. The
relative amplitude can be expressed in terms of the number of cycles n

m
as ~

If A is the number of cycles required for the amplitude to be

reduced P per cent, it is evident that

But, if P is small.

If, for example, Q is 3000, the amplitude decreases only one per cent in

10 cycles.

It is well known that quartz crystals can oscillate in any or all of

several modes, each of wliich has its characteristic frequency. There

will, in general, be one mode that is more easily excited than any of the

others. However, it is possible for a coupling between modes to exist

so that excitation of one mode induces excitation of the other. This

condition can be very troublesome in a pulsed crystal oscillator since

it leads to an output voltage containing two or more frequencies which
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are not harmonically related and which are therefore useless for time

measurement. A crystal cut has been developed in which the coupling

between modes has been virtually eliminated and single frequency oscil-

lations can be obtained. This has been done for an 80-kc bar/ but it is

presumed that crystals for frequencies up to several hundred kc/sec can

be made in the same manner.

Chapter 21 describes a method of using a continuous crystal oscillator

to obtain pulses that are synchronized with a random trigger. Such a

circuit avoids the necessity of pulsing the crystal.

Pulsed Polyphase Sinusoids

The problem of shifting the phase of a pulsed oscillation is much more
difficult than that of shifting the phase of a continuous oscillation (Secs.

4T1 and 412). The nature of the difficulty can best be seen by consid-

ering the response of one of the circuits, described in Sec. 4T2 to a pulsed

oscillation. Let a pulsed oscillation of the form

E = 0 t <0 (()8)

E = A sin oot t > 0

be applied to the circuit of Fig. 4-33a. The differential ecjuation for

the current for ^ > 0 is

— + ^
t = 2Ao) cos oit, (09)

the solution of which is

where

i
2A sin {oit + B)

t_

+ Be KC
(70)

(71)

The output voltage Eq is given by iU — E whicffi, after some simplifica-

tion, can be written

__L
Eo == A sin {o3t + 26) + BRe (72)

The requirement that Eq be zero at ^ = 0 determines the arbitrary con-
stant giving

t_

Eo === A sin (cat + 26) — A sin 26e (73)

In the above expression the first term represents the desired output.

‘ This crystal is manufactured by the^ValpKjy Co. and is called type RL.
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The second term, required to satisfy the initial conditions, is a decaying

exponential, which distorts the early part of the output voltage. Even-
tually, of course, the exponential term becomes so small that it may be

neglected in comparison with the sinusoidal term; but, until the exponen-

tial is small, the output waveform is not useful for time measurement.

Note that the initial amplitude of the transient term is proportional to

the sine of the angle of phase shift and that the time constant RC is

inversely proportional to the tangent of one half the angle. For small

phase shift angles, the initial amplitude is small but the function decays

very slowly; whereas for large an-

gles, near 180®, the initial ampli-

tude is comparable to the amplitude

of the sinusoidal term and decays

rapidly. Figure 4-50 is a photo-

graph of the waveform Eo for a

phase angle of GO®. The number
of cycles elapsing before the exponential term becomes less than P times

the amplitude of the sinusoidal term can be found in terms of the angle

of phase shift 26 by solving the ecpiations.

p""
* '* -

'

I

L.' .

•

...

Fig. 4-50.—Pulsed oscillation shifted in

phase by 60° by circuit of Fig. 4-33a.

A sin 26e = PA (74)

sin 26 _
p e - 1 (75)

, sin 26 t ^
P ~RC (76)

But from Equation (25)

1 = o; tan 6 (77)

1 27r , ,

RC ~ T ® (78)

where T is the period of the oscillation.

Whence

pp 27r
p

tan 6 (79)

But t/T is just the number (n) of cycles which have elapsed. Therefore,

, sin 26
In p

^ 27r tan 6 (80)

For a given application, the accuracy requirements determine how small

the exponential must become in order to be negligible. At small angles

the useful portion of the waveform is delayed by several cycles; whereas
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for angles greater than 90° the delay is less than a cycle. In many
instances it is required to measure very small time intervals; the allow-

able delay, therefore, is only a small fraction of a cycle.

4*16. RC-feedback Circuit.—At the sacrifice of useful output ampli-

tude, the time constant of the exponential term can be made as small as

desired. Consider the circuit of Fig. 4-51a and the corresponding vector

impedance diagram of Fig. 4-516. This circuit will shift phase by an

angle between 0 and 90°. The capacitance Ci and the resistance R are

chosen so that the phase angle of their combined impedance is approxi-

mately — (90° — 0) where 0 is the desired angle of phase shift. The

value of C 2 is mSfie so small that its reactance is large compared with

either R or the reactance of Ci;

the total impedance 2, therefore,

very nearly equals the reactance

of C 2 . The angle between the

total impedance and that fraction

of it across which the output volt-

age is taken is and consequently

the output voltage leads the input

voltage by </>. The angle </> is

controlled principally by the val-

ues of Cl and R. The time con-

stant for the exponential term4n
the output is, on the other hand,

the product of R and the equiva-

lent capacitance of Ci and C2 in series. Since C2 is small compared with
C 1 ,

this equivalent capacitance is very nearly equal to C 2 and the time
constant can be reduced without limit.

As a result of making C2 small, the ratio of the total impedance Z
to the impedance of Ci and R becomes large and the output voltage
becomes small. It is of interest to find the relation between the time
constant and the reduction in amplitude. Let N be the ratio of input
to output amplitudes, that is, Z to Zi. The time constant t is given by

(a) (6)

Fig. 4-51 .—Circuit for shifting phase of pulsed
oscillation and vector-impedance diagram.

T

T

R

Cl ^ Ci

1

J- + J_
CoC 1 Odd 2

R
1

a; tan a

(81)

r =
(82)
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From Fig. 4*516

But

so

NZiZi ^ z ^
sin sin (<^ + /3) sin <i> cos ^ +• cos sin

N sin — sin </> cos jS + cos 0 sin jS,

, ^ N — cos 4>

sin <^)

cot = tan a,

sin (i>

w(N — cos <<>)

(83 )

(84)

(85)

By setting the derivative of r with respect to </> equal to zero it can be

shown that the maximum value of t occurs for cos 0 = 1/N, Substitut-

ing this in Eq. (85) gives

Vn^ - 1
“ ^ (86 )

Using the factor N and the desired total impedance Z as design

parameters, the following equations may be derived from inspection of

Fig. 4*516:

= Z sin )3,

= Zi cos (0 + )3)
=

2
^ cos i<t> + /3),

and

1 -7 -D
1

~7>~ == Z cos fi
— ~77“^

WC 2 wC

1

where iS is given by Eq. (84).

In order to make the phase-

shifted voltage equal in magni-

tude to the input voltage, an

amplifier is required. Stabiliza- ^*^2 -Stabilized amplifier for phase-

tion of the amplifier gam can

conveniently be achieved by use of negative feedback of the type

described in Chap. 2, a practical example of which is shoAvn in

Fig. 4*52. The feedback components i?' and C' appear at the input

grid as an effective resistance R'/l — A in series with a capacitance

(1 — A)C', where A is the amplifier gain. Since A is numerically large

and is negative, these components comprise a small resistance in series

with a large capacitance and correspond to the R and Ci of the preceding
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discussion. If 72' and C' are so chosen that the output voltage equals

the voltage applied to the input network, A and N are identical
;
and if A

is large, the magnitude of the impedance of 72' and C' will be approxi-

mately equal to the magnitude of the impedance of C 2 .

The effect of a small change dA in amplifier gain can be found in the

following way. Consider the generalized circuit of Fig. 4*53. The feed-

back factor is

^ ^ Z[ + zr

and in accordanc«!«vith the explanation given in Chap. 2 of the behavior

of feedback amplifiers, the percentage change in output voltage for a

given percentage change in the value of A is given by

dE, _ A
Eo ~

I - Afi'
(91)

The over-all gain G is given by

1 - .1

Z’ -r
Z[

A,

1 - .1

(92)

since the apparent value of Z[ is reduced by the feedback. The feedback
factor j8 can be written in terms of G and A by combining Eqs. (90) and
(92). Thus

and Eq. (91) becomes

dEo

/8 =
G - A

A{G - 1)’

dA
A G -

1

1 - G — A
dA
A

(93)

(94)

In general, E. is a complex quantity and can be written

Bo = \Eo\^>, (95)
and

dEo = d\Eo\e^<' -f- j\Eo\em, (96)
so that

Eo
-

IF,!
(97)

For the circuit of Fig. 4-52, the impedances Zl and Z' are so chosen that
the output voltage is equal immagnitude to the input voltage E and
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differs in phase by an angle </> + tt. The term tt in the angle occurs

because of the 180° phase shift produced by the amplifier A, Therefore,

the gain G is

Q = == cos (<^) + tt) + j sin (<^ + tt).

Substituting this value of G in Eq. (94) gives

dEo _ r cos {<t> + t) — \
, i sin (</> + tt)] ^ ^

Eo L ^ A - I

and from Equation (97), equating real and imaginary parts

d\Eo\ _ cos (<t> + tt) — I dA
JE^ A~^i X

d\Eo\ _ 1 + cos <l> dA

TO i - A X’
and

d<t>

d<l>

sin (<t> + tt) dA
A - 1 X

sin <t>
dA

rXT A'

(98)

(99)

(100 )

(101 )

These equations show that if A is large, the output signal is very little

affected, either in amplitude or phase, by small changes in amplifier gain.

It should be pointed out that in

the amplification process the signal

has been inverted, or shifted in

phase by 180°. As a result the

over-all phase shift is somewhere

between 180° and 270° instead of

between 0° and 90°. The signal

can be reinverted by the simple

expedient of inserting a resistance

in the plate circuit of F2 in Fig. 4-52

equal to the resistance in the cath-

ode circuit and taking the signal

from the plate. The range of operation thus includes the first and third

quadrants.

Unfortunately, an attempt to cover the two remaining quadrants by

interchanging resistance and capacitance or by substituting inductance

for the capacitance results in a time constant for the transient which is

very long instead of very short. The second and fourth quadrants can

be covered, however, by using two /2(7-feedback circuits in series. For

example, one type of phase-shifting condenser requires three input

voltages differing in phase by 120°. One circuit like the one in Fig. 4-52

Fig. 4*53.^—Generalized feedback phase-
shifting circuit.
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can be used to produce a leading phase of 240®, and a second identical

circuit operated from the output of the first will give a total phase shift

of 480® lead. These two are equivalent respectively to a 120® lag and
a 120® lead.

As has been pointed out above, the limit of phase shift obtainable

with this scheme is 90° (or 270®). This limit cannot actually be achieved

unless A is infinite. Since the need

for phase shifts of 90® is frequently

encountered, it is desirable to extend

the limit slightly to include this angle.

This can be done by replacing Cy in

Fig. 4*51 by an inductance as shown
in Fig. 4*54. If coL = R/N

^

where N
is still the ratio of Z to Zi, it is evi-

dent that Zi will lead Z by 90®. The
required value of C2 is given by

(a) (6)

Fiq. 4-64.—Circuit for shifting phase of

pulsed oscillation by 90®.

~ = (N^ + l)o,L. (102)

The introduction of an inductance in this circuit makes the transient

term a damped sinusoidal oscillation instead of a simple decaying expo-

nential. A complete solution of the differential equation shows that the

transient term has a frequency
3A^
4
+ 1 times the frequency of the

The initialapplied voltage and is damped with a time constant 2/iVw.

amplitude of the transient is ap-

proximately 2/\/3 times the steady

state output amplitude if N is

large. The same method of am-
plification can be used with this

modification. Figure 4-55 is a pho-

tograph of a 16-kc/sec pulsed oscil-

lation shifted in phase by 90® by
this method.

It would appear that by increas-

ing the value of L, phase shifts con-

siderably larger than 90® could be
obtained. It is found, however, that as the phase angle increases from
90® the time constant for the transient term rapidly becomes very large.

4*17. Phase-splitting Amplifier.—^A very economical method of split-

ting a pulsed oscillation into two components differing in phase by 90®

is illustrated in Fig. 4*56. Pulsed oscillations are applied to the grid
of a high-p,n pentode. The impedance in the cathode circuit consists of

Fig. 4-55.—16-kc/sec pulsed oscillation
shifted 90° in phase by circuit of Fig 4-54.
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a parallel resistance Rk and capacitance C; the plate circuit impedance
is a parallel resistance Rp and inductance L. If Rp, L, L*, and C are so

chosen that

Rk = coL

and

Rp =

(103)

(104)

Fio. 4-56.—Method of shifting phase
pulsed oscillation by 90°.

of

the plate and cathode impedances
are equal in magnitude and differ

by 90° in phase as shown in Fig.

4-8.' Since the mutual conduct-

ance is high the voltage at the

cathode reproduces very closely

the input voltage, the current

being whatever is required to pro-

duce this voltage. The same cur-

rent flows in the plate and cathode

circuits and since the impedance
vectors in these two circuits are

equal in magnitude and mutually perpendicular, the voltage at the plate

equals the cathode voltage but is shifted in phase by 90°.

The only restrictions on the impedance elements are given by Eqs.

(103) and (104). It would appear possible, therefore, to make Rk and
coL infinite, that is, leave them out altogether,

or to make Rp infinite and C zero. The first

possibility is ruled out, however, because it

leaves no d-c path for the tube current. The
second possibility is impractical because the

sudden rise of current in the plate circuit

excites oscillations at the antiresonant fre-

quency of the inductance and its distributed

capacitance. The best results are obtained

when Rp is chosen for critical damping.

The function of phase-shifting can con-

veniently be combined with the production

of the pulsed oscillations. Since the voltage

at the cathode reproduces the grid voltage,

the cathode may be used as a source for the feedback voltage necessary

to sustain the pulsed oscillations at constant amplitude. Figure 4-58

shows a combined pulsed oscillator and phase shifter. In this figure Rk
of Eq. (103) is the combination of Ri and R^ in series, paralleled by ^4

^ The graphical combination of parallel impedances has been explained in Sec. 4-12.

Fio. 4-57.—Vector-impedance
diagram for Fig. 4*56.
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and twice Rz, It is necessary to take 2 X Rz^ because the impedance

from the center tap of the oscillator inductance to ground is equal to

the feedback resistance. Figure 4-59

is a photograph of waveforms ob-

tained at the cathode and plate of the

circuit in Fig. 4-58.

4‘18. Pulsed Oscillations for Use

with Synchros.—In Chap. 13 of this

volume the use of synchros for shift-

ing phase continuously is discussed.

vwwwv
-wwwv

Fig. 4 58.- -Combined pulsed oscillator and
phase shifter.

Fig. 4-59.—Waveforms obtained from
circuit of Fig. 4-58.

It is shown there that the necessary input current waveforms for use

with pulse oscillations are of the form

(105)

= K 1 < 0

= A sin (Jit + Ki t > 0

iz = Kz t < 0
= — A cos (iit R 2 A t > 0

where ^i, i^i, and K2 are constants.

These waveforms are illustrated in Fig. 4T)0. The waveform of

Fig. 4*60.—Current waveforms for synchro phase shifter.
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Fig. 4-60a is (except for a change of sign) just the voltage waveform pro-

duced by a pulsed oscillator and is easily obtained. The waveform of

Fig. 4*606 is more difficult to obtain because of the shift in average level

during the interval of oscillation. Note, however, that Fig. 4*606 is

just the current waveform in the inductance of the pulsed oscillator. If

a small resistance is placed in series with the grounded end of this induc-

tance, a waveform approximately equal to the one illustrated is obtained.

The effect of this added resistance on the pulsed oscillator is to change

the phase in which the oscillations start by a small amount, and to

increase the amount of feedback necessary to maintain constant ampli-

tude. The quality of the oscillations is not impaired if the added resist-

ance is small. The voltage across this resistance

will be 90° out of phase with the voltage across the

inductance but not with the total voltage, which

appears at the top of the inductance. This phase

error can be compensated for by adding a small

component of capacitive reactance to the resist-

ance so that the impedance vector of this branch

is at right angles to the total impedance vector Z
as shown in Fig. 4-61.

Since the voltage across the resistance is small

compared with the oscillator output, an amplifier

is required to make the two waveforms equal in

amplitude. This amplifier may be stabilized in

the same way as the amplifier for the phase shifter

described in Sec. 4*17, that is, by increasing the

size of the resistor and by returning it not to . ,

rni impedance diagram for
ground but to the output of the ampliher. Ihe cathode circuit of modi-

value of the resistance produced in this case should pulsed oscillator.

be approximately equal to the reactance of the oscillator inductance.

A complete circuit is shown in Fig. 4*62. The oscillator differs from

the one previously described in that the grid of the clamp tube V\ is

returned to Eh instead of ground. This is necessary because the induct-

ance in the cathode circuit is returned through the resistor R to a point

that is at a positive potential with respect to ground. If the grid of Vi
were at ground potential, no quiescent current would flow in the induct-

ance and no oscillations would be produced. The resistor Ri is made
variable to provide an adjustment for the amplitude of the phase-shifted

output, and the phase-compensating condenser C is shunted by a variable

resistance R2 to set the phase precisely. The output waveforms are

applied to the grids of two pentodes whose plate circuits contain the

synchro primary windings Pi and P2 . Because of the high plate resist-

ance of the pentodes and the current feedback from the large unbypassed
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cathode resistors, the currents in the synchro windings reproduced the

input voltage waveforms accurately.^

16 kc/sec pulsed Phase shifting Output
oscillator network

Fig. 4*62.—Circuit for synchro phase shifter for 16-kc/soc pulsed oscillations.

Fig. 4-63.—Waveforms produced by circuit of Fig. 4-62.

Figures 4*63a and 4*635 are photographs of the voltage waveforms
at the grids of Fs and V e.

^ The validity of this statement is discussed in Chaps. 8 and 12.



CHAPTER 5

GENERATION OF FAST WAVEFORMS

INTRODUCTION

By David Sayre

The preceding chapter described the generation of sine waves, which

may be regarded as the smoothest oscillations possible. There are,

however, a great many uses for waveforms of precisely the opposite

nature—namely, waveforms th^t are as abrupt as possible—and it is the

generation of such waveforms that this chapter will treat. Such wave-

forms are useful primarily in timing applications because a definite

instant in time can be associated

much more accurately and un-

equivocally with the moment of

‘^abruptness” in such waveforms

than with any portion of a

“smooth” waveform. Speed, rel-

ative of course to the time scale

being used, is therefore a most

valuable property of such wave-

forms, and in general the purpose

of this chapter will be to describe

how to generate pulses of short

total duration and rectangles with

short rise and fall times. In an-

ticipation of later discussion, it

may be stated that under the best conditions the times involved can be

measured in hundredths of a microsecond.

A large number of abrupt waveforms can be imagined, a few examples

of which are given in Fig. 5*1. Of these only the simplest—pulses and
rectangles—will be discussed in this chapter; the more complex wave-
forms involve additional processes like differentiation, integration, modu-
lation, addition, etc., and will be discussed in other chapters.

6*1. Methods and Principles in the Generation of Fast Waveforms.

—

The several types of circuit that can be used to generate abrupt wave-
forms will be classified somewhat arbitrarily as follows for the purpose of

later description

:

_r^
to) to) (i)

Fig. 5'1.—Examples of abrupt wave-
forms: (a) step function; (b) rectangle; (c)

pulse; (d) fast-rising slow-falling pulse; (e)

triangle; (/) trapezoid; (g) pulsed sine wave;
(h) staircase; (i) triangle on a pedestal.

159
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1. Multivibrators and phantastron-type circuits.

2. Blocking oscillators.

3. Delay-line pulse generators.

Only the first of these methods will be described in this chapter;

blocking oscillators and delay-line pulse generators are treated in Chap. 6;

and certain pulse sharpeners and squaring circuits are described in

Chap. 9.

Since these circuits generate Avaveforms that differ so sharply from

sine waves, it is to be expected that they possess in common some property

that distinguishes«,y;iem from sine-wave generators. This common prop-

erty is the utilization of a nonlinear element. Perfect sine waves could

be generated without any such element. Abrupt waveforms, however

cannot be generated without some operation with a nonlinear element^

and in general, the more abrupt

the nonlinearity, the more abrupt

the waveform which can be gen-

erated . For this reason the analy-

sis of any of these circuits, unlike

that of a sine-wave oscillator,

must take as its starting point the

nonlinearities of its elements.

Knowledge about the properties of

these elements, their utilization in

circuits, and the analysis of such

circuits will therefore be of prime
importance to the reader through-

out this chapter, and he would do well to have the material of Chap. 3

well in mind before reading further.

It has already been stated that the most important property of

abrupt waveforms is their speed at certain instants, but this is precisely

the property which is most difficult to obtain. The maximum speed

of the waveform at any point of a circuit is almost always limited by the

ability of the circuit to deliver a large current to (or remove a large

current from) that point in order to charge or discharge rapidly the

capacity which loads the point. Thus, if a circuit is to generate fast

waveforms, loading capacities must be small and peak currents through

them must be large.

These principles are illustrated by the simple limiting amplifier of

Fig. 5'2. In this figure tube characteristic c is inferior to characteristics

a and b because a longer time is required to turn the tube on and off.

C2 should be kept as small as possible by using a tube with a small out-

put capacity, designing the succeeding stage to have a small input capac-
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ity, and wiring the circuit carefully. R2 should be small so that on the

trailing edge of the pulse there will be a large current recharging C2 .

The lower limit of R 2 is determined by the required output amplitude,

and for this reason tube characteristic a is superior to characteristic 6

since it permits a larger output pulse with an equally fast rise time, or an

equal pulse with a faster rise time. Ci should be kept small, which is

more difficult to do with a triode than with a pentode because of the

Miller effect. Finally, Ri should be as small as is consistent with good

limiting in order that large currents be available for charging and dis-

charging Cl.

From these considerations can be gained, therefore, an accurate

conception of the problems involved in the generation of fast waveforms.

First, elements must be found whose nonlinearity is as abrupt as possible.

Modern triodes and pentodes^ exist which for ordinary plate voltages

cut off with —4 volts on the grid and which display a transconductance

of as much as 10,000 iimhos at zero grid voltage. As stated in Chap. 3,

gas tubes and positive feedback circuits have a jump discontinuity in

their characteristic and hence display a very large transconductance at

one point.

Second, these elements must be capable of delivering high peak

currents although the average current may often be small. The vacuum
tubes just mentioned arc capable of peak cathode currents of 1 amp or

rnore,*^ and the same figure holds for small thyratrons. Finally, capaci-

ties to ground from critical points must be small. Many of the miniature

tubes which have been developed during recent years have input and

output capacities whose sum is less than 5 /xgf
;
regular size tubes usually

show approximately double these capacities.

6»2. Applications.—It has already been stated that abrupt waveforms

find important use as time indices, and that speed is an important prop-

erty of such waveforms if the order of time resolution is to be high.

Examples of such applications are: time modulation, measurement of

time intervals, pulse frequency division, etc.

A related set of applications are those in which abrupt waveforms,

themselves the products of nonlinear elements, are used to alter the

behavior of other such elements during definite intervals of time. Such

gating applications, as they are usually called, are exemplified by

intensity gating of a cathode-ray tube, sensitivity gating of a receiver,

time selection by means of a coincidence pulse, etc. In such applications

a second requirement is often placed upon the shape of the gating wave-

form: not only must its rise and fall times be short, but also its top must
1 Triodes: 7F8, 6J4. Pentodes: 6ACT, 6AG7, 6AK5.
* See R. B. Woodbury, “Pulse Characteristics of Common Receiver-type Tubes,

RL Report No. 704, April 30, 1945.
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be flat so that the performance of the gated element will be constant

during the whole gating period—that is, rectangles, and not merely

pulses, are required for such purposes.

6*3. Other Practical Design Considerations.—Shape of the output

waveform (including speed and flatness of top), although usually the most

important single consideration, is by no means the only one influencing

the choice of circuit for a given application. The following list of design

considerations is therefore included to provide a frame of reference by

which the reader can assess the merits of a particular circuit for a par-

ticular application.

1. Shape of waveform. The importance of speed in timing

applications and of speed and flatness of top in gating applica-

tions has already been mentioned.

2. Amplitude of the ^favefo^m.

3. Load across which the output waveform is to be taken. Unless

the generating circuit has a very small internal impedance, the

output waveform will depend in both shape and amplitude upon

the nature of the load impedance across which it is to be taken.

For example, a circuit which can deliver a fast waveform across a

resistance may not be able to do so across a capacity, and one

which can deliver a flat-topped waveform across a resistance may
not be able to do so across an inductance.

4. Polarity of the waveform.

5. Number of stable states. Fast waveform generators can be

designed to have 0, 1, or 2 stable states. Typical waveforms

Fig. 5*3.—Action of circuits with 0, 1, and 2 stable states.

for each are shown in Fig. 5*3. A circuit with 0 stable states,

called ^^astable’^ or ‘^free-running,’^ generates a continuous train

of waves and requires 0 triggers to execute a complete cycle; a

circuit with 1 stable state, called a “monostable” or “flip-flop”

circuit, requires 1 trigger for each complete cycle; and finally a
circuit with two stable states, called a “bistable” or “scale of

two” circuit, generates merely a step function for each trigger

and therefore requires two triggers for each complete cycle. An
astable circuit can sometimes be used as a quasi-monostable or
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quasi-bistable circuit by triggering it at a rate high compared
with its own natural frequency; likewise a monostable circuit

may be used as a quasi-bistable circuit.

6. Control over frequency, pulse duration, etc. In many timing

operations it is necessary to have control over the various time

relationships between the fast portions of the output waveform.

In pulse frequency modulation, for instance, the recurrence fre-

quency of a train of pulses is varied, whereas in time modulation,

the time interval between pulse pairs or the width of a pulse is

varied (see Chap. 13). The circuit control characteristics per-

taining both to accuracy and to range of control are therefore

important considerations.

7. Recovery time. Rapid recovery is important in many applica-

tions where the circuit will be required to perform its cycles in

rapid succession.

8. Triggering. The necessary amplitude, duration, and polarity of

the trigger are sometimes important considerations. Also the

effect of variations in the trigger upon circuit performance may
be important.

9. Stability. Stability of the output waveform (in shape, ampli-

tude, and all its time relationships) against changes in line

voltage, tubes, etc. is often a prime necessity.

10.

Economy, reliability, designability, etc.

MULTIVIBRATORS

The discussion of multivibrators will be arranged as follows. Because

the action of a multivibrator can be divided naturally into two parts

—

the generation of the step function and the establishment of the time

interval—the first section 5-4 will describe circuits which perform only

one of these actions, that is, bistable multivibrators, in which only the

generation of the step function is performed, and in which there is no tim-

ing process. The following section 5*5, describing monostable multivibra-

tors, will introduce the method whereby one of the formerly stable states is

rendered only quasi-stable and its duration is established. Section 5*6

will describe the basic astable multivibrators, in which both states are

only quasi-stable. In all three of these sections both plate-to-grid-

coupled and cathode-coupled varieties will be presented. The succeed-

ing two sections, 5*7 and 5*8, will discuss in greater detail the processes of

step-function generation and timing, as carried out in one representative

circuit. From this discussion will be obtained certain general conclusions

which are of considerable design value. Finally, the later sections, 5*9

to 5*14, will discuss ways of operating or modifying the basic circuits to

obtain certain desirable performance characteristics.
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6*4, Bistable Multivibrators.—The basic plate-to-grid-coupled bista-

ble multivibrator^ is illustrated in Fig. 5*4.

The operation of this circuit depends upon the fact that a stable

configuration can exist either with Vi on and V2 off, or with Vi off and

V2 on, and that a rapid change from one configuration to the other can

be initiated by suitably injecting a triggering pulse into the circuit. If,

initially, Vi is on, its plate is at some voltage low enough to keep F2 off

and the plate of F2 is in turn at a voltage high enough to keep Fi on.

When a negative trigger is applied to the plate of F2 through the diode

F4, Fi is cut off and F2 becomes

conducting. (It should be noticed

that the injected trigger will go to

the plate of F2 and not of Fi be-

cause the plate of the diode F3 is so

much lower than its cathode that

no conduction is possible even dur-

ing the trigger.) Because of C2,

which like Ci is called a speed-

ing-up^^ condenser, the fast nega-

tive-going edge of the trigger is

brought to the grid of Fi; Fi is

thus cut off, its plate rises and

thereby raises the grid of F2, and

this rise in turn augments the action

of the trigger by lowering the plate

of F2 still farther. Fi is thus rap-

idly turned off and F2 turned on,

and the net result of the trigger is

to carry the circuit from one stable configuration to the other. The
waveforms of this circuit are shown in Fig. 5*5.

These waveforms have two main uses. Since the waveform at one

of the plates has one-half as many rising edges as there are input triggers,

the circuit can be used to divide by 2 the number of triggers coming
from any source. Also, the two plate waveforms are useful for the

electronic switching of waveforms, when, for instance, it is desired to

display two different waveforms on alternate sweeps in a cathode-ray

tube.

Since the total current drawn by the circuit is approximately the

same throughout the cycle, the insertion of a moderately bypassed common
cathode resistor of the proper value will provide a suitable bias and will

permit the negative supply to be eliminated. Such a circuit is shown in

1 Bistable circuits have also been called ''scaling'' circuits, "scale-of-two" circuits,

and in England "lockover” circuits.

Input

Fiq. 5*4.—Basic plate-to-grid-eoupled bi-

stable multivibrator.
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Fig. 5*6. Because the cathode bias developed will accommodate itself

to the voltages and components being used, this circuit is considerably

less sensitive to changes in the operating conditions than that of Fig. 5-4.

The analogous cathode-coupled bistable multivibrator is illustrated

in Fig. 5-7. In this circuit, also,

two stable configurations are pos-
^

sible: one with Fe on, in which

case the cathode of Vi is high

enough to cut that tube off; the

other with V\ on, in which case

the grid of V2 is low enough to cut

that tube off. The transition

from one state to the other may be

initiated by injecting a trigger, or

by raising or lowering the grid

of Vv
It is this latter method of con-

trol which is illustrated in the

waveforms of Fig. 5*8. Here Vz

is initially on and Vi is off. As
the grid of Fi is raised, there

comes a point where current begins

to flow in Fi; the plate of Fi and i

the grid of F 2 drop; consequently

the current through Rk decreases,

the cathode of F 1 drops, and thus

turns Fi on more rapidly. At a

Grid of

•

definite voltage of the input wave-

form, therefore, the circuit flips

over. Similarly, it will flop back

on the trailing edge of the input,

but at a lower voltage. This dif-

ference in critical voltages is a

consequence of the ‘^hysteresis

effect which is always present in

relaxation oscillators, and which
is discussed in Chap. 3. The out-

put on the plate of F2 is thus a

square wave whose duration is

Fig. 5-5.—Waveforms of the plate-to-grid-
coupled bistable multivibrator of Fig. 6-4.

The trace was about 1260 jusec long; the
amplitude of the plate waveforms about 130
volts.

equal to the time spent by the input between its two critical voltages.

Taking the output from the plate of Fs instead of from some other point

has the advantages of speed and flexibility since the stray capacity from
that point to ground is small and since almost any type of load may be
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attached without seriously affecting the performance of the rest of the

circuit. These advantages can be increased, in this and all other cathode-

coupled types, by making F2 a heavy-current tube, reducing r2, and

returning the cathode of F2 to a point only part way up 72*.

The uses to which this circuit can be put are easily inferred from its

waveforms. It has been used as a means of squaring an input pulse
;
as

a regenerative amplitude comparison circuit (see Chap. 3) ;
and as a sort

of peak-reading voltmeter that indicates whether the input signal ever

attains the critical voltage at which the circuit will flip over.

In this and all other cathode-coupled multivibrators greater regenera-

tion can be obtaift^ by also coupling the plate of F2 to the grid of Fi

to obtain a circuit which is both plate-to-grid- and cathode-coupled.

This usually increases somewhat the speed with which the change of

state is accomplished, but does so at the expense of losing the ^^free”

plate of F2.

6*6. Monostable Multivibrators.—If in the bistable circuit of Fig.

5*4 the a-c-d-c coupling from the plate of Fi to the grid of F2 were

replaced by an ordinary a-c coupling, the negative square wave on the

plate of Fi would come through to the grid of F2 not as a square wave
but as the exponential wave shown in Fig. 5-9. Thus F2 could not remain

turned off indefinitely—that is, the state in which F2 is off and Fi is on

would become a quasi-stable state, the duration of which would be

determined by the time necessary for the grid of F2 to recover exponen-

tially to a voltage where F2 can begin to draw current again and where

the circuit flops back to its other (stable) state. Because of its funda-

mental role in establishing the duration of the quasi-stable state, the
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exponential waveform is called the “timing waveform and the coupling
condenser and resistor which determine its time constant are called the
“timing condenser'' and “timing resistor."

From these considerations is derived the basic plate-to-grid--coupled

monostable multivibrator^ shown in Fig. 5*10. It should be noticed
that the timing resistor R is returned not to ground but to the plate
supply. This is done, when R is

not too small, in order to increase

the slope of the timing exponen-
tial at the moment of pickoff and
thus improve the stability of dura-

tion of the generated rectangle.

Figure 5*11 illustrates the wave-
forms of this circuit. Initially the

circuit is in its stable state, with F2

on because of Rj and Vi off because

of the drop in When the nega-

tive trigger is injected at the plate

of Fi it is coupled by C to the grid

of Fc; F2 is cut off; the plate of F2

rises rapidly, and this rise which is

coupled by Ci to the grid of Fi
turns Fi on. As Fi turns on, the

negative swing of the plate rein-

forces the effect of the trigger.

Thus, after a very short time, Fi
has been turned on and F2 has been

turned off. This state, as pointed

out above, is only quasi-stable, how-
ever, because the charge on C
leaks away through R and conse-

quently the grid of F2 rises expo-

nentially toward Epp until it

reaches the critical voltage —
at which F2 begins to turn on again

and the circuit flops rapidly and

Fig. 6*8.—Waveforms of the cathode-
coupled bistable multivibrator of Fig. 5-7.

The trace was about 1250 /itsec long; the
amplitude of the waveform at the plate
of Vi about 60 volts.

regeneratively back to its initial state, where it remains until another
trigger is injected.

A restatement of the timing mechanism might be that two processes
are involved: (1) the generation of a timing waveform (the exponential
on the grid of Fg); and (2) the “picking-off” of the timing waveform at a

1 Monostable multivibrators have also been called ** flip-flops, ^^one-shot multi-
vibrators," and "gating multivibrators."
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definite voltage by a nonlinear element in order to provide the signal

marking the end of the desired time interval. This second process is

called ‘^amplitude comparisons^ and is described in Chap. 3 . In the

circuit of Fig. 5T0 F2 is the nonlinear element and — is the pickoff

voltage.

The origin of the overshoots in several of the waveforms is to be

found at the grid of F2. During the interval when F2 is off, the timing

condenser C is being discharged. During the other portion of the cycle,

therefore, it must be recharged, the electron current taking the path

from the cathode to the grid of F2, right to left through C, and up through

ri. Since the dio^g^ formed by the grid and cathode of F2 does not have

zero forward resistance, this current produces on the grid a small positive

signal which also appears amplified and inverted on the plate of F2 and

the grid of Fi. This flow of current, which will last until C is completely

recharged, is also the cause of the

slow rise in the waveform at the

plate of Fi. Thus the recharging

of C is a bothersome problem, es-

pecially when very narrow pulses or

Fio. 6-9.—Method of generating the Fio. 510.—Basic plate-to-grid-coupled
exponential timing waveform in a multi- monostable multivibrator.
vibrator.

very rapid repetition of the cycle is desired, and special provisions must
be made (see Sec. 5T 1 ) for reducing the recharging time. A similar

effect may take place at the grid of Fi when that tube is turned on if Ci

is made any larger than just sufficient to match the stray capacity from

the grid of Fi to ground.

The usefulness of such a circuit is obvious; it is used when rectangles

of a predetermined duration are desired, one rectangle for each trigger

injected.

Figure 5T2 shows the corresponding cathode-coupled monostable

multivibrator, and Fig. 5T3 its waveforms.

The initial and stable state is with F2 on and Fi off. The diode F4

is used to define the initial level of the grid of F2; this level would other-

wise vary greatly according to the electrode structure and cathode emis-

sion of F2. When a negative trigger is injected through Fs, F2 is turned

off and the cathode of F i, dropping to within a few volts of the grid of Fi,
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Cathode of

Plate of ^

Grid of V,

turns on. A negative rectangle is thus generated at the plate of Vi
and, after differentiation in the timing network BC, becomes the exponen-
tial timing waveform on the grid of F2 . After a definite time interval,

therefore, the grid of V2 crosses the ^

grid base of F2 and the circuit re- I

verts quickly to its original state.

The circuit has two very useful

properties. First, fast waveforms
can be obtained in either polarity,

positive from the plate of F2 and
negative from the cathodes of Fi
and F2 . Second, it is found that

over nearly the entire operating

range the duration of the rectangle

generated is a linear function of the

voltage impressed on the grid of Fi.

Thus, by changing the setting of

the potentiometer P, the duration

of the rectangle can be increased

steadily from almost zero to its full

value, with a linearity which may
be as good as 0.2 per cent of full

range. ^ Qualitatively, the increase

in rectangle duration with the grid

voltage of Fi is due to (1) the in-

crease in the amplitude of the nega-
tive rectangle at the plate of Fi
with the consequent increase in the

negative voltage from which the
grid of F2 must recover and (2) the
decrease in the amplitude of the neg-

ative rectangle at the cathodes, with
the consequent increase in the volt-

age to which the grid of F2 must
recover. These facts are illustrated

by the waveforms in Fig. 5T3,
where the photographs were taken
for two positions of the potentiometer P.

As in the previous circuit, the recharging of C is responsible for certain
overshoots and other defects of the trailing edges of the waveforms.

f

Fiq. 51 1.—Waveforms of the plate-to-
grid-coupled monostable multivibrator of
Fig. 5- 10. The trace was about 1250 jusec

long; the amplitude of the waveform at the
plate of Vi about 130 volts.

1 The circuit of Fig. 5-12 shows poor design in one respect. The cathode of V4

should be returned to the bleeder which contains P so that variation in the bleeder
resistances will tend to make the grid levels move together.
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It should be noticed that the bistable circuit of Fig. 5*7 has two a-c-d-c

coupling paths, from the plate of Fi to the grid of F2 ,
and from the

Input

trigger

T"

fp

Fio. 5-12.—Basic cathode-coupled monostable multivibrator (timing network in grid
circuit).

cathode of F2 back to the cathode of Fi. The monostable circuit of

Fig. 5-12 was obtained by replacing the former of these a-c-d-c paths

by an a-c path. As might be ex-

pected, a perfectly satisfactory cir-

cuit may be obtained by replacing

the second path instead of the first.

Figure 5T4 shows such a circuit,

and Fig. 5T5 its waveforms.

The stable state is with Fi on

and F2 off. The trigger permits the

plate of Fi to rise and this rise is

coupled to the grid of F2 . The
cathode of F2 is thus lifted; because

of C the cathode of Fi is also lifted,

and Fi is turned off still further.

The circuit is now in its quasi-stable

state. Electron current is flowing

up Rj from left to right through C,

and up through F2 . This current

through C causes the cathode of Fi
to fall exponentially toward —Ekk
with a time constant of RC seconds,

and it is this exponential which
times the duration of the rectangle.

Finally, the cathode falls far enough
to permit Fi to come on again; the plate of Fi falls and with it the grid

of F2 ;
and F2 is cut off once more. The overshoots are caused by the

recharging of C through r and Fi.

V * Cathode of V3

Fig. 5- 13.—Waveforms of the cathode-

coupled monostable multivibrator of Fig.

6*12. The trace was about 1260 /nsec long;

the amplitude of the waveform at the plate

of Fs about 90 volts.
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The unusual feature of this circuit is that the timing network is in a

cathode circuit and not in a grid circuit. Such an arrangement is

especially valuable for the generation of very short rectangles since R
can be made small. The circuit is also favorable for the generation of

short rectangles because the plate

of F2 is free; a fast waveform can ^
therefore be taken from it.

6*6. Astable Multivibrators.— ^

^

^

In Fig. 5- 16 is illustrated the basic i: -Zw "
' /,^<^tfK)de of

plate-to-grid-coupled astable mul- i

tivibrator, ^ derived from the mono- ^

stable form in Fig. 5*10. By the \>
‘ V

^
''

replacement of the one remaining ~
^

'

;|j

a-c-d-c coupling with an a-c cou- ^ ^ ciftode of IJ.;, t

pling both states are made quasi-
;

'

, ;

stable. The waveforms are shown
|

. - 7, v\ > T . ,
/ ; ^

in Fig. 5-17. I

Cathode of Ij.;

Fio. 5-14.—Another form of cathode-

coupled monostable multivibrator (timing

network in cathode circuit).

Fig. 6 * 16 .—Waveforms of the cathode-
coupled monostable multivibrator of Fig.

5*14. The trace was about 1260 /isec

long; the amplitude of the waveform at the
plate of Fa about 50 volts.

A cathode-coupled astable multivibrator can be obtained by combin-

ing the two monostable forms described in the last section. Such a

circuit is useful mainly as a highly unsymmetrical oscillator, with one

1 Astable multivibrators have been called “free-running"' or “self-running” types.

In England, the word multivibrator tends to be restricted to astable circuits.
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part of the cycle much shorter than

the other. It will be described in

Sec. 6*11, on highly unsymmetrical

astable multivibrators.

A symmetrical astable multivi-

brator, which makes use of the same

condenser for timing both halves of

the cycle, is shown in Fig. 5*18 and

its waveforms are illustrated in Fig.

5-19.

It should be noticed that al-

though a-c cross^uplings are used

from each plate to the opposite grid,

the time constants are made very

long compared with the -period of

the multivibrator. There is, there-

fore, effectively no differentiation

or timing action in those networks,

and the timing action is confined to

the network consisting of (7
, /?i,

and i?2 . The advantages in using

a-c instead of a-c-d-c cross cou-

plings are ease of design and free-

dom from the necessity of using

accurate components.

Initially Fi is off and F2 is on.

Electron current is flowing up

through Ri, from left to right

through C, and up through F2 to

the plate supply. This current

tiQ. 6*16.—Basic plate-to-grid-coupled

astable multivibrator.

Fiq. 6*17.—Waveforms of the plate-to-

grid-coupled astable multivibrator of Fig.

6- 16. The trace was about 1260 /ixsec

long; the amplitude pf the plate waveforms
about 180 volts.
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through C IS causing the cathode of Fi to fall toward ground along

an exponential with a time constant RiC, Incidentally, the plate of

F2 and therefore the grid of Fi are rising because the current through F2
decreases as C charges. Thus the cathode and grid of F 1 are approaching

each other, and, after a definite time, current can begin to flow in Fi. A
regenerative action now takes place,

in which both the plate-to-grid

and cathode couplings are involved.

After a very short time, therefore,

a new configuration is realized, in

which Fi is on and F2 is off. The
action now takes place exactly as

before, except that the electron

current flows from right to left

through C and the voltage across C
acts as the timing waveform for

the other portion of the cycle. The

Fig. 6-18.~-SyiTiTnetrical cathode-coupled
actable multivibrator.

Fig. 6-19.—Waveforms of the cathode-
coupled astable multivibrator of Fig. 5*18.

The trace was about 125 /*sec long; the

amplitude of the cathode waveforms about
80 volts peak-to-peak.

interplay between the cathodes is important and may be a little confus-

ing; it may not at first be clear why, although at one time the cathode of

Fi is capable of raising the cathode of F2, at a later time it is incapable

of preventing itself from being raised by the cathode of F2. The explana-

tion lies in the nature of the output impedance at the cathode of a tube;

speaking roughly, it is easy to pick up the cathode but hard to keep it

down.
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6‘7. Analysis of the Transition between States.—In the preceding

sections the general features of operation of several basic types of multi-

vibrators have been discussed. The two most important processes that

multivibrators perform will now be analyzed in greater detail and with

quantitative results. The present section will describe the transi-

tion from one state to the other; the next section will treat the timing

operation.

It should be clearly understood from the start that an exact analysis

of a multivibrator, especially during that instant when it is changing

states, is practically impossible. So numerous are the elements involved.

Fig. 6*20va).—Circuit of Fig. 5*16 re- Fig. 5*20(6).— Circuit approximately
drawn to show stray capacities and electron eciuivalcnt to that of Fig. 5'20(a) to bo
currents. Vi is coming on; Vi is being used in analysis. C'l' = Cj, + Cp, +
turned off. (1 + A,)C„i + (1 + A!)C,p 2 : CV = C,, +

Cpi + (1 + A,)C,pi + (1 + A,)C„,.

both those which are intentionally and those which are unavoidably
present, and so far-reaching are the effects of the nonlinearitjTof the

vacuum tubes, that every analysis must make several simplifying

assumptions and thereby lose its exactness. This is true both of those

analyses which concern themselves with the entire cycle ^ and those, like

the ones now to be presented, which break the cycle down into two parts

and treat the transition separately from the timing.

As a typical circuit for analysis the ordinary plate-to-grid-coupled

astable multivibrator of Fig. 5T6 will be used. Figure 5*20a shows this

circuit redrawn to include the various stray capacities which form the
principal limitations on the speed with which the change of state can take
place. The arrows represent the directions of electron flow during the
time when Vi is coming on and F2 is being turned off.

* An excellent example of such an analysis, which uses as its basis an analytical

expression approximating the tube characteristics, is the Ph. D. thesis of S. C. Snow-
don, Gal. Inst of Tech., 1945.
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The circuit of Fig. 5*20a is difficult to analyze because of the presence

of Cgp^ and Cgp^j which prevent the circuit from being considered as two
separate loops. Figure 5*206 represents an approximately equivalent

circuit, in which those capacities, together with Cp^ and Cp^, have been

absorbed into C[ and Cj. Essentially the circuit of Fig. 5*20a may be

regarded as a current source at point A (current supplied by Fi) and a

current sink at B (current taken off through r2) with various associated

networks. The capacities which take current from A are Cp^, Cgp^y C2

in series with Cg^, and C2 in series with Cgp^;

those which give current to B are Cp^, Cgp^y

Cl in series with Cg^y and in series with Cgp^.

Now if it is assumed that Ci and C2 are large

compared with the other capacities, and if it

is remembered that Cgp^ and Cgp^ act effec-

tively like capacities of value (1 + Ai)Cgp^

and (1 + A2)Cgp^y where Ai is the ratio of

the speeds with which the plate and grid of

Fi are moving and A 2 is the same for F2 ,

then the capacitive load on A can be represented, as in Fig. 9*206, as

C'J = + Cp^ + (1 -h Ai)Cgp^ -f (1 + A2)Cgp^y and the capacitive source

for JB can be represented as

C'l = Cg^ + Cp^ + (1 + Ai)Cop^ + (1 + A2)Cgp^.

In order to simplify the analysis it is assumed that Ai and A 2 ,
and there-

fore C[ and CJ, are constant. However, it should be understood that

this is not strictly true and constitutes another departure from exactness.

It should also be noted that the above definitions of Ai and .42 imply

Ai = 1/4.2.

On the basis of the equivalent circuit. Fig. 5*206, the analysis can

proceed. The waveform at the grid of Fi for the period after Fi has

begun to come on is assumed to be some function, given as a power

series with undetermined coefficients, of the time t that has elapsed since

the grid passed the grid base at — volts. Both Fi and F2 are assumed

to have the perfect broken-line characteristic shown in Fig. 5*21 with a

slope of Qm amps/volt and a grid base of Ec volts. By means of this

characteristic the waveform at the grid of Fi is translated into the current

through Fi as a function of time. This current is integrated in CJ (it is

assumed that Vi draws negligible current) to give the corresponding wave-

form at the grid of F2 . Use of the tube characteristic of F2 gives the

current through F2 as a function of time. If it is assumed that the

current through r2 does not change appreciably during the change of

state, then the current available for Ci is the amount by which the current

Fig. 5-21.—Ideal broken-
line characteristic assumed for

Vi and Vi.
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through Vi has decreased plus the current /o flowing through Ri. This

sum is integrated in C[ to yield the original waveform in a new power

series containing not only the undetermined coefficients but also /o, Qm,

CJ, and CJ. This power series and the original one are set equal term

by term^ and the coefficients are easily found in terms of the four param-

eters just listed. The voltage v\ at the grid of Fi is then found to be

= -Ec + ^ + 51
^‘ + • •

•]

and the voltage vj at the grid of y2 is

^2
r 1 ,2

I

1 9m y + }

^ If it is assumed that Vi —Ec hi dt^ • •
•

,
then ?i, the current

through Fi, is

i 1
= bgmt + + dgmF + • • • .

If all of ii passes through then the voltage at the grid of Fj is specified by

cgn. dgn, \
“ \ci

' +H ' + cl
' + •••;•

Integrating:

The current available for charging C[ is

1 bgl 1 cgl 1 dgl
^ 2 C2

^ 3 C2
^ 4 C2

^

Dividing by C[ and integrating:

„ - P 4. 4. ^ /3 4.
^ ‘"S'”

,4 4.
1 '^9'"

,6 .r, - -E. + -t+-^,t +-^,< + • • • .

Equating the two expressions for vi term by term:

ft
-

c = 0

1 bgl 1

6 C[C[ 6 C'^C[

e - 0

^ 20C[C[ 120C;’C?’

From these coefficients come the expressions in the text for Vi and Vt.

For /o “ 3 X 10-<, g„ = lO"’, Cj = Cj' = 6 X 10““,

t in microseconds,

vi - 6.6< + 258f» + 3580<‘ + • • • .

»i - 46.3<* + 1076<< + 9950<» + • • • .
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In order to illustrate the waveforms represented by these solutions, it

is necessary to assume a set of representative values for /o, gmy CJ, and C^.

Such a set might he: lo = i ma; = 1000 nmhos; CJ = Cg = 60 /u/xf;

and Ec = 15 volts. These might, for instance, be a fair set of values for

a multivibrator made of the two sections of a 6SN7, with Ri = lAf,

with each grid-to-ground and plate-to-ground capacity = 15 /x^f, each

grid-to-plate capacity = 6 M^f, and Ai + Aa = 3. Under these con-

ditions the waveforms at the two grids are calculated to be as shown in

Fig. 5-22. In calculating these waveforms it was necessary to include

the first seven terms of each series. Experimental rise times agree very

well with these calculated ones.

It may be worth while to point out very briefly those respects in

which this analysis would have to be improved before it could be con-

sidered accurate. Probably the most im-

portant improvement would be to use the

actual grid-to-plate characteristic for the

tubes instead of the highly idealized one of

Fig. 5*21. Second, the variation of Ai and

A 2 during the action should not be ignored.

Third, the currents through ri and R 2 should

be considered, as well as the change of cur-

rents through Ri and r2 . The effect of hav-

ing Cl and C2 finite should be considered.

The exact circuit of Fig. 5-20a should be

used instead of the approximately equiva-

lent circuit of Fig. 5-206, Account should

be taken of the fact that during the very

early part of the action the larger part of 10

is flowing not through Cg^ but through Ci. Finally, the effect of the grid

current in Fi upon the end of the action should be included.

The importance of this analysis is that it provides a figure of merit,

Qm/C\C2 y
for tubes to be used in multivibrator circuits and therefore

emphasizes, perhaps in a more quantitative manner than previously, the

necessity of keeping stray capacities small and of using tubes with high

transconductance.

6*8. Analysis of the Timing Process.—^The purpose of this section is

to derive some results which will be useful in Sec. 5-13 on stabilization

of time intervals, and to make it possible to calculate in advance the time

intervals which will be established by a multivibrator.

For the purposes of analysis the plate-to-grid-coupled astable multi-

vibrator of Fig. 5-16 will be considered with the voltage vi on the grid of

Fi as is shown in Fig. 5*23. The initial voltage from which the grid must
recover is — Eu is the voltage to which Ri is returned [E^, = Epp in

Time in /x sec

Fi(j. 5'22.—Calculated wave-
forms for the grids of a typical

multivibrator.
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Fig. 5*16), and •-Ec is the cutoff voltage of Vi (that is, approximately the

voltage at which the transition of state occurs).

Then

= (Eu + Ei)e~^K ( 1 )

To find Tif the duration of the quasi-stable state during which Vi is off,

Vi is set equal to --Ee and Eq. (1) is solved for t. It will be found that

T, _ fi.e, In (2)

If the circuit if%ymmetrical and Euy Eiy and Ec are the same for both

portions of the cycle, then the duration T of a complete cycle is given by

r = Ti + y, - {RiC, + R^Ci) In (3)
Tin I Tjc

This expression is slightly inexact for two reasons. First, it ignores

the presence of the various stray capacities shown in Fig. 5-20a. These

Fio. 5-23.—Multivibrator grid waveform as Fig. 6-24.—Graphical method for calcu-

used in calculating the period. lating Ei and Ec.

may be included by writing Ci + Cg^ -h Cgp^ for Ci and + Cg^ -f Cgp^

for C2 . Second, it ignores the fact that there exists a large negative

overshoot at the start of the exponential waveform (see Fig. 5* 17). The
effect of this overshoot will be to discharge the timing condensers some-

what, that is, to reduce the effective Ei. Therefore, if Ei is estimated by

the method given below, the calculated period may be slightly too long.

In order to use Eq. (3), estimates of Ec and Ei must be made. This

can be done very easily from the tube curves and with an accuracy suf-

ficient for most purposes. Ec can be taken to be the grid base when the

plate voltage is Epp] Ei is approximately the drop across the plate resistor

at zero grid bias. These relations are illustrated in Fig. 5*24. For a

typical triode like a 6SN7, with Eu = Epp = 250 v and ri = r2 = 10

Ei = 130 vaaAE, = 14 volts, so In = 0.36. If ri = rj = 50 K,
liiu “F I^c
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the last quantity becomes 0.53. In the latter case, if the circuit is

symmetrical so that RiCi ^ = RC, it will oscillate at a frequency

of about l/RC cps.

6*9. Obtaining Fast Transition.—In Sec. 5-7 it was shown that the

speed of transition depends primarily upon the quantity On
the basis of this fact there are listed the following practical methods by
which transition times of 0.5 /xsec are easy o obtain under most circum-

stances and by which transition times of 0.05 /xsec are possible.

1. The stray capacities C[ and CJ should be kept to a minimum—that

is, grid-to-ground, plate-to-ground, and grid-to-plate capacities

should be kept small. Miniature tubes in general have inter-

electrode capacities about one half as large as big tubes have, and

pentodes have smaller grid-to-plate capacities than triodes have.

The wiring should be done carefully and kept short. The ultimate

in this respect can be achieved with the use of sub-miniature

solder-in tubes. Any circuit attached to the multivibrator should

present as low a capacity as possible. This is true of the trigger

source, which should be disconnected from the multivibrator by
inserting the triggers through a diode. If the output must be fed

into a circuit with a large input capacity, it may first be fed into a

cathode follower and from there into the desired circuit.

2. The plate resistors Vi and should be kept fairly small so that the

tubes will be operating at high current and therefore at high

Values from 3 K to 20 K are usual. Inductive compensation may
be used to increase the current available for C[ and CJ.

3. High-^^ tubes should be used. Among triodes are: 6J4, 7F8, 6K4
(SD834), 6J6, 6SN7. Among pentodes are: 6AC7, 6AK5, 6AG7.

6*10. Monostable Circuits for Very Short Pulses.—The principles dis-

cussed in the last section are most important when it is necessary to use a

multivibrator to generate very short pulses, whose length may be, for

example, from 0.1 to 2 //sec. Obviously, the generation of such pulses

imposes very stringent limits on the time available for transition between

states. It should be remarked, incidentally, that multivibrators are not

usually the most satisfactory circuits for this purpose; blocking oscil-

lators and gas-tube circuits are generally superior because of their ability

to deliver very large peak currents during the instants when the circuit

is changing states.

Figure 5*25 illustrates a plate-to-grid-coupled monostable circuit,

modified from the basic circuit of Fig. 5*10 by returning R to ground

instead of to the plate supply voltage in order that a small value of

resistance may be used.

The major fault of this circuit is that every electrode is involved in the
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action; therefore, there is no free point which can be loaded with an

output circuit without slowing the action. Two general methods are

available for overcoming this difficulty: use of an electron-coupled

multivibrator, and use of a cathode-coupled multivibrator.

Fig, 5*25.—Plate-to-grid-coupled monostable multivibrator for generating short pulse.

Figure 5*26 illustrates an electron-coupled monostable multivibrator,

in which V2 and the cathode, grid, and screen of Vi act as an ordinary

circuit of the type shown in Fig. 5*25. The plate of Fi is then quite free

and from it can be taken a fast negative pulse.

Fig. 6*26.—Electron-coupled monostable multivibrator for generating short pulse.

Among cathode-coupled types, that of Fig. 5T4 is especially useful

since the timing resistor is in a cathode and can therefore be made very

small. Figure 5-27 shows a circuit of this type, suitable for generating

pulses of 0.5 Aisec.
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There exists one more rather novel cathode-coupled type which finds

use in generating pulses of stable and easily calculated duration. In

Fig. 6*27.—Cathode-coupled monostable multivibrator for generating short pulse.

Input Timing Output timing
waveform circuit waveform

(a)

ib)

Fig. 6*28.— The generation of a timing waveform by (a) a differentiating network, and (h)

an integrating network.

every one of the multivibrators thus far described the timing operation

has been carried out essentially by an RC differentiating circuit, as

illustrated in the upper half of Fig. 5*28. An integrating circuit might
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be used equally well, however, as shown in the lower half of the figure,

and the circuit to be described makes use of timing of this type.

Figure 6*29 illustrates the circuit in question and Fig. 5*30 its wave-

forms. Initially Vi is on, the current through Vi flowing through R2

and thus providing sufficient bias to keep V2 off. When the positive

trigger is injected at the grid of V2 through the diode Fs, current flows

through V2 and through R2 and Ri. The effect of this is to raise the

cathode of Vi rapidly; the grid of Vi rises only slowly, however, with a

speed limited by 72(7
,
and therefore Vi is turned off. Its plate rises, and

this rise is coupled back to the grid of F2 by a coupling circuit whose

time constant is mmde long compared with the duration of the pulse to

Fig. 6-29.—Cathode-coupled monostable multivibrator using an integrating network to

generate the timing waveform.

be generated. The action is regenerative and after a very short time,

Fi is off and F2 is on. The amplitude of the positive swing of the grid

and cathode of F2 is prevented from exceeding a certain definite value

by the diode F4. Now the grid of Fi begins to rise along an exponential

determined by 72 and C. After a definite time, it will have risen far

enough to permit Fi to begin conducting again and the circuit will

revert quickly to its initial state. The time T, the duration of the pulse,

is given by the approximate formula

r = 72C In
F2 — 722^1

72iF2

72i -f- R2
+ Ee

where F2 is the voltage to which the cathode of F2 rises, ii is the quiescent

current through Fi, and Ec is the^grid base of Fi.
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6*11. Obtaining Fast Recovery—Highly Unsymmetrical Astable

Multivibrators.—After every abrupt change of state in a multivibrator,

some of the condensers have been

‘‘left behind,” as it were, and re- I

quire a certain time to become I

charged to their steady voltages. I

Until these transients have died
|

away the circuit has not recovered,
'

and in general is not ready to per-

form another change of state, at

least not in precisely the same way
;

as it would if it were fully recovered. ’

For instance, a bistable circuit,

acting as a scale-of-two pulse

counter, will not resolve two incom-

ing pulses whose separation is much
smaller than its recovery time.

Grid of

Thus the problem of obtaining

fast recovery is often of great

importance.

The speed of recovery depends

inversely upon the size of the con-

denser to be recharged and directly

upon the amount of current which

is made to flow through it. In the

case of bistable circuits, usually

the only condensers present are the

strays and the “speeding-up” con-

densers, which in most circuits will

not exceed 50 mmI, with correspond-

ingly small recovery times (for ex-

ample, about 1 /xsec). Monostable

and astable forms, however, may
possess large timing condensers, the

recharging of which becomes a

serious problem when it is desired

to make the circuit repeat a long

quasi-stable state after a short time.

In fact, the problem becomes most
Fig. 5-30.—Waveforms of the circuit

of Fig. 5*29. The trace was about 125

serious when it is desired to build of the waveform
, . , , . . , . , ,

at the plate of V% about 60 volts,
a highly unsymmetrical astable

multivibrator because then the large timing condenser, which established

the long part of the cycle, must be recharged during the short p*art of the
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cycle. Accordingly, the methods for making a multivibrator recover

quickly will be illustrated in this section by several highly unsymmetrical
astable circuits, from which can easily be derived monostable circuits

if they are needed.

As an illustration of the problem of designing a highly unsymmetrical
circuit. Fig. 5*31 shows a plate-to-grid-coupled astable circuit which
might, at first glance, seem to be so arranged that the part of the cycle

during which 7i is off and is on would last about 1000 ^sec (approxi-

mately ^ RiC^)j while the other part of the cycle, since it depends only

on the product could have any length down to zero. Closer

examination, however, reveals that since the time needed to recharge Ci

Fio. 6-31.—Incorrect highly unsymmetrical astable multivibrator.

will be several hundred microseconds for the circuit values given, there

is actually a very definite lower limit to the length of the short part of

the cycle.

Several methods are available for reducing the recharging time. If

Cl were reduced to 0.001 /zf and Ri increased to 3ilf, the recharging would
occupy only 30 or 40 /xsec, and reduction of (7i to 100 with Ri equal

to 30M, would permit the short part of the cycle to be as little as 3 or

4 Msec. One method, therefore, is to make the timing condenser as

small, and the timing resistor as large, as other considerations will permit.

The following methods of reducing the recharging time, which are

listed in the order in which they should be used, are also available;

1. The plate resistor may be returned to a higher plate supply
voltage, with a plate-catching diode inserted as in Fig. 5*32. The
charging current is thereby increased, and only the fast initial

part of the recharging is allowed to take place.
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2. The plate resistor Tq may be

will require that a heavier

current tube be used for F2

since r2 was presumably al-

ready as small as the tube

ratings permitted.

3. After Steps 1 and 2 are car-

ried out the main limitation

upon the charging current is

the resistance of the diode

formed by the grid and cath-

ode of Vi; a parallel diode

can be added to reduce this

resistance.

4. Finally, the coupling from

the plate of F2 to the grid of

Fi may be made through a

cathode follower, in which

case the current available

for recharging is practically

the entire current flowing

through the cathode follow(

lowered in value. In general, this

Fig. 5*32.—The use of a plate-catching

diode to eliminate the slow portion of the
recharging period.

Fio. 6-33.—Highly unsymmetrical plate-to-grid-coupled astable multivibrator.

These methods are illustrated in the circuit of Fig. 5*33. The use of

a pentode for Fi provides a free electrode (plate) from which a fast

negative pulse of short duration can be taken. The complexity of the
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circuit illustrates, in a very convincing manner, the limitations in the use

of the multivibrator in highly un-
'2

Fig. 5’34.—Another form of highly

unsymmetrical plate-to-grid—coupled multi-

vibrator.

which can be made unsymmetrical

form has the unique advantage thai

symmetrical circuits.

A more economical way of get-

ting Cl into the cathode circuit of

a tube (where it can be rapidly

recharged) is to put it directly into

the cathode of V i, as in the circuit

of Fig 5*34. Here Fi is off during

the long part of the cycle, its cath-

ode dropping toward —E^k with a

time constant RiCi. After a defi-

nite time Fi comes on regenera-

tively, and virtually all the cathode

current of Fi is used to recharge

Cl. After a short time, of course,

F2 comes back on and the circuit

reverts to its initial state. A short,

fast, negative pulse is taken from

the plate of F 1 .

Among cathode-coupled types,

several varieties are useful. One is

the symmetrical circuit of Fig. 5-18,

by making Ri larger than R^. This

; the timing condenser C cannot fail
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to be completely recovered since it determines not one but both portions

of the cycle. Another useful circuit is that of Fig. 5*29.

The other cathode-coupled type, already mentioned in Sec. 5*6, is

obtained by combining the two monostable cathode-coupled forms, one

with the timing network in the grid, and the other in the cathode, both

described in Sec. 5*4. This circuit is illustrated in Fig. 5*35. Here C i and

Ri time the short part of the cycle (during which Fi is off), and C2 and Rz

time the long part of the cycle (when F2 is off). The condenser C2 is

the difficult one to restore; hence the cathode follower F3 and the diode F 4

are included to present a low-resistance path for the recharging current.

The output is taken from the plate

of F2 .

5*12. Triggering and Sjmchro-

nization.—The ideal triggering ar-

rangement would include a switch

which would be closed during the

initial voltage step of the trigger,

but which would then open to dis-

connect the multivibrator from

the trigger source. In this way
the multivibrator is freed from the

reversing tendency of the trigger,

which is now changing in the

wrong direction, and from what-

ever loading the trigger source

may present.

A series diode is an excellent

way to accomplish this decoupling.

The stray capacity across most

diodes is very small, and by insert-

ing the diode in the proper direc-

tion triggers of either polarity can be injected. Very occasionally the leak-

age between heater and cathode of the diode becomes a matter of concern.

Examples of the use of diodes for trigger injection may be found in all

of the monostable and bistable circuits which have been discussed. It

should be noticed that the same diode can be used both for injecting the

trigger and for catching the plate below the plate supply to reduce the

recovery time; a bistable circuit of this sort, which makes the best simple

scale-of-two circuit available, is shown in Fig. 5*36.

Triodes may also be used for triggering (see Fig. 5*37). The trigger-

ing* tube should normally be biased off so that it will not load the multi-

vibrator, and a positive trigger is placed on its grid, momentarily turning

it on and effectively injecting a negative trigger into the multivibrator.

^99

*105 V

Fig. 5-36.—The use of diodes for both
trigger injection and reduction of recovery
time.
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Where tube economy is so important that a diode cannot be afforded,

the triggers may be coupled into the multivibrator directly through a

condenser. The danger here is that the trigger will be differentiated and

the resulting overshoot will turn the multivibrator off again as soon as it

has begun to trigger. From this

point of view it would be desirable

to use a large coupling condenser

for the trigger. However, a large

capacity must not be connected

to any point which will move fast

during the transition. Occasion-

ally there are grids or cathodes

which do not move during transi-

tion and these make very suitable

triggering points. An example is

the circuit of Fig. 5T4, where a

negative trigger can be placed

upon the grid of Vi through an

ftC-network with an amply long time constant. Similarly, a negative

trigger may be placed upon the suppressor of a conducting pentode.

Cathodes are often good triggering points—for instance, an ordinary

astable multivibrator can be synchronized with a train of positive pulses

by injecting them at both cathodes

across a small common cathode

resistor, as in Fig. 5*38. This

method is especially useful if the

synchronizing pulses are the cath-

ode current pulses from a blocking

oscillator or gas tube since all three

cathodes can then be tied together

as shown.

As a last resort, the pulses can

be brought to almost any point

through a small condenser, for

example, one of 50 ju/if. However,

the additional capacitive loading on

the multivibrator slows down both

the transition and the recovery.

When the triggers are inserted in

this way they should be shaped like those of Fig. 5*39(a) and (6), since

these waveforms will give little or no overshoot even when passed through
a very small condenser. It will be recognized that waveform (b) is effec-

tively the waveform obtained when (c) is injected through a series diode.

astable multivibrator with low-impedance
positive pulse from a blocking oscillator
(or similar pulse generator).

Fig. 5-37.—The use of a triode to trigger a

multivibrator.
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At this point will be discussed very briefly the details of the synchron-

izing action by which an injected synchronizing pulse brings to an end a

quasi-stable state in a monostable or astable multivibrator. This

action is of great importance in the question of phase lock in pulse

frequency dividers (see Chap. 16), can be discussed here with sufficient

generality to apply to other types of relaxation oscillator besides the

multivibrator, and is not so simple that it can be passed by.

The process of terminating a quasi-stable state in a relaxation oscil-

lator with a synchronizing pulse

j
(a)

Fio.

W (c)

5-39.—Good trigf^ering waveforms
(a) and (5) and poor triggering waveform
(c) for insertion through a small condenser.

is carried out essentially by adding

the synchronizing pulse to the

timing waveform on the grid of

the *'olf tube; therefore the pulse

carries that grid above — the

critical firing voltage, and initiates

the flipover. Yet the exact moment of flipover is not usually at all well

defined—that is, even though the synchronizing pulse ultimately brings

about the transition, the exact time delay between synchronizing pulse and

transition depends upon both the amplitude and duration of the pulse and

may in fact vary so much as to render the circuit useless for an exacting

application.

That this is so can be understood by considering an ordinary plate-to-

grid-coupled astable multivibrator, so arranged that onto the grid of

whichever tube is off can be put perfectly rectangular synchronizing

pulses which will thus be added to

the exponential timing waveform at

that grid. Figure 5*40 shows a

closeup of the waveform at that

grid, under such conditions that the

synchronizing pulse is just barely

able to bring about the termination

of the quasi-stable state. Before

the pulse the grid is rising along an

exponential curve. When the pulse

arrives the grid is suddenly lifted V volts, which will be sufficient to carry

it V volts above —Ec. The quantity v may be called the “effective syn-

chronizing voltage, and depends upon the exact moment at which the

trigger arrives. The “off^' tube is now conducting somewhat, stray

capacities are being charged, the grid of the “ on ” tube is dropping, and the

total effect is to cause the transition to begin. This is indicated by
the short rising portion of the grid waveform, which lasts until the

synchronizing pulse ends. At this point the grid drops V volts. If now
it is still at — -K® or higher, the transition will continue; otherwise it

Fio. 5*40.—Closeup of a barely successful

synchronizing action.
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will not take place until the waveform has reached point a,^ at which

time the exponential itself reaches —Ec. In the figure the grid rises

exactly F — v volts during the pulse; hence it returns just to —Ec volts

and the transition is barely able to proceed. The voltage slope at this

instant- is not zero, but approximately the slope of the exponential. The

total triggering time is t. Clearly the total triggering time could be

greatly reduced either if the effective synchronizing voltage v were

increased, or if the pulse duration were increased. Waveforms illustrat-

ing these cases are shown in Fig.

5-41.

The situation is thus seen to be

a complicated one, with large varia-

tions in triggering time arising from

very small variations in effective

synchronizing voltage and pulse

duration. Since v can scarcely be

controlled (because it depends upon
the exact moment when the synchronizing pulse arrives) it is generally

best to make the pulse duration long enough to permit complete flipover

even when v is small.

6*13. Stabilizing the Duration of a Quasi-stable State.—The duration

of a quasi-stable state in a multivibrator depends upon the following

four quantities:

Fig. 6-41.—The reduction triggering

time obtained by increasing (a) effective

synchronizing voltage and (b) synchronizing

pulse width.

1. The time constant r = RC of the timing network.

2. The initial voltage Ei from which the timing waveform begins.

3. The ultimate voltage Eu which the timing waveform would reach

if it were permitted to do so.

4. The critical voltage Ec at which the transition occurs.

Any effect which a tube change or change in temperature, plate supply,

or heater supply voltage, etc. may have upon the duration must occur

by one of these four quantities. Stabilizing the duration is thus equiva-

lent to stabilizing these four quantities, or at least making the effects of

their change cancel out.

When Eq. (3) from Sec. 5*8 is rewritten in such a way as to permit

Eiy Euy and Ec to take on either positive or negative values, the duration

T of the quasi-stable state is

T = r In
Eu - Ej

Eu - Ec

1 In practical frequency dividers it would be undesirable to have the transition
begin from the exponential itself; therefore V is made large enough to insure that
another trigger will arrive before point a.
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In this form the equation is valid both for plate-to-grid-coupled types, in

which Eu is positive and Ei and Ee negative, and for cathode-coupled

types, in which Eu is negative (or zero) and Ei and Eo are positive.

From this equation

:

dT = dr In
/dEu — dEi

\ “ Ei

dEu — dE^
Eu - Ei )

Study of this equation leads to the follo^ving observations:

1. If r, Eu, Eiy and Ec were independent of each other, the only

procedure which could stabilize T would be the stabilization of

those four quantities individually. Such a procedure, though very

difficult to carry out properly, would have the advantage of giving

stabilization against any type of initial fluctuation.

2. In general, however, Eu, Ei, and Ec change together; consequently

it may be possible to stabilize by cancellation of their separate

effects. Such a method is usually feasible, but it supposes a

definite relationship between dEu, dEi, and dEc, which will probably

hold for only one type of initial fluctuation. Thus it must be

decided whether it is against tube change or supply voltage change,

for example, that stabilization is desired, since the relations

between dEu, dEi, and dEc will be different for those two cases.

3. Any good stabilization will have dr = 0 since there is no relation-

ship between t and the other variables. Stabilization of r against

temperature changes is usually most important; this is achieved

by making the temperature coefficient of R equal but opposite to

that of C,

4. Perfect stabilization by cancellation, described above in 2, is

obtained if dr = 0 and
;
that is, if t is stabilized

Tju Tji Tj c

and Eu, Ei, and Ec all vary proportionately. Fortunately there

is a tendency for this to happen when the line voltage changes, and
for this reason an ordinary astable multivibrator can be made
frequency-stable, without any special stabilizing networks, to

better than 1 per cent against a 10 per cent change in line voltage.

5. Nevertheless, it is desirable to minimize the effect that a change in

Eu, Ei, or Ee would have if left uncancelled, and this is clearly

accomplished by making ^ and -

g,
-- --- - as small as pos-

xlrt* Tji Hu He
sible. Eu — Ei and Eu — Ec should therefore be large. This is

the reason for returning the grid in a plate-to-grid-coupled circuit

to -\-Epp instead of to ground, and for returning the cathode in a
cathode-coupled type to — instead of to ground.



192 GENERATION OF FAST WAVEFORMS [Sec. 5 * 13

6. Other things being equal, dEu, dEi, and dEc should naturally be

kept at a minimum. The remainder of this section will discuss a

few practical ways of accomplishing this.

Eu is usually either ground, +-&pp, or —Ekk (or some voltage obtained

from these by division) and hence can be regulated to almost any desired

degree. It should be realized, however, that if a circuit is supplied with

both positive and negative voltages, regulating one supply against

changes in line voltage without regulating the other may do more harm
than good. In regulating both lines, a common voltage standard should

be used for both—for example, the standardized negative line may be

used as a refereilWte for standardizing the positive line.

Ecj for any given circuit, depends mainly upon the tube geometry,

heater voltage, and cathode condition of the timing tube, and is very

difficult to stabilize. Naturally, a tube with a short grid base should

be used to reduce the magnitude of all these effects, and the heater

voltage can be regulated, but these methods will not wholly eliminate

the effects of tube change and aging. The best solution is to make the

timing waveform as steep as possible at the moment of transition. This

can be accomplished in several ways:

1. The amplitude of the timing waveform should be made as large

as possible. This will require, in general, that the load resistors

of the tubes be large so that a large step function may be fed into

the timing network. There is accordingly the following dilemma

to plague the designer: for fast waveforms the load resistors should

be small, but for stability they should be large.

2. The voltage difference Eu — Ec should be made equal to

1 {Eu - Ei).

This relation is derived in Chap. 16.

3. For operation at fixed durations, such as pulse frequency division

to a constant frequency, tuned circuits of the desired frequency or

some multiple thereof may be placed in the circuit to increase the

effective slope at the moment of transition. Alternatively, delay

networks can be used. These methods are discussed in detail in

Chap. 16.

Stabilizing Ei may be accomplished either directly by placing a

diode at the timing grid or cathode to establish the level from which the

timing waveform starts out, or indirectly by stabilizing the amplitude

of the step function produced at the other side of the timing condenser.

An example of direct stabilization is shown in Fig. 5-42, where diodes

are inserted in the grids of a plate-to-grid-^oupled astable multivibrator
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to set the initial level of the timing waveforms accurately at “-Egg volts.

Thus the stabilization of Ei reduces essentially to the stabilization of

— Eggy which is an easy matter. Another advantage is that the negative

overshoots in the waveforms of the ordinary version, shown in Figs. 5T6
and 5T7, are eliminated by these diodes. The value of —Egg should be

so chosen that as little as possible of the grid waveforms is cut off in

order to permit the amplitudes of the timing waveforms to remain as

large as possible.

Diodes may be similarly used at the cathodes of a cathode-coupled

multivibrator, although the low output impedance of the cathode makes

this difficult.

Fig 5-42.—Use of the grid-catching Fio. 5-43.—Use of the bottoming char-

diode to stabilize the initial level of the acteristies of pentodes to stabilize the

timing waveforms. amplitude of the timing waveform.

Siniilar methods are available for indirect stabilization. One method

is to move the diodes in the circuit of Fig. 5-42 from the grid circuits

to the plate circuits so that the plates will be prevented from dropping

below a certain well-defined voltage. A stable negative supply is thus

unnecessary; another advantage is that variations in -\-Epp are partly

compensated for if the plates of the diodes are returned to a voltage

obtained directly by division from +Epp. This voltage should be

sufficiently lower than +Epp to permit large timing waveforms to be

formed at the grids.

In a similar method, pentodes are used instead of triodes, and advan-

tage is taken of the “bottoming” of the plates against the knee of the

plate characteristics (see Chap. 3). Figure 5*43 illustrates the con-

nections for an astable circuit. Provided that the plate resistors are

large enough to permit bottoming, the plates will always drop to a fairly

well-defined voltage near ground. After the plate has bottomed, most

of the cathode current goes to the screen; hence screen dissipation con-

ditions impose a fairly low upper limit on E^,. Using a low screen
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voltage also has the advantage of giving a smaller value of Ecj and

thereby reducing the changes in that quantity with tube change.

A comparable bottoming effect is possible with triodes only when
grid current is drawn and when the plate resistors are considerably

larger than is necessary with pentodes. Good stability can be obtained

with this sort of operation, but the recovery time of the various wave-

forms is long.

Jitter in the duration of the quasi-stable state, which is of special

concern in time-modulation with monostable circuits, is closely akin to

instability, though it refers to rapid fluctuations in duration instead of

to slow ones. Usually, jitter will have two components: hum, arising

from the alternffffng current in the power supply and occurring at the

fundamental and harmonic frequencies of the line voltage; and micro-

phonics, caused by mechanical vibrations in the chassis and tubes.

Hum can be reduced^by: (1) filtering the plate supply voltage or in

extreme cases using batteries; (2) using circuits in which the cathodes

are grounded, to avoid the effects of heater-cathode capacity and leakage

with a-c operated heaters, or in extreme cases using direct current for the

heaters; (3) shielding of tubes; and (4) shielding of components at

critical high-impedance points, especially in grid circuits. Occasionally

hum can be canceled by the injection at the proper point of small a-c

voltages at the line-voltage frequency. Also hum can be made harmless

by operating the circuit at a frequency equal to the line-voltage frequency

or some submultiple thereof. The fluctuations in value of high-resistance

composition resistors may be rapid enough to cause effects very much
like hum.

Microphonics can be reduced by: use of low-microphonic tubes;

shock mounting of the entire chassis and the individual tube sockets; and
packing of the tubes in Kimsul or some other deadening material.

6* 14. Varying the Duration of a Quasi-stable State.—This process,

when it is carried out with any monostable circuit (multivibrator,

phantastron, or any other conceivable kind), is one of the methods by
which the very important operation of time modulation (see Chap. 13)

can be carried out. In the multivibrator it is clear that any of the four

quantities r, Eu, Ei, and Ec might be used to vary the duration of the

quasi-stable state. Examination will show that a similar statement can

be made about any other monostable circuit.

Control by means of r has the often desirable property that the

duration is a linear function of r, and hence of either R or C, provided the

other variables are kept constant. By using a linear variable resistor or

condenser, therefore, linear control of duration by a shaft rotation is

possible. Capacity control is generally preferable to resistance control

because (1) it leaves the quiescent state of the circuit more nearly con-



Sec. 516] INTRODUCTION: MILLER SWEEP GENERATION 196

stant and (2) variable air condensers are smoother, more linear, and more
stable than variable resistors.

By returning Rio b, variable voltage, Eu can be made the controlling

variable but this method is rarely employed.

A satisfactory way to control the duration, although not linearly, is

to vary Ei. This is most often done with the stabilized plate-to-grid-

coupled circuits illustrated in the preceding section. In the circuit of

Fig. 5*42, for instance, the duration is varied by making ••Egg variable,

whereas in Fig. 5*43 the plate resistors are replaced by potentiometers,

the movable center tap of which is coupled by the timing network to

the grid of the other tube.

Ec is not usually used, except in combination with Ei in the mono-
stable cathode-coupled circuit of Fig. 5T2. As explained in Sec. 6*5,

the duration of the quasi-stable state is found to be very nearly a linear

function of the voltage impressed on the grid of Vi, This property is a

consequence of the fact that Ei and Ec happen to vary in such a way with

increasing grid voltage of Vi that the quantity In ^ increases

almost perfectly linearly. The circuit is thus a useful and economical

voltage-controlled linear time-modulation circuit,

PHANTASTRON-TYPE CIRCUITS

646. Introduction : Miller Sweep Generation.—Work in recent years,

especially in England, has brought about the development of a very

important class of circuits, which have been given the names ^'phantas-

tron,^^ ^^sanatron,” ^^sanaphant,^^ etc. These circuits can probably be

best described as relaxation oscillators similar to multivibrators, but

differing in this respect : whereas the multivibrator establishes its timing

waveform (an exponential) by the use of only an J?C-differentiator,

phantastron-type circuits generate a linear timing waveform by means
of the so-called ‘‘Miller sweep generator.^' The use of a linear rather

than an exponential timing waveform leads to a very important advan-

tage, namely, the duration of the output rectangle can be made a linear

function of an input control voltage. Accordingly, phantastron-type

circuits are very useful for time modulation (see Chap. 13). Another

advantage arises from the use of a linear waveform—^increased timing

stability—because the linear sweep (unlike the exponential) does not

lose speed as it progresses.

Because Miller sweep generation is so pertinent to these circuits, it

will be described here very briefly, although a more complete treatment

appears in Chaps. 2 and 7. Special consideration will be given here to

the mechanism by which the sweep is started and ended. The operation

of the circuit of Fig. 5*44 is shown by the corresponding waveforms in
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Fig. 5*45. Resistors R and R\ may be perhaps 1 megohm and several

hundred kilohms, respectively: C may have any value from 50 ntxi up.

Initially the grid is at ground, and

the suppressor at —15 volts—

a

sufficient negative bias, in a 6AS6,^

to cut off the plate current. There-

fore the plate is at +Epp volts, and

all the cathode current is going to

the screen, which may be at perhaps

+60 volts. When a positive gate

is applied to the suppressor and is

sufficient to raise it to about +5
volts, current flows to the plate and

the plate voltage immediately drops.

Since the plate is coupled to the

riG. 5-44.—Miller-type linear sweep gen- grid by C, the plate Voltage dropS

only a few volts (about 5) before

the grid voltage is reduced and the plate current is reduced to just the

few hundred microamperes that the plate load will permit. At the end

of this initial step, therefore, the total cathode current has been greatly

Gating wave form

rv

i

Suppressor

-15v

Epp

Epp
~ 5

Slope =
Epp -^5

/t=r,c

Screen

-*•60 V

Fig. 6-45.—Waveforms of the circuit of Fig. 6-44.

reduced; the screen current has been so greatly reduced that a large posi-

tive wave appears at the screen; and a small plate current is flowing.

‘ A pentagrid converter, like the 68A7, can also be used with the third grid taking

the place of the suppressor in controlling the plate current. However, the 6AS6,

having a higher suppressor-to-plate transconductance and more sturdy construction,

is the best American tube for the purpose. The British VR116 is probably even

better.
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The next stage is what is properly called the Miller action. An
electron current [Epp + S)/R is flowing to the plate of the tube, from

left to right through C, and up through 22. Therefore, the left side of C
falls relative to the right side at a rate of {Epp + 5)/22C volts per sec.

This process continues, the grid rising very slightly to permit the plate

to take the slightly increasing current needed for 22 1 ,
until the plate

bottoms”—that is, runs against the “knee” in the plate curve. At a

grid voltage of about —4 volts, this does not occur until the plate is

within a volt or two of ground, and further drop is impossible. Since

the necessary current through 22 can no longer pass through the tube,

the right side of C rises exponentially toward Epp at the same rate as the

plate was previously falling^ until the grid supplies the current. For

this reason, and because of the

transfer of the space current from

the plate to the screen at bottom-

ing, the screen current is again

increased and the screen voltage

returns almost to its initial level.

This state will persist until the

gate on the suppressor is removed,

at which time the plate is released

and rises toward Epp Avith a speed

limited mainly by 22iC. A more

careful analysis reveals that, under

typical circumstances, the depar-

ture from linearity in the rundown

of the plate during the Miller

portion of the operation is less

than 0.1 per cent.

6*16. The Screen-coupled Phantastron.—Examination of the wave-

forms of Fig. 5*45 reveals that the positive gate, which in the circuit of

Fig. 5*44 is injected externally at the suppressor, could be derived inter-

nally from the screen. Such a circuit, called a (monostable) “screen-

coupled phantastron,”2 is shown in Fig. 5*46, and photographs of its

waveforms are shown in Fig. 5*47. Since it is internally gated, it requires

1 Neglecting stray capacities from grid to ground.

* The British sometimes call this circuit a Miller transitron/' or some similar

name, reserving the name phantastron"' for what in this volume is called the

“cathode-coupled phantastron." The present circuit is reminiscent of the transitron

family of circuits, which employ the screen-to-suppressor coupling used here, but

which do not make use of the Miller feedback from plate to grid. This lack deprives

the transitron of two important properties; it has no timing waveform other than

the exponential on the suppressor; and without the feedback from plate to grid, the

gain from suppressor to screen is so small that turnon and turnoff are slow.

Fig. 5-46.— Monostable screen- coupled
phantastron.
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only a positive trigger on the suppressor (or a negative trigger on the

plate) to initiate the action. The turnoff of this circuit is somewhat

different from that of Fig. 5*44. Just as in that circuit, as the plate

bottoms, the screen current increases and causes the screen voltage to

fall, but now this fall is coupled to the suppressor so that the plate current

is reduced and the plate rises. This rise is transferred to the grid through

C and the action is regenerative. Therefore, both the turnon and turnoff

are regenerative, and the screen rectangle may have rise and fall times as

short as 0.5 nsec.

The diode Fsa in the suppressor

is not essential, but it insures that

the suppressor will not be carried

so high that it may ^
‘ stick because

of secondary electron emission, and

yet it permits the plate to be turned

on fully during the rundown. It

also permits a more rapid turnon

and turnoff since the total move-

ment of the suppressor is reduced.

The small condenser between screen

and suppressor is a speeding-up

condenser. The diode F2 in the

plate makes possible linear control

of the rectangle and triangle length

by the control, or signal, voltage

V,. The initial level of the plate

is Vsy and the time necessary for it

to run down to +2 volts is there-

fore approximately

(7. - 2)RC/(Epp + 5) sec.

Tube Vzh is a trigger-injecting

diode; V2 might be used instead to

inject a negative trigger at the plate.

For many applications the severest fault of the circuit as it is shown

in Fig. 5*46 is the long time necessary to recharge C through Ri and

restore the plate to its initial voltage. This recovery time decreases

rapidly as V, is decreased because of the plate-catching action of the

diode 72 ,
but even if the plate is caught at only 63% of Epp, the recovery

time will be about RiC sec. For shorter recovery the timing network

may be so arranged that the cathode follower 76 is used to provide a

low-resistance recharging path for C, as in Fig. 5*48. It should be men-

tioned that this method of speeding recovery is of great generality and

can be used with all circuits of f&is type.

Fig. 6-47.—Waveforms of the circuit

of Fig. 6-46. The trace was about 125

sec long; the amplitude of the suppressor

waveform about 20 volts.
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The screen-coupled phantastron, like all the Miller sweep circuits,

can exist in astable and bistable, as well as monostable, forms. Generally

speaking, the bistable phantastrons offer no advantage over bistable

multivibrators because it is only in the

method of timing that multivibrators

are inferior, and there is no timing opera-

tion in a bistable circuit. The astable

phantastrons are, however, of consider-

able interest. For instance, the circuit

of Fig. 5*46 can be made astable by
leaving only a condenser between screen

and suppressor. The diode F 8a is essen-

tial in this circuit. One part of the cycle

is timed by the negative-going linear

sweep generated at the plate, the other

part by the positive-going '‘exponential

sweep at the suppressor. The speed of

this latter waveform, and consequently

the stability of the time interval which
it establishes, is increased by returning

the suppressor to +Epp instead of to ground. A further improvement
is to place perhaps a 5000-ohm resistor in the cathode and arrange a
diode in the grid to prevent the grid from” rising above +50 vWts. In

Fig. 5'49.—Double screen-coupled phantastron.

this way the screen current vnW be stabilized at 10 ma, and therefore

the amplitude of the screen waveform and of the timing exponential on

the suppressor will be stabilized.

Greater free-running frequency stability can be obtained by the use

+ 250v

Fig. 5-48.—The use of a cathode-fol-
lower to speed the recharging of C.
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of two cross-coupled monostable circuits. Such a double screen-coupled

phantastron is illustrated in Fig. 5*49. Both parts of each cycle are

timed by linear sweeps. The cross coupling between the two circuits is

so arranged that each screen waveform is differentiated in a small con-

denser and applied to the other plate in such a way that the linear run-

down of one plate is initiated at the instant the rundown of the other

plate is finished. The potentiometer P provides a linear control over the

period of the oscillations.

6*17. The Sanatron and Sanaphant.—Although somewhat more

complex than the screen-coupled phantastron, the sanatron and sana-

Fig. 5-5(>.-" Moiiostable sanatron.

phant^ can generate waveforms and, accordingly, rectangles as short as

1 /isec whose length is nevertheless accurately defined by a linear wave-
form. Examination of the basic circuit of Fig. 5-44 reveals that, given a

certain minimum value of C, the sweep speed is limited by the current-

carrying capacity of the tube. The current is increased when R is made
smaller, but as R is made smaller the screen current increases during

both the quiescent and the active periods of the operation. Screen

wattage is therefore usually the limiting factor in an attempt to increase

the sweep speed. The purpose of the present circuits is to make possible

the use of tubes that have a screen dissipation greater than that of the

6AS6, but may possess less effective suppressor control. By using

another tube to amplify the gate before it is applied to the suppressor a

^See P. C. Williams and N. F. Moody, ‘^Ranging Circuits, Linear Time-Base
Generators, and Associated Circuits,” J^.E.E. Convention Paper, March 1946.
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tube with a suppressor grid base of 60 volts or more can be used success-

fully. The 6AC7 has been used in this country* in England the VR91
is usually employed.

The circuit illustrated in Fig. 5*50 is

called the (monostable) ‘^sanatron.’’

In the figure, Vi is the Miller sweep

generator and V2 amplifies the small

negative gate on the grid of Vi into a

large positive gate which is applied to

the suppressor of Vi to permit the

linear rundown to take place. The
circuit may be triggered at any of sev-

eral points, including, as shown in the

figure, the suppressor of F2 . The
initial level of the plate of V 1 ,

and hence
the duration of the rectangle, is set by
the diode Fa. The output rectangle

can be taken at an amplitude of one

hundred volts or more from the plate of

V 2 . The voltage to which the suppres-
te^ampUfier

sor of Vi is raised is defined by the

diode V 4 . It is generally desirable to have V 2 completely cut off dur-

ing the linear rundown and this can be accomplished in several ways.

In the figure, the screen of y 2 is

not permitted to rise as far during

the rundown as that of Fi ;
hence

the negative grid wave which will

not quite cut off Fi will cut off

F 2 . Another method is to make
F2 a different type tube from Fi
and one with a shorter grid base.

Or finally, the arrangement of

Fig. 5*51 may be used, in which

the entire current through R and

C flows through Ri and provides

the grid of F2 with a signal larger

than that at the grid of Fi by the

drop across i?i.

The sanaphant, illustrated in

Fig. 5*52, derives the signal for the

grid of F2 in a slightly different

way: namely, by inserting in the cathode of Fi an impedance across

which The desired signal can be taken. This procedure has both an

P'lQ. 5'61.—One method for de-
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advantage and a disadvantage. The advantage is that the signal

which is produced at the grid of F2 can have both a larger amplitude

and a lower impedance than in the sanatron. Since the impedance

is lower, ^2 is turned off and on more rapidly and hence the output

rectangle has steeper edges. The disadvantage is that the initial

negative step in the plate waveform is increased in amplitude with

the result that changes in operating conditions cause larger changes in the

amplitude and duration of this step, with larger consequent changes in

the duration of the generated rectangle. One other advantage which

should be noted is that there is a negative rectangular output available

on the cathocjgn^of V 1 as well as the positive outputs at the screen of V 1

and the plate of V2.

Other variations of the basic Miller sweep-generation circuit have

been made for specific purposes. For instance, both the sanatron and

the sanaphant suffer ffom the fact that there is always a small delay

between bottoming and the turning on again of ^2. This delay is the

time required for the grid of F2 to come up and cross the grid base, and

because the grid base of different tubes varies somewhat, changing F2

may cause a noticeable alteration in the duration of the output rec-

tangle. The following method has accordingly been used to minimize

this delay. A pulse transformer is inserted in the screen of Fi, from

the secondary of which can be taken the screen waveform differentiated

and inverted—that is, a negative pulse at the moment of triggering and a

positive pulse at the moment of bottoming. If the positive pulse is

applied, through a diode, to the grid of F2, F2 will be turned on very

shortly after bottoming, and the trailing edge of the output rectangle

will very nearly coincide with the instant of bottoming. A precision

sanatron using this device is described in detail in Vol. 20
,
Chap. 5

,
of

this series.

Another variation, which has been used to produce rectangles with

extremely fast trailing edges, differentiates the cathode waveform of F

1

with either a transformer or a simple fiC-network, and feeds the result,

through a diode, back to the plate of Fi. The differentiated positive

pulse speeds the plate snapback after bottoming.

The fundamental purpose of the sanatron and sanaphant—to remove

as far as possible the limitation imposed on sweep speed by screen dissi-

pation—can be carried still further by the so-called screen-coupled”

sanatron and sanaphant. The suppressor of Fi is not used at all (in

fact, beam-power tubes with very high plate currents and rather small

screen currents should be used for this purpose), and the positive gate

generated at the plate of F2 is applied instead to the screen through a low-

impedance arc-d-c coupling. Sweep speeds of more than 100 volts/zisec

are obtainable.
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Astable and even bistable variations on all these circuits can be

made.

6'18. The Cathode-coupled Phantastron.^—The screen-coupled phan-

tastron discussed in Sec. 5*16 is not the only practical one-tube circuit

of this general type. In the screen-coupled phantastron the positive

suppressor gate is supplied by the screen. However, all or part of the

positive gate on the suppressor may be replaced by a negative gate on the

cathode, generated, as in the sanaphant, by inserting a resistance in

the cathode. (Etymologically, the name sanaphant indicates that

the circuit is halfway between a sanatron and a (cathode-coupled) phan-

tastron.) An example^ of a cathode-coupled phantastron is shown in

Fig. 5*53.—Monostable cathode-coupled phantastron.

Fig. 5-53. The diode Fa serves the important role of stabilizing the

initial level of the grid and therefore the initial voltage across the timing

condenser C. Since the duration of the quasi-stable state is the time

necessary to discharge C through i2, Fs is very effective in stabilizing the

duration of the output against changes in line voltage, etc. The diode

F 2 and the potentiometer P permit linear control over the duration of

the output. It is interesting to note that there is approximately the

same relation between the screen- and cathode-coupled phantastrons as

between the plate-to-grid and cathode-coupled multivibrators.

The following are advantages that the cathode-coupled phantastron

possesses: a monostable circuit can be built without a negative supply or

without raising the cathode up on a bleeder; the rectangle on the screen

1 See R. Kelner et al, ''An adaptation of the Phantastron Delay Multivibrator

Circuit to the 6SA7 Tube/' RL Report No. 338 (Aug. 1943).

“ Another example is discussed in detail in Vol. 20, Chap. 5.
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is unloaded; outputs of both polarities are obtainable; and it is claimed

that the linearity of time modulation is better at short ranges than in the

screen-coupled phantastron. The main disadvantage is that the timing

accuracy is not so good as in the screen-coupled phantastron. This is

so partly because of the larger initial step in the plate waveform, and

Fig. 5-54.' Double cathode-coupled phantastron.

partly because the gain of the tube from grid to plate during the linear

rundown is not so high as it would be if the degenerative effect of the

cathode resistor were not present.

The cathode-coupled phantastron also lends itself, as illustrated

in Fig. 5*54, to a very elegant analogue of the double screen-coupled

phantastron.



CHAPTER 6

BLOCKING OSCILLATORS
AND DELAY-LINE PULSE GENERATORS

By Fj. F. MacNichol, Jr. and R. B. Woodbury

6*1. Blocking Oscillators.—Blocking oscillators are transformer-

coupled feedback oscillators in which plate current is permitted to flow for

one-half cycle, after which cutoff bias is imposed upon the grid to prevent

further oscillation. They are related to quenching or ^^squegging^*

oscillators which oscillate for several cycles before sufficient grid bias is

developed to prevent further oscillation.

Most blocking oscillators are designed to produce nearly rectangular

pulses of plate voltage or current, which are made possible by the special

characteristics of the feedback transformer. In the ordinary feedback

oscillator used to produce sinusoids, either the grid circuit, plate circuit,

or both are tuned to resonance at the frequency of operation. In the

blocking oscillator the resonant period of the transformer and associated

stray capacitance is short compared with the duration of the pulse

desired in the output and its is kept as low as possible. This results

in a rapid rise of plate current when regeneration is initiated. The dura-

tion of the pulse is limited by the low-frequency response of the trans-

former, but it may be terminated sooner by the action of a delay network

or feedback condenser.

The transformer is usually wound on an iron core of high permeability

so that the coupling in the feedback circuit is made as high as possible

to permit large grid currents. The high permeability which also permits

fewer turns for a given inductance minimizes distributed capacitance

and raises the resonant frequency. The coils are wound as closely

together as possible to reduce leakage inductance that causes a delay

in the feedback circuit and decreases the rate of rise and fall of the pulse.

The low-impedance feedback path and very short time lag in the

transformer permit the generation of rapidly rising and falling pulse

currents of very large magnitude. More than an ampere of current may
be obtained from circuits emplo3dng small receiving tubes at rated plate

potentials. Oxide-coated cathodes are entirely capable of emitting the

required current, but the ratio of pulse length to repetition period must

be kept small in order that the dissipation rating of the tube is not
205
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exceeded. In no case should the average cathode current exceed that

for which the tube is rated, although the peak current may be several

hundred times this value.

Blocking oscillators are used as low-impedance pulse generators for

triggering and switching where large currents are desired and tolerances

in pulse width, shape, and amplitude are sufficiently broad to permit their

use. It must be emphasized that the blocking oscillator is not a pre-

cision device and the characteristics of its output are influenced markedly

by Eppy Egfjy Efy the residual magnetism in the transformer core, and the

age and condition of the tube. Like the thyratron pulse generator but

unlike the multivibrator in which one tube must always be conducting

and wasting power, it has the tremendous advantage of drawing plate

current only during the pulse. Unlike the gas-tube pulse generator,

which must deionize after each pulse, the recovery time of a blocking

oscillator can be made very short.

Types of Outputs .—A typical blocking oscillator using a transformer

with a 1 to 1 ratio and conventional plate-grid feedback is shown in

Fig. 6* la. The waveforms produced by this circuit are shown in Fig.

6-16 and c. Three types of output are obtainable: (1) A ^Voltage^^

pulse may be taken from the plate or from one or more added transformer

windings. The number of turns on these windings may be adjusted to

produce desired impedance and voltage levels. (2) A current pulse,

that is, an 7/J drop, may be taken across a small resistor inserted in the

plate, cathode, or grid circuit. (3) The output may be the waveform
of the self-bias voltage.

The plate voltage pulse will have an amplitude of approximately

Epp/2 at an impedance level of approximately 1000 ohms. The voltage

and impedance of the tertiary winding are nearly those of the plate

circuit, except as modified by the turns ratio of the transformer and the

leakage inductance between mndings. If the output winding is used to

invert the plate waveform so that adjacent turns of the plate and output

windings have large pulse potentials between them, the output pulse

will be slowed up by the intervinding capacitance. The amplitude

of the positive- or negative-*^ current’’ pulse from the cathode and plate

circuits, respectively, varies with the magnitude of the series resistor,

but it is generally impractical to make the amplitude of the pulse exceed

Eppjh. The output impedance is slightly less than the value of the

series resistor which is usually less than 100 ohms. An output of this

type owes its utility to its very low impedance and to the fact that the

waveform has no overshoot. The self-bias voltage waveform, that is, the

voltage across C, will have an amplitude of approximately Epp/^ when a

feedback ratio of 1 to 1 is used. During the pulse the impedance across

the condenser is low because of the large current flowing in the grid-
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cathode circuit. When the tube is cut off, the impedance is merely that

of the RC combination.

The time during which the blocking-oscillator tube conducts coincides

with the current pulse, the positive part of the voltage pulse, and the

+250 V

Fig. 61.— (a) Typical astable blocking oscillator using 1 to 1 ratio transformer and
conventional plate-grid feedback; (6) grid a, plate 6, and bias circuit c waveforms; (c)

output-voltage a, plate-current 6, grid-current c, and cathode-current waveforms d.

duration of the steep portion of the bias waveform (see I'ig. 6T6 and 6Tc).

This time may vary from less than one tenth microsecond to several

hundred microseconds, depending upon the transformer and other circuit

elements. With present transformer and circuit techniques the usual

range of pulse widths in which blocking oscillators are useful is from 0.1 to

25 jusec.
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Types of Circuits .—After the pulse has terminated, the grid is left

highly negative because the condenser is charged. The grid voltage rises

exponentially toward the potential to which the grid is returned. If

this latter potential is higher than that at which the blocking oscillator

will ‘^fire,’^^ the grid will eventually reach this point, and a new pulse will

be generated and cause a repetition of the cycle. A device operating in

this manner will be referred to as an ‘^astable^’ blocking oscillator. It is

equivalent to the astable multivibrator, positive feedback being obtained

from a transformer instead of from an amplifier stage. One time con-

stant is that of the feedback circuit which determines the duration of the

pulse. The othgi^is the grid-recovery time constant. If the grid is not

allowed to reach the firing voltage, a monostable circuit results. An
external trigger must be applied to raise the grid voltage sufficiently to

initiate regeneration before the blocking oscillator will fire. The mono-
stable blocking oscillator is usually referred to as a “triggered'' blocking

oscillator and is equivalent to the monostable multivibrator.

Bistable blocking oscillators cannot be made since feedback is pro-

vided by the transformer, and positive grid voltage cannot be maintained

unless current is changing in the transformer.

In blocking oscillators the RC grid-bias circuit may be replaced by an

LC-circuit or a delay network, but each circuit must always perform the

same function, namely, to maintain a negative potential on the grid

so that conduction cannot take place until the network has been recharged

or until the circuit is retriggered.

An astable blocking oscillator may be “fired" by inserting an external

synchronizing pulse before the bias network has recharged. A blocking

oscillator operating under these conditions will be referred to as a “3301-

chronized astable" blocking oscillator.

Applications .—A blocking oscillator is employed to perform three gen-

eral types of function. First, it may be employed to generate a pulse of

very short duration when a slowly varying trigger voltage is applied.

Appreciable spurious time modulation (jitter) of the output pulse may
occur if the input waveform rises very slowly since the blocking oscillator

is not a very stable amplitude comparator. For this purpose it is more
economical than multistage squaring and differentiating circuits. Sec-

ond, a blocking oscillator may be used to generate a pulse of appreciable

peak power and a specified shape. It is most economical since plate

current flows only during the pulse. Third, a blocking oscillator may be
employed as a low-impedance switch. The circuit being switched is

usually connected in the self-bias circuit of the blocking oscillator. The

^ The firing point is the potential attained during the onset of current in the tube
at which the gm has increased to such a value that the gain around the feedback loop

is greater than unity and regeneration commences.
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switching action is used in frequency dividers and step counters to dis-

charge the timing or counting circuits. The switch is closed when the

grid potential reaches the firing voltage, and remains closed while the grid

current is flowing. Circuits have also been developed in which the plate

or cathode circuits are used as low-impedance switches. They are used in

free-running time bases to replace the gas-tube switch. The blocking

oscillator is frequently used to furnish low-impedance pulses to actuate

external diode or triode switches for modulation, demodulation, or for

the initiation of waveforms. It is very suitable for applying a switch-

ing voltage between ungrounded points since a transformer would have

to be employed for isolation even if another type of circuit were used to

generate the pulse.

Theory of Operation .—A complete explanation of a blocking oscillator

by means of exact mathematical analysis has not yet been given. The
tube characteristics in the positive-grid region are highly nonlinear, and
the inductances of the windings of the pulse transformer are not only

nonlinear but are also dependent upon the duration and spacing of the

pulses. Most of the \vork with blocking oscillators has been largely of an

empirical ‘‘cut-and-try^^ nature, and the mathematics developed has not

proved itself useful in low-voltage, small power circuits using receiving

tubes. In high-power applications w’here plate potentials in excess of 1 kv
are used, and where beam tetrodes w^hich produce large plate-powder out-

put with small grid-powder input are used, assumptions may be made that

permit the use of simplified mathematics for design purposes (see Vol. 32,

Fart III, of this series).^

The action of a blocking oscillator may be described qualitatively in

the following manner. Initially, the plate current is cut off by grid

bias. The grid potential is raised either by the application of a trigger

or by the recharging of the grid-bias network. When cutoff bias is

reached, plate current will start to flow. The changing plate current

in the transformer induces in the grid winding a voltage that causes

the grid potential to increase further in the positive direction. When
the Qm of the tube has increased until the gain around the feedback loop

is greater than unity, regeneration occurs. The grid voltage and plate

current then increase more and more rapidly. The trigger is no longer

necessary to maintain the action although it often adds an important

component to the rate of rise of the grid voltage. Since there is very

little leakage inductance in the feedback loop, the rate of fall of plate volt-

‘ Although an analysis of the precise operating conditions of the blocking oscillator

has not been achieved, satisfactory transformers may be designed by the methods

given in Vol. 32, Sec. 13-2. Once a transformer that will operate in the desired manner

has been constructed, the exact pulse duration desired can be adjusted by experi-

mentally ohanging the operating conditions; for example, by the adjustment of C^.
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age becomes very rapid. When the grid has become positive with respect

to cathode, grid current starts to flow. When the grid has become posi-

tive by a few tenths of a volt, the grid impedance becomes of the order of a

few hundred ohms imposing a heavy resistive load upon the transformer.

Eventually, the power dissipated in the grid circuit, in internal losses, and

in the external load becomes equal to that which can be supplied by plate

circuit. Tliis condition is accentuated by the fact that Ep has dropped

to a value at which is markedly less than it was in the earlier part of

the cycle. A state of temporary equilibrium is reached in which the grid

voltage is held constant by a linearly changing magnetizing current in the

transformer. tuned circuit consisting of the transformer leakage

inductance and stray capacitance has appreciable Q, it will be shock-

excited by the rapid rise of the pulse. This excitation will be evidenced

by a damped, high-frequency oscillation superposed on the flat top of the

plate voltage pulse. If this oscillation is small, it will have little effect on

the duration of the pulse.

The state of equilibrium is terminated by regenerative cutoff of the

plate current and by a drop in grid potential initiated by three effects acting

singly or in combination with one another. First, a delay network can

be inserted in the circuit. A delayed step is produced and tends to start

regeneration in the opposite direction.

Second, if a small grid condenser is used, the voltage across it

rises rapidly during the pulse. This voltage must be subtracted from the

transformer output to give the actual grid driving voltage. Eventually,

the voltage across the condenser becomes so large that the grid potential

decreases more rapidly than it can be supplied by the transformer, and
the grid starts to drop. As the grid drops, plate current is correspond-

ingly decreased
;
a further decrease in grid potential results, and regenera-

tion again takes place until the grid is driven beyond cutoff. At the

end of the pulse the grid will be negative by an amount equal to the

potential across Cg. The charge on Cg must be dissipated through a

grid leak before the blocking oscillator can be reactuated.

Third, if Cg is very large, or if it is left out and bias is supplied from a
low impedance supply, the equilibrium state will continue for a time

determined by the transformer time constant in the following manner.
When the plate potential has dropped until the equilibrium condition

has been reached, the plate voltage cannot increase further and the grid

potential starts to decay. ^ As the grid drops, plate current is decreased

1 It might be expected that the grid potential would decay with a time constant
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and the regenerative turnoff commences. When the tube cuts off,

the plate voltage rises above the supply voltage as the core remagnetizes.

Unless saturation has occurred, the area of the overshoot will be equal

to the area of the pulse. Some shock-excited oscillations may be observed

at the end of the pulse. These are due to the same cause as are the oscil-

lations near the front of the pulse. Oscillations due to the resonance

of the main inductance and stray capacitance are not observable since the

Q of this tuned circuit is too low.^

PULSE WAVEFORMS

6*2. The Transformer.—The most common types of pulse waveforms
desired from a blocking oscillator are those that are very short, as nearly

rectangular as possible, and that have high peak voltages or currents.

The actual output pulse obtained is determined by the transformer, the

tube and the constants, and the type of the circuit employed.

If it is desired to obtain an approximately rectangular waveform
from a blocking oscillator, it is common practice to generate nearly the

maximum pulse length by making Cg very large. A decrease in the dura-

tion of the transient periods relative to the duration of the equilibrium

state results. Under these conditions the pulse length determines the

selection of the proper pulse transformer. This transformer must have

high- and low-frequency response sufficient for the desired pulse shape.

The high-frequency response determines the rates of rise and fall of the

pulse and the low-frequency response determines the pulse duration.

First the effects of the transformer will be considered. * There are

two salient characteristics of the transformer, its pass band, and its turns

ratio. The high-frequency response of the transformer determines the

maximum possible rates of rise and fall of the output pulse and is deter-

mined by the leakage inductance, stray capacitance, and core losses. To
minimize the leakage inductance the transformer should have a large

coefficient of coupling and as few turns as possible. The primary and

secondary of the transformer should be on the same leg of the core. If

windings must be wound on both legs of the core, both the grid and plate

windings should be split.
^

L/R where L is the effective inductance of the transformer and R is the effective

combination of grid, plate, and load impedances. Actually the waveforms indicate

that the* situation is more complicated. It can only be said that the pulse lasts for a

time that is proportional to L/R.
‘ It is possible under some conditions to tune one of the windings by placing a

large condenser across it. The result is a nearly sinusoidal oscillation which may
have a large enough second overshoot to retrigger the oscillator, and thereby produce a

train of oscillations that continue until quenching bias is built up.

* To produce the most rapidly rising and falling pulses the grid, plate, and output

windings should each be a single layer winding.
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The capacitances may be kept down by increasing the thickness of

insulation between windings or between the windings and the core.

This procedure, however, increases the leakage inductance and causes

very little change in pulse shape within reasonable limits—except for the

increase in the amplitude of the shocked oscillations on the pulse

—

since the relevant LC ratio is increased. The core losses may be reduced

and the effective permeability increased by decreasing the thickness of the

core laminations. The present limit is one mil, which is as thin as it is

possible at present to roll the steel and maintain the proper crystalline

structure for high d-c permeability.

Table 6*1.—SWfciE Commonly Used Low-power Blocking-oscillator

. Transformers

Manufacturer ^ Type
Number of

windings

Range of

pulse widths

(

OA-15(x-154-) 4 1-30 /isec

Utah Radio Products Co.* <
series

OA-18(x-124-) 6 0.2-15 jusec

1 series

/ 132 AW 3 0.2-5iusec

i 132 BW 4 (0.2-5 Msec (has ex-

Westinghouse Electric
J

tra low-impedance

and Manufacturing Co.
j

132 DW 3

output winding)

0.1-2 Msec

\ 145 EW 3 1-20 Msec

General Electric Co. 68G-627 4 1-20 Msec

* Utah Radio Products Co. is no longer producing these transformers. They may now be obtained

from Dunifon Engineering Co., 3649 Waveland Avenue, Chicago 18, 111,

The primary and secondary inductances are the determining factors

in the low-frequency response of the transformer because the magnetizing

current increases directly with time and inversely with inductance. This

requirement necessitates a high effective permeability if the number of

turns is to be kept to a minimum for maximum high-frequency response,

and the provision that the iron does not saturate. In some transformers

the insertion of an air gap actually appears to increase the duration of the

pulse. This effect is paradoxical and has not been satisfactorily explained.

It is probable that without the gap a residual flux is built up from pulse to

pulse. This flux biases the core toward saturation and reduces the effec-

tive inductance. ^ The difference in the pulse length produced by identical

circuits with transformers that differ only because one has a wrapped

1 Another explanation has been given. In some transformers the core losses are

very high which makes the effective L/R time-constant small. Insertion of an air gap
reduces i? to a greater extent than it reduces L,



Sec. 6-31 THE TUBE 213

core while the other has a butt joint core are shown in the figures of

Secs. 8, 9, and 10.

If maximum peak pulse current through the tube is desired, the turns

ratio of the transformer should be adjusted to give an approximate

impedance match between the plate output impedance and grid input

impedance at the desired peak pulse amplitude. With low-/i triodes oper-

ating under pulse conditions, this implies a voltage stepup into the grid.

If, however, maximum peak pulse voltage at the plate is required, the

voltage should generally be stepped down going to the grid. With

tetrodes and pentodes the grid current becomes equal to the plate current

at small positive grid potentials so that a stepdown is necessary to obtain

an impedance match.

A stepdown is also advisable

if maximum pulse duration is de-

sired from a given transformer

since it permits the use of more of

the available turns in the plate

winding, and thus increases in-

ductance of this winding and low-

ers the magnetizing current.

6*3. The Tube.—The tube em-
ployed in a blocking oscillator is

a major factor in determining the

characteristics of the output wave-

form. For positive-grid pulsed

characteristics of a 6SN7 see Fig.

6*2. In general if a high-energy

output" pulse is required, the tube

should exhibit a large value of /p,

Ip/Igy dEg/dIg, aud 2i Small value of rp over the portions of the

characteristic curves corresponding to the peak of the pulse. There

is a fundamental difference between triodes and pentodes or beam
tetrodes operated as blocking oscillators. Medium-^u triodes exhibit

large power gains in the positive grid region. With a 6SN7, for exam-
ple, dip/dig = 3 when the grid is driven from -ffiO to +75 volts, and
Ep = 150. At low plate potentials it is necessary to operate in this

region to obtain large current outputs, and this is a most favorable

tube for operating in the far positive-grid region. The peak current

obtainable is limited by the point at which more power is dissipated in

the grid circuit than can be supplied, a condition brought about by the

lowering of the plate potential and the raising of the grid potential until

dip/dig < 1 (when a 1 to 1 transformer is used). More cuiTent can, of

course, be obtained by raising Epp until safe values are exceeded.

Fig. 6*2.—Positive-grid pulsed character-
istics of a 6SN7.
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With beam tetrodes and pentodes the operation of the blocking

oscillator is quite different. As soon as grid current starts to flow,

dip/dig becomes small; in the case of the 6AG7, which is one of the least

favorable tubes for positive grid operation, as shown in Fig. 6*3, it is

much less than unity when the grid has reached +25 volts. Therefore,

the peak currents obtainable with tetrodes and pentodes are limited to

those obtainable near zero bias. This means that if currents as large as

those obtained with triodes are desired, the plate and screen potentials

must be raised considerably above those for which tubes of the receiving

type are normally rated. Since the voltage difference between zero bias

and the potential^at which limiting takes place is small, the regenerative

region is passed through rapidly,

and a steeper pulse than is obtain-

able with triodes results. In fact,

the most rectangular pulses can be

produced with a given transformer

by using type 6AC7 or 6AG7 con-

nected as pentodes. The peak cur-

rents will be much less than with

6SN7^s—usually below 100 ma if

rated potentials are applied to the

plate and screen. Pentodes such

as types 6AC7 and 6AG7 are fre-

quently used as triodes to produce
very rapidly rising and very short

pulses because their is higher
than that of most triodes, and there is consequently sufficient gain to
produce regeneration even when transformers with very small inductance
are used.

Power Limitations ,—Beam tetrodes such as types 6L6, 6Y6, and 6V6
are frequently used as triodes when the duty ratio is large since their

dissipation ratings are the highest of the receiving tubes. It is possible
that the 6AS7 high-current regulator tube will give very high peak
currents though no data are yet available.

The permissible peak current and voltage of a single pulse is set by the
maximum voltage breakdown of the plate and grid of the tube. It must
be remembered that the peak positive plate voltage is the sum of the
positive supply potential and the inductive overshoot of the transformer,
and that the peak negative voltage of the grid is the sum of the inductive
overshoot, the charge on Cg, and the negative supply voltage.

For continuous operation, neither the maximum rated plate or grid
dissipation nor the maximum cathode-current specifications should be
exceeded. The grid-power rating of receiving tubes is seldom given

Fig. 6*3.—Positive-grid pulsed character-
istics of a 6AG 7.
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by the manufacturer, but is found to be roughly 0.2 watt for type 6SN7.
If the grid-dissipation rating is exceeded, the grid may emit electrons

which cause it to remain positive after the pulse. When the grid remains

positive, very large steady plate current is drawn which soon ruins the

tube.

Oxide-coated cathodes are capable of enormous emission, as shown
in Fig. 6*2, and even with small tubes emission limiting of plate current

is rarely obtained. If average emission ratings are exceeded, the struc-

ture of the cathode material is altered and loss of emission soon results.

This loss shows up as a decay in the plate current during the pulse, and

may also appear as a loss of average

emission when measured by an

ordinary commercial tube tester.

The shape of the pulse depends

upon the type of limiting action

that causes the quasi-stable state.

If the state is brought about by
heavy grid current when Vp is still

high (current-limiting), a rectangu-

lar current pulse will result. If

limiting takes place by bottom-

ing^^ of the plate (voltage-limiting),

a rectangular voltage pulse will

occur. In general, rectangular cur-

rent and voltage pulses are not

produced simultaneously in the

same circuit.

A rectangular voltage pulse may
be obtained with a 6SN7 if a large

condenser is placed in the grid circuit. The Vp of the 6SN7 is small

in the positive-grid region and the is large.

The conditions for a rectangular current pulse are well met by a

6Y6 tetrode with 300 volts on the screen (see Fig. 6-4); it will be noticed

that Qm is small and Vp is large over a large portion of the characteristic

curves.

Capacitance in the Grid Circuit—In a simple blocking oscillator having

only a condenser Cg, in the grid return, the effect of reducing Cg is to

shorten the voltage pulse with the initial slope remaining nearly constant

and the final slope decreasing. This effect is shown in Figs. 6-5a and
6-56. Conditions in the two cases are identical in all respects other than

the 400-fold change in Cg,

The shape of the current pulse undergoes similar changes as Cg is

reduced; but in addition current decreases during the pulse, and the pulse

Fig. 6-4.—Positive-grid pulsed character-

istics of 6Y6.
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will become trapezoidal. If Cg is made so large that it presents a negli-

gible impedance to the frequency components making up the pulse, or if

it is omitted altogether, the pulse duration is determined by the low-

frequency response of the transformer. In operation of this type the

magnitude of the air gap in the core has a very marked influence on the

pulse since it affects the inductance and the saturability of the core (see

Sec. 6*2). In the Westinghouse ^'radio

cores the butt joint produces a small but very

uncertain air gap which results in character-

istics that cannot be controlled in transformer

manufacture. Operation with Gg very large

orjomitted altogether produces pulses with the

highest possible ratio of duration to rise and

J^ll time. The choice of a transformer that

will give the desired pulse width when oper-

ating under these conditions will also permit

the largest peak currents, provided the opti-

mum turns ratio is used, since the impedance

of the transformer will be a minimum. Un-
fortunately, the overshoots of the voltage

pulses are at a maximum in this mode of

operation since the core of the transformer

becomes completely saturated by the end of

the pulse and must demagnetize before another

pulse can be produced.

The maximum duration obtainable from a

particular transformer may be reduced by the

residual magnetism in the core. In trans-

formers employing very small air gaps (or

none at all) the residual magnetism may ac-

cumulate from pulse to pulse and cause oper-

ation in a region of reduced permeability.

The effective permeability may also be de-

creased by operating with such large mag-
netizing currents that the core actually is

driven to saturation during the pulse. The
d-c component of plate current increases this effect and may be reduced

by employing parallel feed as shown in Fig. 6*6. The d-c plate current

is applied to the tube through a separate inductance which is large com-
pared with that of the transformer. The a-c component of plate current

is applied through a condenser which is large enough to present negligible

impedance to the frequency components of the pulse.

A direct current may also be introduced into any winding of the trans-

Fig. 6*5.—Monostable
blocking oscillator with plate-

grid feedback. Vertical de-

flection 25 volts/division.

Connection: two windings in

grid circuit; two windings in

plate circuit, (a) Butt-joint

core, Cg - 250 juM^f Bp* Eg*

and Ik waveforms; sweep
8f)eed 0.15 /xseo/division. (5)

Butt-joint core, Cg =0.1 jjtf;

Ep, Eg, and Ik waveforms;
sweep speed 1.4 /xsec/division,

(c) Leading edge of pulse:

butt-joint core, Cg =0.1 fii;

Ep, Eg, and Ik waveforms,
sweep speed 0.15 /xsec/divi-

sion. (d) Falling edge of

pulse: butt-joint core, Cg =
0.1 III’, Ep, Eg, and Ik wave-
forms, sweep speed 0.15

division, (e) Continously
wound core, Cg = 250 /xjuf,

Ep waveform, sweep speed 0.3

/isec/division. (/) Continu-
ously wound core, 0.1 yl, Ep
waveform, sweep speed 0.3

/tsec/division.
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former to produce a magnetic bias in a direction opposite to saturation, a

condition that permits the largest possible effective inductance and the

longest pulse. Since the time constant is equal to L/R^ the pulse can be

lengthened by loading one of the

windings with resistance, a pro-

cedure almost never used since it

is wasteful of power.

The use of delay lines to ter-

minate the pulse will be discussed

later under Delay-line Pulse

Generators.^'

TRIGGERING METHODS

6*4. Introduction.—The prob-

lem of triggering a blocking oscil-

lator resolves itself to one of

inserting the trigger voltage into

the grid-to-cathode loop in such a

manner that the most favorable

performance of the blocking oscillator and the least interference with the

trigger source are produced. The difference between the time the trig-

ger is applied and the time the blocking-oscillator pulse approaches full

amplitude is a function of the trigger slope and amplitude. In applica-

tions where it is desired to keep

this time difference to a minimum,
the initial slope and peak ampli-

tude of the trigger should be large.

The shape of the blocking-

oscillator pulse depends to a very

great extent upon the character

of the initiating trigger. Usually

the gain around the feedback loop

is not very large even before heavy

grid current is drawn by the tube.

The gain is low because of the low

impedance of the transformer.

The rise in potential follows a

positive exponential curve until

limiting takes place. With a slow

trigger the exponential must start in a region of very small slope. With
a large trigger, on the other hand, the exponential buildup starts in a

region of rapid potential change and the pulse is steeper. A comparison

of the photographs of Figs. 61 and 6*5 shows the effects of trigger speed.

Fio. 6*7.—Parallel triggering with amplifier.

Fig. 6-6.—Parallel grid and plate cur-

rent feed to remove direct current from
transformer.
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The astable circuit (Fig. 61) requires half the pulse length to rise to full

amplitude. Parallel
”
triggering was used in Fig. 6*5 so that the rise rate

is greatly increased.

There are two basic methods of triggering a blocking oscillator, and

these are shown in Figs. 6-7 and 6*8. They are called ‘^paralleP^ and

series'' triggering. The first requires a constant current source across

some winding of the transformer. The second requires a constant voltage

source in series with the grid-cathode loop.

Parallel Triggering .—When parallel triggering is employed, the ideal

constant-current generator may be approximated by means of a pentode,

but in most cases a triode can be employed. For example, a 6SN7 has a

minimum rp of about 7 k in the neighborhood of zero bias; this is large

compared with the impedance of the blocking-oscillator tube and trans-

former. If desired, the effective

rp may be increased further by

cathode degeneration, although

this procedure is seldom necessary.

Since sharp negative triggers are

more easily obtained in the plate

circuit of a triggering tube than

positive triggers, it is common
practice to apply a negative trig-

ger to the plate of the blocking

oscillator; this pulse will appear

as a positive trigger on the grid

because of the phase inversion of

the transformer (see Fig. 6-7).

This method of triggering requires

that the trigger have a suflBciently steep edge to be effectively reproduced

by the transformer.

If the trigger is of long duration, it will be partially ‘‘differentiated"

since the transformer will not pass the low-frequency components. The
transformer also introduces some time delay and somewhat decreases

the initial slope of the trigger, but in most applications this effect may be

considered negligible.

This method of triggering using a separate triggering tube has four

important advantages:

1. It introduces the minimum interference with the blocking oscillator.

2. Reaction of the blocking oscillator upon the original trigger source

is practically eliminated.

3. The time delay between the trigger and the blocking-oscillator

output pulse is reduced since the slope and amplitude of the original

trigger are increased by the gain of the trigger tube.

Fig. 6-8.—Series triggering with cathode
follower.
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4. The amplitude of the trigger may be conveniently controlled by
modifying the constants of the trigger amplifier circuit if this is

desired. This method of triggering does, however, require an

extra tube and a trigger with a fairljr large initial slope.

-t-gyp ^^Series^^ Triggering.—When
series triggering is employed, the

constant-voltage generator may be

approximated by the use of a cath-

ode folloAver as in Fig. 6-8 or by use

of any low-impedance trigger such

as that from another blocking oscil-

lator as in Fig. 6*9.

The series method of triggering

has two advantages. The blocking

oscillator may be fired with a very

slow trigger since the trigger will

not be appreciably ‘^differentiated

Fig. 6-9.—Series triggering from blocking with Consequent loSS in amplitude,
oscillator. j t j. x • •

and if a very fast trigger is avail-

able, it appears directly in the grid-cathode loop at its full amplitude, a

condition that results in a minimum delay between the trigger and the

output pulse.

Series triggering does not in practice provide a minimum interference

with the blocking oscillator, and the

blocking oscillator will interact back

on the trigger source. If a cathode

follower is used for triggering, severe

interaction with the trigger source

will be caused because the cathode

follower will be made to draw grid

current. If a slow trigger is being

employed, the cathode follower can

be prevented from drawing appreci-

able grid current by the insertion of a

series resistance Ri of about 10,000

ohms in the grid circuit. An addi-

tional disadvantage of series triggering

results from the insertion of the trig-

gering impedance in series with the

grid circuit, a procedure that wastes power in the feedback circuit.

Another method of series triggering is shown in Fig. 6T0. A positive

trigger is applied to Cg through Ri which is small compared with

Rg. Since these resistors may be very large, the source impedance can

Fig. 6*10.—Series triggering using a
diode.
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be moderately high without very much trigger voltage being wasted.

As soon as the tube starts to conduct, a negative pulse appears in series

with Cg. The diode conducts, and thereby furnishes a very low-imped-

ance path for the grid current; the blocking oscillator continues its

cycle in the normal manner.

An example of the use of series and parallel triggers in a production

equipment is shown in Fig. 6T1. It is desired to fire the first blocking

oscillator at the end of a variable-width rectangular pulse. The second

blocking oscillator is fired on the end of the pulse provided by the first

blocking oscillator. The pulse-sharpening tube V i amplifies and quasi-

+ 250V

differentiates the rectangle. A positive pulse produced by the trailing

edge of the rectangle appears in the plate circuit. It is applied in

series with the grid circuit of To. The voltage output pulse is applied

to the plate of Fs through a small condenser which differentiates it. The
negative pulse produced by the trailing edge of the pulse from V 2 initiates

regeneration in Fs- The negative plate pulse of Fs assists in terminating

the pulse from F 2 .

In some applications it is desired that the blocking oscillator fire

when a slowly varying trigger reaches some externally applied reference

level. This may be conveniently done by the circuit shown in Fig. 6T2.

The bias on the tube is set low enough to cause the blocking oscillator to

fire, but regeneration is prevented by the diode except when the applied

voltage equals or exceeds the reference voltage. This circuit requires
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that the applied voltage have a low source impedance and the blocking

oscillator be prevented from firing more than once by the increase in

self-bias or by distortion of the applied voltage. Regenerative amplitude

comparators are discussed in de-

tail in Chap. 9.

If large-amplitude triggers are

available and reaction of the

blocking oscillator on the trigger

source is unimportant, blocking

oscillators may be triggered with-

out the use of amplifiers or cathode

followers as shown in Fig. 6* 13.

In fact, this method implies that

waveforms equivalent to those ob-

tainable at the output of the pre-

viously described trigger tubes are

available. Parallel triggers may
be inserted through resistors or

small condensers connected to the

grid or plate of the tube (points c

and d). They may also be supplied from a tertiary winding on the

transformer (points / and g). Series triggers may be supplied to a small

resistor in series with the grid winding (point a) or through a series trans-

former. If Cg can be made small or if the trigger voltage is large, a

series method of triggering may be

de

Fiq. 612.- -Blocking-oscillator

selector.

amplitude

used which

resistance in

does not insert

series with Cn,

any
The

trigger is inserted across Cg by
means of a condenser, CJ (point h).

Capacitors CJ and Cg act as a

capacitance divider so that the trig-

ger is not slowed up although less

voltage is available. The capacitor

CJ will have an effect on the pulse

length since it is in parallel with Cg.

(For a further discussion of trigger-

ing methods see Chap. 16, Fre-

quency Dividers

Effect of the Trigger on Output Waveforms .—As mentioned previously,

the trigger as it actually appears in the blocking-oscillator circuit has a

pronounced effect on the output waveform. The type of trigger may
easily vary the time delay and the initial slope of the output pulse by a

factor of 4. To obtain the minimum time delay and a maximum initial

(d)

(c) >WvV

(6)

_
Fia. 6*13.—Direct methods of triggering

blocking oscillator.
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slope of the output pulse, the trigger should have a high initial slope

and a relatively large amplitude as it appears in the grid-cathode loop.

Any pronounced variations in the amplitude of the trigger will appear

in the output pulse. In extreme cases where the trigger is shorter than
the output pulse, the end of the trigger may terminate the output pulse

prematurely. The characteristic spike on the front of the pulse may
sometimes be removed by applying a trigger which is carefully shaped.

When series triggering is used, a long trigger may cause the blocking

oscillator to refire several times until the trigger voltage is removed.

Because of the differentiating property of the transformer, there is no
danger of retriggering when parallel triggering is used. The ideal

blocking-oscillator trigger for most applications is a rectangular pulse

whose duration is slightly greater than that of the blocking oscillator. A
trigger of this type may be approximated by using a triangular trigger

whose initial slope is very large and whose amplitude decreases slowly

after the peak amplitude is attained. In either case, the correct ampli-

tude must be determined for the particular application.

RECOVERY TIME

6'6. General Considerations.—The self-bias that terminates the

blocking-oscillator pulse also prevents the blocking oscillator from being

triggered for a period of time after the pulse. This time interval is large

compared with the pulse duration and will be referred to as the ‘^recovery

time.” It places an upper limit on the repetition frequency of the

blocking oscillator, but in most cases this is no more serious than the

limitations due to tube dissipation.

If a constant PRF is used, the grid-bias voltage need not recover

completely between triggers since triggering will always occur at the

same bias potential. If the PRF is variable, recovery must be complete

before retriggering, or spurious amplitude and time modulation vnll take

place. If the average PRF is constant and the blocking oscillator is

required to fire with uneven spacing, as in forming a multiple-pulse

train, Cg may be made so large that the potential across it is changed

negligibly during each pulse so that a constant bias is maintained. Under

these conditions some other element must be varied to control the pulse

width.

Several methods of biasing may be used in triggered blocking oscil-

lators. With fixed grid bias through Rg^ the value of Rg and the imped-

ance of the bias supply must be kept low if rapid recovery is to be obtained.

If Rg is made small, insufficient potential will be built up across Cg to

terminate the action or, if parallel feed (Fig. 6-6) is used, Rg will load the

transformer heavily. The low-impedance requirement may necessitate

excessive current in the bias voltage divider. When a negative supply
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is unavailable, cathode bias is often used as shown in Fig. 6* 14a. Two
time constants, CgRg and CkRky must recover before the blocking oscil-

lator will fire. The condenser Ck is charged by both the grid and cathode

currents of the tube. It is possible to omit Cg and Rg] in this case if

is small it determines the pulse length. An exponential sawtooth

waveform may be obtained across C* under these conditions. If Rk is

(6) Cathode bias

(d) Cathode follower

discharger

(e) Diode to absorb

inductive overshoot

Fig. 6*14.—Methods of biasing blocking oscillator.

made very small, Ck may be omitted, and very rapid recovery results.

In the grid-cathode, or grid-plate-cathode-coupled blocking oscillators

(see Sec. 6*10), cathode bias may be obtained as shown in Fig. 6-146.

To aid recovery, nonlinear elements may be inserted in the bias

circuit for d-c restoration. In Fig. 6- 14c a diode or a contact rectifier is

used to discharge Cg after the pulse. The diode must be returned to a

low-impedance supply which is not always conveniently obtained. In

Fig. 6*14d a cathode follower is used in place of the diode. The cathode
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follower cuts off during the pulse and conducts heavily during the over-

shoot. It is more economical than the diode because the low-impedance

negative supply is eliminated. It also provides a convenient method of

inserting a high-impedance trigger pulse.

If extremely close pulse spacing is required, the overshoot produced by
demagnetization of the core may limit the minimum pulse spacing. If a

condenser or delay line is used to terminate the pulse, the inductance

of the transformer may be large so that the amplitude of the overshoot

is small. If the inductance must be kept small, a diode or contact

rectifier can be inserted across any winding of the transformer to absorb

the overshoot of voltage, which would otherwise hold the grid biased off.

The second pulse will probably differ in shape from the first since the

magnetizing current will take a considerable time to fall to zero.

6*6. Frequency Division.—The trigger amplitude necessary to fire

the blocking oscillator at any time is equal to the difference between the

grid-to-cathode voltage at that time and the voltage at which the block-

ing oscillator will fire. This voltage difference decreases with time

—

exponentially in most cases. If triggers equally spaced in time and of the

correct height are applied to the blocking oscillator, it is possible to make
it fire on every nth trigger by modifying the waveform of the grid-to-

cathode voltage. Stable operation can be obtained with integral values of

n between 1 and 5. This process will be referred to as “pulse frequency

division.

In frequency dividers the usual exponential grid-to-cathode waveform
is frequently replaced by a waveform that requires a much smaller

trigger amplitude for the nth trigger than for any other, or a waveform
which increases the rate of change of the grid-bias waveform around the

nth trigger. In this case a stable division ratio of 10 or more is possible.^

For a complete discussion of pulse frequency dividers see Chap. 16.

6*7. Random Variations in PRF.—In a free-running blocking oscil-

lator there are small cycle-to-cycle variations in the repetition period.

These variations appear to be caused by irregularities in the amplitude

of the grid-to-cathode voltage waveform which are produced by a change

in the residual magnetism of the core of the transformer from cycle to

cycle. It is experimentally observed that this variation is most pro-

nounced for small values of grid capacity, although certain very critical

values of capacity may be found at which the variation disappears

entirely. These values are, however, far too critical to be employed in

^ Frequency dividers that divide by more than 100 in a single step have been used

in radar equipment. The division ratio is not constant and the count may change by
as much as ± 10 per cent. The phase lock between the divider pulse and the trigger

can be made very precise which is often much more important than the accuracy of the

division ratio.
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the design of a blocking oscillator. It is best to employ a fairly large

value of grid capacity if possible, in which case the variations will be

consistent and generally less than \ per cent.

The frequency of a free-running blocking oscillator is also affected

by variations in pulse amplitude due to the variation of Qm with Ef and

Epp and tube aging and by fluctuations in the retriggering potential due

to the same causes. In general, these fluctuations are the same as those

found in frequency dividers. Accordingly, the reader is referred to

Chap. 16 for a complete discussion.

If a free-running blocking oscillator is synchronized, the random

cycle-to-cycle vaj^ation will disappear, but the amplitude of the grid-to-

cathode waveform of a synchronized blocking oscillator is, however, a

function of the amplitude of the synchronizing trigger, its initial slope, and

its duration. Under certain conditions this may cause instability if the

blocking oscillator is employed as a frequency divider (see Chap. 16).

PRACTICAL CIRCmXS

6'8. General Considerations.—To facilitate the comparison of the

waveforms obtained from each of the various types of blocking-oscillator

circuits, the output waveforms have been photographed and will be

presented in the discussion of each type of circuit.

In all cases the blocking oscillator employed one section of a 6SN7,

an OA18 pulse transformer (see Table 6T), a 2-/zf, 0.1-)uf, or 250-/z)Lif grid

condenser, and Epp = 250 volts. Two series of waveforms are given,

one with an OA18 with a continuously-wound core and the other with an

OA18 with a butt-joint core to show the effect of core saturation on

maximum pulse duration. This study illustrates that although the same
components were used, the various inductances, leakage inductances,

interwinding capacitances, and tube and stray capacitances are differently

distributed, and have a marked effect on the pulse shape. The relative

directions and the distribution of the windings in the 6-winding trans-

former are other variables. Obviously, since it would be unprofitable

to discuss all possible permutations and combinations of the windings, this

discussion is limited to only a few common circuits.

6*9. Plate-to-grid Feedback.—In a blocking oscillator of this type the

primary of the transformer is placed in the plate circuit of the tube and the

secondary in the grid-to-cathode loop in such a polarity that the grid will

become positive as the plate is driven negative. The circuit is shown in

Fig. 6*5, and indicates operation with two windings each in the grid,

plate, and output circuits. The output may be a current pulse of either

polarity, or a negative voltage pulse may be obtained directly at the

plate without the use of a tertiary winding. These waveforms are shown
in Figs. 6*5a through /. This circuit makes a fair approximation to a
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rectangular pulse in all cases where Cg is large. The initial slope is large,

and the pulse amplitude does not decrease greatly throughout its dura-
tion. It is evident, however, that as Cg is reduced the pulse waveform
approaches a sinusoid.

This is the most commonly employed type of blocking oscillator for

several reasons aside from its simplicity. Since the circuit requires only

two transformer windings, one end of grid-to-cathode loop can be con-

Fig. 6* 16.—Grid-to-plate-coupled blocking oscillator with 2 to 1 ratio between plate
and grid windings. Effect of changing turns-ratio of transformer. Compare with Figure
6-5. Butt-joint core. Plate-to-grid feedback. Windings—four in plate, two in grid

circuit. Vertical deflection—25 volts/division. Eg, Ep, Ik waveforms. = 2 fif. (a)

1.4 /xsec/division. (b) Leading edge of pulse: 0.15 /Asec/division, (c) Trailing edge of

pulse: 0.15 /usec/division.

nected to ground. This latter characteristic is necessary if series trigger-

ing is employed without resorting to a floating’^ trigger source, and it is

also convenient if the grid circuit of the blocking oscillator is being

employed as a switch, since in many cases one side of the circuit to be

switched must be returned to ground. The effect of varying the turns

ratio is shown in Fig. 6- 15. Conditions are identical to those in Fig. 6*5

except for the fact that four of the windings are connected in the plate

circuit and two in the grid. The 2-Mf condenser in the grid circuit is

needed to sustain the longer pulse.
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Plate-to-cathode Feedback .—In this circuit (see Fig. 6*16), the primary
of the transformer is placed in the plate circuit of the tube and the

secondary in the cathode circuit. The feedback appears in both the

grid-to-cathode and the plate-to-cathode loops
;
the polarity of the trans-

former is such that the cathode is driven negative as the plate potential

drops. In this circuit it is necessary that the ratio of the number of

turns in the plate winding to that in the cathode winding be greater than
unity to enable the plate circuit to drive the lower-impedance cathode

circuit, thus permitting a loop gain greater than unity. A turns ratio of

2 to 1 seems satisfactory for most applications. The output may be a
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Fig. 6*16.—Plate-to-cathode feedback. Vertical deflections: 25 volts/division. Con-
nection: two windings in cathode circuit, four windings in plate circuit, (a) Butt-joint
core, Cg = 250 Ep, Ek, Ik waveforms; sweep speed 0.15 jusec/division. (6) Butt-
joint core; Cg =* 0.1 juf; Ep, Ek, Ik waveforms; sweep speed 1.4 /xsec/division, (c) Leading
edge: Butt-joint core; = 0.1 /if; Ep, Ek, Ik waveforms; sweep speed 0.15 /isec/division,
(d) Trailing edge: Butt-joint core; Cg =0.1 /if; Ep, Ek, Ik waveforms; sweep speed 0.15
/isec/division. (e) Continuously wound core; Cg = 250 /t/tf; Ep waveform; sweep speed
0.3 /isec/division. (/) Continuously wound core; Cg = 260 /i/tf; Ek waveform; sweep
speed 0.3 /tsec /division, {g) Continuously wound core; 0.1 /if; Ep waveform; sweep speed
1.4 /isec/division, {h) Continuously wound core; 0.1 /if; Ek waveform; sweep speed
1.4 /isec/division.
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ib) (c)

Fig. 6-17.—Cathode-to-grid feedback. Connection; two windings in cathode-ground
circuit; two windings in cathode-grid circuit. Vertical deflection 25 volts/division, (a)

Continuously wound core. Cg = 250 Ek waveform; sweep speed 0.3 /^sec/division.

(6) Continuously wound core. Cg = 0.1 ^f* waveform; sweep speed 1.4 /itsec /division,

(c) Butt-joint core. Cg * 0.2 tiL Ek and Ik waveforms; sweep speed 1.4 A*sec/division.

current pulse of either polarity, a negative plate or cathode-voltage pulse,

or the grid-bias waveform.

The plate pulse has a very large amplitude due to the turns ratio of

the transformer and the fact that the plate-to-cathode potential does

not decrease as rapidly as the plate-to-ground potential when the cathode

is being driven negative.
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This circuit owes its utility to the fact that the amplitude ot the grid-

bias waveform does not vary as rapidly with variations of heater voltage

as the other types of blocking oscillators.^ A change in the amplitude

of the grid-bias waveform will manifest itself in a change of repetition

frequency of a free-running blocking oscillator.

The waveform of the pulse does not approximate a rectangle so

closely as in the plate-to-grid-coupled type since its initial slope is smaller

and its amplitude decreases appreciably with time for pulses of long

duration. There is a small choice of turns ratio available with a given

transformer because the circuit requires a voltage stepdown from plate to

cathode. Because of the above effect the circuit is useful in applications

such as frequency dividers (see Chap. 16), and pulse-repetition-frequency

generators.

Caihode-to-grid Feedback ,—In this type of circuit

(see Fig. 6T7), the primary of the transformer is

placed in the cathode circuit instead of in the plate

circuit and the grid is bootstrapped,’^ so the pri-

mary of the transformer does not appear in the

grid-to-cathode loop. This circuit is identical with

that of Fig. 6*5 except that the ground point has

been moved. The similarity of the grid-plate,

cathode-grid, and grid-plate-cathode feedback cir-

cuits is illustrated in Fig. 6T8. The polarity of the

transformer is such that the grid is driven positive

as the cathode potential rises. A severe disad-

vantage is thus introduced : because the grid must

rise nearly twice the cathode pulse amplitude, the

effects of the stray capacity from grid to ground are serious. The
similarity between this circuit configuration and that of the Hartley c-w

oscillator is striking.

The only possible use for this circuit would arise from the fact that a

large positive-voltage pulse can be obtained directly from the cathode

without the use of a tertiary winding. The waveforms are shown in

Fig. 6T8. Because of the increased effects of the stray capacity, this

circuit has a pronounced tendency to act only as a regenerative amplifier

if small values of Cg are employed (see Fig. 6-17a), and even if Cg is

made large and added effects of the stray capacity are manifest in a very

slowly rising pulse (see Fig. 6T7c). Since the grid-to-cathode loop of this

circuit is not connected to ground only parallel triggering methods can be

employed. This is a serious disadvantage since a large amplitude

trigger with fast rise is necessary to insure that the circuit does not act

as a regenerative amplifier only.

^ This observation is purely empirical and has not been satisfactorily explained.

Fig. 618.—Sche-
matic diagram illustra-

ting the interconversion
of three types of block-
ing oscillator by shift-

ing the ground point.
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Plate-to^athode’-to-grid Feedback .—^This circuit (see Fig. 6-19) is

obtained from that of Fig. 6*15 by moving the ground point to the center

tap of the primary winding. In any circuit the leakage inductance and

most of the stray capacity are in the transformer. In this circuit they are

so divided between the plate and cathode circuits that a smaller time

constant appears in each. Since these time constants are not added when
the two voltages are combined to give the total primary voltage, the

resultant time constant for the rise of this voltage is smaller than if the

whole primary were placed in either the cathode or plate circuits.

Since the grid-to-cathode loop of this circuit is not connected to

ground, parallel triggering must be employed, preferably by the use of a

trigger amplifier.

This circuit provides both positive and negative voltage pulses without

the use of an auxiliary winding. These voltage pulses are of smaller

Fia. 6-19.—Plate-to-grid-to-cathode feedback. Connection: two windings in plate
circuit; two in cathode circuit; two in grid-cathode circuit. Vertical deflection 25 volts/
division, (a) Butt-joint core; Cg - 250 ixfif; Ep, Ik waveforms; sweep speed 0.15 A^sec/divi-
sion. (5) Continuous core; Cg = 250 ju/uf; waveform; sweep speed 0.3 /isec/division,
(c) Continuous core; = 0.1 /if; Ep waveform; sweep speed 1.4 /isec/division, (d)

Butt joint core; Cg = 2.0 /if; Ep waveform; sweep speed 1.4 /isec/division. (e) Butt joint
core; Cg ** 2.0/if; /*, Ip waveform; sweep speed 1.4 /isec/division. (/) Leading edge: butt
joint core; Cg 2.0 =» /if; Ip, Ik waveforms; sweep speed 0.16 /isec/division, {g) Falling edge:
butt joint core; Cg *= 2.0 /if; Ip, Ik waveforms; sweep speed 0.15 /isec/division.



Sec. 610] SOME APPLICATIONS OF BLOCKING OSCILLATORS 233

amplitude than those which may be obtained from other circuits. Either
positive- or negative-current pulses, however, may likewise be obtained,
although these will also be of smaller amplitude because of the adverse
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Fio. 6*19.—For legend see opposite page.

turns ratio used in this example. Larger current pulses can be obtained

by using an over-all one-to-one ratio between primary and secondary.

6*10. Some Applications of Blocking Oscillators.—Figures 6*20a and

6*20i) show the use of blocking oscillators in actuating bidirectional
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switches. Large-amplitude, low-impedance pulses which are isolated

from the rest of the circuit are provided by the output windings. The
voltage pulses must build up biases that are large enough to prevent

conduction of the largest expected signals.

Figures 6-20c and 6*20d show a blocking oscillator used as a switch

in a linear, free-running time base. The inductance of the transformer

must be large enough to prevent the pulse from terminating before the

condenser has charged. These circuits are capable of operating at much
higher frequencies than those employing gas-tube switches.

In Fig. 6-206 a blocking oscillator is used as an amplitude comparator

to terminate the action of a triggered time-base generator (see Chap. 7)

at a predetermined amplitude. The time constant of the multivibrator

gate generator should be made very long so that the blocking oscillator

has control. The precision obtainable with a blocking-oscillator com-

parator (3 to 4 volts) is discussed in Chap. 9.

In Fig. 6-20/ two blocking oscillators that are designed to give very

rapidly rising pulses of very short duration are used to produce a variable-

width rectangle. The first pulse rapidly charges the small condenser C.

The step produced is quasi-integrated to produce a sawtooth wave-

form which delays the firing of the second blocking oscillator which dis-

charges C.

Quenching Oscillators .—These are high-frequency oscillators using

air-core transformers. A grid resistor and condenser that have a time

constant large compared with one period of the oscillator are used. Bias

is built up by grid current until the gain around the feedback loop is

reduced below unity. The oscillator then blocks until the bias circuit

has recharged. Quenching oscillators are used as self-pulsed trans-

mitters in some radar sets such as the Mark-II ASV and ASB. They
function as oscillator, modulator, and PRF generator combined. The
PRF is not very stable since tuning and antenna loading affect the grid

current and grid voltage. Quenching oscillators are also used as demodu-
lators in some superregenerative receivers.

A quenching-oscillator PRF generator is shown in Fig. 6*21. The
coils are wound on a polystyrene form and are ruggedly mounted and
well shielded. Since an iron core is not used in the transformer, the stabil-

ity is good. The circuit oscillates at about 20 Mc/sec. and the PRF is

variable between about 50 cps and 5 kc/sec.

A quenching-oscillator PRF generator is used as am audio-frequency

modulator in radiosonde equipment and is described in Vol. 20, Chap. 10,

of this series.

Cascaded Blocking Oscillators ,—It was mentioned previously that the

steepness of rise of a blocking-oscillator pulse is dependent on the rate of

rise of the initiating trigger. The shortest and most rapidly rising pulses
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have been produced by using a blocking oscillator to produce a fast

trigger for another blocking oscillator. Figure 6*22 shows a selector-

pulse generator for accurate automatic time measurement. A fairly

rapid trigger fires the first blocking oscillator which produces a 200-volt

0.16-Msec pulse that is nearly triangular in shape. This pulse actuates

the second blocking oscillator to produce a 0.12-)Lisec pulse that is

nearly rectangular. The 132DW transformer (see Table 6*1) uses the

thinnest available hypersil core (0.0015 in.), and each winding consists

of only 20 turns. The cathode followers used to prevent interaction

+ 250

Negative

pulse

Positive

pulse

between the blocking oscillators and their trigger sources may not be

necessary. The output pulses are nearly rectangular, rising and falling

in 0.03 jusec.

Pulses of the order of 0.1 /isec may be generated without the applica-

tion of exceptionally steep triggering waveforms by the use of a 132DW
transformer (or the core of a 132AW with 16 turns instead of 32 turns

on each winding) if a triode-connected 6AC7 is used. A 6AG7 should be

used as a cathode follower to drive the grid condenser if series triggering

is desired, or a 6AG7 should be used as a pentode for parallel triggering.

The high gfm of the 6AC7 is necessary to permit regeneration with the very

low impedance of the transformer and the high impedance of the very

small grid condenser that are necessary to produce such a short pulse.
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Very Long Pulses .—A circuit using a grid-plate-cathode-connected

OA-15 pulse transformer for producing 25-Msec pulses is shown in Fig.

6-23. The pulse is substantially rectangular and is used as a gate for the

sweeps in the Du Mont 256-B oscilloscope. It is necessary that

the pulse be accurately flat on top since it is used as a gate for the

cathode-ray tube. Any variation in pulse amplitude would produce a

corresponding change in brilliance of the trace.

It is possible to generate pulses as long as 50 or 100 jusec by the use of

special pulse transformers or audio transformers. Since the distributed

capacitance and leakage inductance of these transformers are large, the

pulses will rise fairly slowly, and ringing will be present after each edge

of the pulse. The currents obtained will be smaller than those obtained

with short-pulse transformers because the d-c resistances of the higher

inductance windings are large. Since the number of turns is large, the
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core will saturate at small values of current. Parallel feed should be

used or d-c magnetic bias applied. In general, it will probably be found

that multivibrators are more economical for generation of pulses wider

than 25 jusec.

6*11. Delay-line Pulse Generators.—Delay lines are frequently used

in the generation of rectangular pulses of fixed duration. They are used

to produce a rectangle from a step function, to terminate a pulse produced

by a regenerative device such as a multivibrator or a blocking oscillator,

or they may be used to duplicate an existing pulse at a later time. They
are simple, reliable, and permanent in their characteristics, and are accu-

rately reproducible in manufacture. The distributed parameter types

of delay lines procfuce the best waveforms and are simple to manufacture,

but networks composed of lumped

constants are usually more com-

pact and are capable of being

temperature-compensated. Fora
complete discussion of the prop-

erties of electrical delay lines see

Chap. 22 and Vol. 17, Chap. 6, of

this series.

6*12. Use of a Delay Line in

Terminating a Step Fimction.—In

Fig. 6-24 two basic methods of

using a delay line to terminate a

pulse are illustrated. In the first,

a low-impedance switch is used

to produce a step function of

voltage across an open-ended line

in series with its characteristic

impedance, Zo. Initially, Jo = Eif2Zo and Eo = Ezo = Ei/2, The
step function travels down the line charging up each section as it

goes and maintaining a constant charging current. When the wave
reaches the end of the line, it is reflected back in phase since there is no
termination to absorb the energy. The reflected step function continues

to charge the line at the same rate as previously so that the current in Zo

continues to be constant. When the reflected step reaches the end of the

line, its energy is absorbed by Zo. The impedance of the line suddenly

becomes infinite so that 7 = 0.

An open-ended delay line, therefore, operates on a step function of

voltage to produce a pulse of current equal in duration to twice the length

of the line. The pulse across the characteristic impedance in series

with the line has one half the amplitude of the step function.

In Fig. 6-24i) a high-impedance source is used to provide a step func-

+ 400 V

Fig. 6-23.—25 /usee blocking oscillator from
256B oscilloscope.
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tion of current. Initially, I divides equally between the line and the

terminating resistor R = <Zo. As a consequence, a voltage jBo == {IZq)/2

appears across the line which charges with constant current, and a

constant-voltage drop is produced. The step of current is reflected in

phase (the voltage is inverted) by the short circuit at the end of the line

and travels toward the beginning. When the step reaches the beginning

of the line, the energy is absorbed by Zo and the impedance of the line

suddenly becomes zero so that Eq is also zero.

Accordingly, a short-circuited delay line operates on a step function

of current to produce a pulse of voltage equal in duration to twice the

Constant
voltage

generator

Constant
current

generator

Bi

r_i—IEl
1

I I I

t-O t^D t=2Z)

(a) (6)

Fiq. 6*24.—Basic delay-line pulse generators and idealized waveforms, (a) Open line

type; (b) short-circuited line type.

length of the line. The voltage produced has half the amplitude of the

step of current multiplied by the characteristic impedance.

Thus, there is a complete duality between open lines charged from a

constant voltage source and short-circuited hnes charged from a constant

current source. The choice of the method depends upon the character-

istics of the switch used to produce the step function. A thyratron

switch has an impedance of less than 10 ohms and therefore effectively

constitutes a constant voltage source. A pentode switch, on the other

hand, may have an impedance of a megohm when closed, and yet switch

appreciable currents.

' I
i

fsO t^D t-2D
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2

In the above discussion ideal lines operated upon ideal step functions.
In practice, the step function is not infinitely steep. Thyratrons operate
in as little as 10~® sec, and hard tubes give results that depend upon

(6) (c)

+200tS^00v +200 to400v

-20 V

(a) (d)

(e)
(/)

6-26.—Delay-line pulse generators, (o) Circuit of open-line pulse generator.
(6) Cu^ent waveforms from line and from the cathode of the thyratron. A 1-usec GEtype YE4B line is used to produce a 2-p8ec pulse, (c) Delay line of (b) replaced by4-m^c line to produce an S-Msec pulse. Note the effects on the pulse produced by distortion
in the longer hne. (d) Circuit of shorted-line pulse generator, (e) Pulse produced by four-
action lumped line shown in the circuit diagram. The exciting 60-kc/sec square wave istaken across a 2.2 k resistor that replaces the line and may be used for comparison. (/)Effect of replacing the lumped line with a 1-psec-type YE4B line. Note that the pulse ismuch squarer due to l*e superior response of the line but that a large pedestal is producedby the larger d-c resistance of the line.

steepness of the grid pulse and the effects of stray capacitance. The
slope of the step function determines the slope of the leading edge of the
pulse. The slope of the trailing edge is determined by the slope of the



Sec. 6- 12] USE OF A DELAY LINE 241

step function and the characteristic response of the line. Amplitude and
phase distortion have the same effect on the trailing edge of the pulse as

they do in normal delay-line usage. Shock excitation of accidental

resonances in the line may cause oscillation following both edges of the

pulse. When thyratrons are used, leads of appreciable length may also

act as tuned circuits that are shock-excited by the very rapid step that is

produced. Under these conditions, it is best to make all leads as short

and direct as possible and make necessarily long leads by properly

terminated coaxial cables.

Since all delay lines have resistance associated with them, this

resistance distorts the pulse; this distortion results in reduced current

as the lines are charged and a consequent slope in the top of the pulse.

In the case of the short-circuited line, the total lengthwise d-c resistance

results in an impedance that is not zero after the pulse. The original

step function therefore appears as a ^HaiT^ on the pulse of initial ampli-

tude E(^t) = Ii(Rd^ZQ)/{Rd-c + Zo)j where 22d-o is the lengthwise resistance

of the line and Zo is the terminating resistance.

Typical circuits are shown in Fig. 6*25. In the thyratron circuit

shown in Fig. 6-25a, the delay line is initially charged through Rp. Trig-

gering of the gas tube switches a voltage step of amplitude Epp across the

line. Positive pulses can be taken from the cathode or negative pulses

from the common terminal of the line. The total resistance in the

discharge path should be Zo or smaller. A small terminating resistance

will reduce the output voltage and in practice will improve the shape

of the pulse. After the gas tube deionizes, the line charges through Rp.

Since the line is very short compared with the charging time, it appears

as a pure capacitance, and hence the recharge curve is exponential. Since

Zo Rpj the step appearing in the output during the recharge time is of

negligible amplitude. The plate-supply resistor must be sufficiently large

to permit rapid quenching of the thyratron and depends upon the tube

type. (See '^Thyratron Frequency Dividers,'' Chap. 16.)

It must be emphasized that the protective resistors R 2 and Rz must
be mounted directly on the tube socket with a minimum of stray capaci-

tance. Since the impedance of the gas tube is very low, the current

drawn from even a small capacitance mil ruin the cathode unless a

current-limiting resistance is inserted. The lack of success that many
engineers have experienced in the use of gas tubes is almost completely

attributable to this cause.

A short-circuited-line pulse generator is shown in Fig. 6*256. If a

positive pulse is desired, the tube is initially conducting and is cut off

by a fairly rapid negative step function derived from some other source

such as the edge of a rectangular pulse from a multivibrator or other

rectangle-generating circuit. The amount of current flowing in the line
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is most conveniently regulated by adjusting Eg^ of the pentode or Epp

if a triode is used.^ Since a hard tube is used, the switching can take

place as rapidly as desired. For positive pulses, however, when the duty

ratio is low, and for negative pulses when the duty ratio is high, the circuit

is wasteful of power, since plate current will be flowing most of the time.

Since the pulse amplitude for a given current is proportional to the line

impedance, it is desirable to use a line with as high an impedance as

possible. Loading by the external circuit sets an upper limit to Zo

which is rarely made higher than 4000 ohms. Pulse generators employing

short-circuited delay lines are easily adapted to produce multiple

pulses by the addition of a similar delay line to the output. This

line then serves as the termination of the pulse-forming line. Figure

6 26 shows a pulse generator that produces two adjacent l-^sec gates

which are used for time selection in an automatic range-tracking system.

The 0.5-/xsec pulse-forming line has as many sections as the l-jusec pulse-

delaying line, although it is half as long. The impedances are somewhat
different in order to make up for the loading of the plate circuit of the

tube. Figure 6*27 shows a network forming two gates that start simul-

taneously, but one is 1.3 /xsec in duration, whereas the other is 2.6 pisec

long. The extra sections are used to delay the wide pulse until its

leading edge is coincident with the narrow pulse.

6*13. Feedback Networks.—Delay lines may be used in feedback
networks for pulse-shaping in the same manner as other impedance
elements. Figure 6*28a shows an open line used in a current feedback

network. A low-impedance line of Zo = l/gm should be used. If a step

^ For a complete discussion of square-wave generators see Chap. 9.
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function is applied to the grid of F*-, the plate voltage will be

243

Ai/p = Ei
iOmRp)

(1 + gmZk)

where Zk is the net cathode impedance of Fi. Initially, Zk = Zo = l/gfm,

and hence AEp = Ei{gmRp)/2. At time t = 2D, the impedance of the

L=250Ath /)= 0.125/x sec/section

C=40MMf ^o=2.5k ^33^^

+30 V

open line becomes infinite; therefore, if F 2 is truly a constant-current

tube, AEp == (gmRp)/{l + 00
)
= 0. With normal receiving tubes

“i- = 100 to 500 ohms,
gm

which is a convenient impedance for the construction of delay lines.

Since the tube is conducting after the pulse, it is important that an exact
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impedance match be made, or reflections will produce spurious pulses

in the output. If a large negative supply is available, the constant-

current tube may be replaced by a pure resistance Rk and a pedestal of

magnitude {EigmRp)/{l + gmRk) will be produced by the step function.

An analogous circuit using a line short-circuited by C with voltage feed-

back might be used as shown in Fig. 6-286. For this purpose a very high-

impedance line must be used, since for proper termination,

and for gain greatug- than unity, Zo > Rg + Ri. A pedestal of magnitude

EiRd-c/Rg will be produced by the step function. Since it is difficult to

Fig. 6-28.—Delay line used in degenerative feedback networks, (a) Open-circuited delay
line with current feedback; {b) short-circuited delay line with voltage feedback.

construct delay lines of high Zq and low /?d-o, this circuit does not appear

ever to have been used and is included only for the sake of completeness.

It is possible to construct a pulse generator in which the step function

is passed through a time selector which is turned off by the inverted and

delayed step function. An example of this technique is shown in Fig.

6*29a. The input waveform is applied to one control element of the

selector circuit, and the inverted and delayed step to another. Conduc-
tion can take place only during the delay time. This circuit is capable

of excellent waveform since, if a large input is used, the control elements

will operate on a small portion of the rise of the waveforms and limiting

will take place. Unlike the previous circuits, the pulse width will be
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equal to the line length. Another circuit in which the pulse width is

equal to the line length is shown in Fig. 6*296. A switch applies a

constant potential step across the terminated end of the line, and the

pulse is taken across the ends of the winding. Initially, the impedance

of the line is equal to Zo and, after time t = D/\i is equal to The
principal advantage of this circuit lies in the fact that the pulse amplitude

is equal to the amplitude of the initial step function.

(fr)

Fici. 0-29.— Circuit producing pulae duration equal to line delay, (a) Delay and coincidence;

(6) another circuit to produce pulse of duration equal to line length.

644. Delay Line Used to Terminate Regenerative Action.—Delay

lines are frequently used in regenerative rectangle generators to determine

the width of the pulse. The regenerative device produces a step function

which is applied to the line. The delayed step function which has trav-

ersed the line initiates reversal of the regenerative process; thus the pulse

is terminated. Figure 6*30 illustrates this technique as applied to

multivibrators and blocking oscillators. It should be emphasized that

delay-line external control is the only method of insuring that a blocking

oscillator will produce a pulse of accurately determined duration. In Fig.

6*30a the line appears as a ‘delayed short circuit in parallel with the grid

of the tube that is turned off during the pulse and turns this tube back

on, and the cycle is terminated regeneratively. The line should have a

fairly high impedance so that the grid can be driven well beyond cutoff

by the tube that is conducting during the pulse, and Rp should equal

Zu. In Fig. 6*30c the line appears as a delayed short circuit across the

pulse transformer, and the quasi-equilibrium state of the blocking oscil-

lator is terminated. If the transformer has a turns ratio of 1 to 1, the

impedance of the line should be fairly high ( > 500 ohms) so that it does

not absorb too much energy from the pulse, but its d-c resistance must

be small (< 100 ohms) so that the transformer is very heavily loaded

after the pulse. The turns ratio of the transformer may be adjusted to

provide the desired impedance match with a given line.
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In Figs 6-306 and d the line appears as a delayed open circuit in series

with the grid of a tube. In Fig. 6-30d the line should have a low imped-

ance (< 1000 ohms if a triode is used) so that the tube may be driven

into the grid-current region. If the impedance of the line is very low,

however, it may appear as a pure capacitance to the grid circuit, and the

pulse width will be controlled by the capacitance and not by the delay

time of the line. The transformer must be capable of giving a pulse

longer than 2D.

Fig. 6-30.—Delay line used to terminate the action of regenerative device.

Figure 6-31 shows a practical circuit using a delay-line-controlled

blocking oscillator to form pulses of 0.5- or 2.5-iLisec duration. Since

the shape of the output pulse is determined mainly by the characteristics

of the transformer, nearly rectangular pulses may be obtained even if the

delay line has very few sections.

A circuit for generating two adjacent l-pisec gates is shown in Fig. 6*32.

The delay line controls both the width and spacing of the gates to insure

that the second rises at exactly the time the first falls. The cathode-

current pulse from Vza is delayed by the line and causes conduction in

F26 . This conduction opposes the current in the transformer and causes

the pulse to terminate.
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6*16. Duplication of Pulses by Means of Delay Lines.—Combina-

tions of delay lines are often used for generating pulse trains, and these

pulses are attenuated and distorted by an amount depending upon the

quality of the line. The reproduced pulses may be used in synchroniza-

tion or time selection, as time markers, to form codes for identification

or channel selection, etc. The pulses may have the same sign as that of

+ 400V

the input waveform, or they may be inverted in phase, depending upon

the terminating impedances used. If the output end of the line is

terminated in Zo, one pulse will appear in the output. No other pulses

will appear because all the energy will be absorbed by Zo. The input

need not be correctly terminated because no energy will be reflected

back. If the input and output impedances are infinitely high, the pulse

will be reflected back and forth between the ends of the line, and will be
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reduced in amplitude only by the attenuation of the line during each

transit. Tf the terminating impedances are finite and resistive the pulse

will suffer attenuation on each reflection. If a terminating impedance is

less than Zq, the pulse will be inverted on each reflection and will suffer at-

tenuation unless the terminating impedance is zero. Figure 6*33 shows

the polarities of the reflections for various values of input and output im-

pedances. If many equally spaced pulses are desired, the energy may be

renewed by a regenerative circuit after each reflection as shown in Fig.

6*34. A blocking oscillator produces a pulse which travels down the line,

+300 V

Fig. 6-32.—"Delay-line blocking oscillator used to produce double gate in time demodulator.

is reflected back, and retriggers the monostable blocking oscillator. In

the circuit shown, a trigger pulse initiates a train of pulses that are

interrupted after a predetermined interval by a method similar to that

employed in pulsed sinusoidal oscillators. The input trigger starts the

gate multivibrator which removes cutoff bias from the suppressor of the

blocking oscillator tube, F2 . The trigger is also differentiated and

applied through ^2 to the tertiary winding of the transformer to initiate

the first pulse. Succeeding triggers are supplied by the reflections from the

line. Clamp tube Vzb restores the initial bias to the grid of ^2 after each

pulse. If Fs were not present, the accumulated bias would cause the

blocking oscillator to trigger progressively later on each reflection, and
would destroy the uniformity of the pulse spacing. At the end of the

gate the suppressor of y 2 is again cut off and the circuit returns to its



Sec. 615] DUPLICATION OF PULSES BY MEANS OF DELA Y LINES 249

quiescent condition. This circuit is somewhat simpler than most
shocked-oscillator pulse generators and produces excellently shaped
pulses. The bulk, poor quality, and large temperature coefficients of

available delay lines have prevented extensive use of this device.

I

0

Fig. 6-33.—Delay lines and reflections.

Figure 6-35 shows the use of delay lines to produce irregularly spaced

pulses. In Fig. 6*35a a series addition of the outputs of the lines is used.

A fraction of the input to each line is passed on to the next line and a

fraction to the load, because the first line is not correctly matched
by the series combination of the second line and /? 2 ,

Ri is added. If the

reflection introduced by the omission of is negligible, it is omitted. If

no attenuation were present in the lines, the amplitude of each output

pulse would be one third that of the input pulse. In practice, Ri and J?3
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are adjusted until the output pulses appear to be of equal amplitude. A
similar circuit using parallel addition is shown at Fig. 6-355. The
impedance of the adding network should be high compared with that of

the lines to prevent interaction. If very long lines are used, regenerative

devices may be added after each delay to shape the pulse as shown at

Fig. 6-35c. Each blocking oscillator produces a negative pulse which

will not trigger the following blocking oscillator directly. Since the line

is short-circuited, the positive reflection will trigger the next stage. The

Fia. 6-34.—Pulsed marker generator using delay-line control of pulse spacing, (a) Basic
circuit; (^) final circuit.

pulses are spaced by twice the line length. Any number of stages may
be used and, if desired, the last stage may trigger the first so that a

continuous train of controllably spaced pulses is produced.

An accurate circuit for producing a trigger pulse followed by a vari-

ably delayed, rectangular pulse of controllable duration is shown in

Fig. 6*36. A thyratron relaxation oscillator supplies the trigger pulse

which travels down a delay line. The first 10 sections of the line provide

a delay of 0 to 3m sec in O.G-Msec steps. After the trigger has reached

the 10th section it is amplified by F2 and fires the blocking oscillator V z.

The cathode follower V charges a 400-jUMf condenser, and produces a

step function of voltage on the gjid of the output cathode follower Vs.
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Fig. 6-36.—Standard pulse generator.
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The trigger pulse continues to travel down the line until it is absorbed

by the termination at the end. When the pulse reaches the tap occupied

by the pulse-length selector, it initiates the operation of the blocking

oscillator V

a

through the amplifier Vs- The cathode pulse of Fe drives

the grid of Fy positive, so that the 400-MMf condenser is discharged and
the pulse is terminated. The pulse duration is adjustable in O.fi-jusec

steps from 0.6 to 3.0 /xsec. The pulse at the cathode of Fg rises and falls

in 0.06 /xsec. The cathode follower, F46 ,
is used to set the potential on

the grid of Fg before and after the pulse. The widths of the pulses

produced by the blocking oscillator are not critical, provided that they

are great enough to insure substantially complete charging and discharg-

ing of the 400-/x/if condenser, and that the pulse produced by F3 is shorter

than the minimum required output pulse length of 0.6 jusec.

References for Design and Use

Design and construction of electrical delay lines: Vol. 17, Chap. 6. Theory of delay

lines: Vol. 19, Chap. 22.

(High-pcwer) delay-line pulse generators: Vol. 5, Part II.

High-power line-controlled blocking oscillators: Vol. 5, Chap. 4.

Line-controlled coders and decoders: Vol. 20, Part II.



CHAPTER 7

GENERATION OF TRIANGULAR WAVEFORMS

By V. W. Hughes and R. M. Walker

GENERAL CONSIDERATIONS

7*1. Definition and Tjrpes.— triangular voltage waveform is a

waveform of which one portion exhibits a linear dependence of voltage

on time. Some examples of triangular voltage waveforms are given in

Fig. 7*1. The voltage islinearly proportional to time during the portions

ABy A'B\ etc.; the voltage may either increase or decrease with time

(Fig. 7*la and 7T/). The restoration or ‘^flyback” portions of the

B B B B' B" B'"

* (a) *
(6)

* (c)

A C

H \r
B

(f)

Fio. 71.—Types of triangular waveforms. AB is the portion of the waveform for

which V is linearly dependent upon t. BC is the restoration or flyback portion of the
waveform; it is of infinitesimal duration in (a), (6), (c), and (/). (h) A scries of triangular
waveforms occurring periodically, (c) A series of triangular waveforms occurring aperi-

odically. (d) A triangular waveform in which V is linear with t in BC as well as in AB.
(e) A series of triangular waveforms whose restoration period is finite and is characterized
by a nonlinear relation between V and t, (/) A triangular waveform in which V decreases
linearly with t in the portion AB.

waveforms are RC, R'C', etc.; the durations of these portions are the

restoration or flyback times. Occasionally, as shown in Fig. 7Td, a

linear relation may exist between V and t during the restoration time, but

usually the relation is nonlinear (Fig. 7-le). The triangular waveform
may occur only once, or it may be repeated periodically or aperiodically

(Figs. 7Ta, 6, and c). Many types of waveforms other than those given

in Fig. 7-1 are possible—for instance, a periodic series of triangular wave-
forms of the type shown in Fig. 7- Id, or an aperiodic series of triangular

waveforms of the type shown in Fig. 7*1/. Triangular waveforms are
254
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known as sawtooth waveforms/^ “linear waveforms/^ “linear sweeps/'

or “time bases.

7«2. Characteristics of Triangular Waveforms. Durations .—Great
variations are possible in the durations, voltages, and accuracies asso-

ciated with triangular voltage waveforms. Linear sweeps have been
made with durations from 10“^ sec to 10 min. The lower limit attainable

is determined physically by the minimum values of tube and wiring

capacitances, by the minimum values of leakage resistance, and by
the maximum dissipation allowable in tubes and resistors; the upper
limit is determined by the maximum values of capacitors (this is largely

a matter of size and weight), by the maximum values of resistors, by
the minimum values of leakage resistance, and by the minimum currents

at which tubes operate satisfactorily. Restoration times as small as

5 per cent of the duration of the linear portion have been obtained,

although it is more usual, when a triangular waveform is being generated

periodically, to have the duration of the linear portion equal to less than

one-half the repetition period.

Voltages .—The amplitudes of the linear sweeps ordinarily are between

10 and 1000 volts, although these figures do not represent the extremes

attainable. Physically, the upper limit is determined by the peak
voltage rating of tubes. For short sweeps the allowable dissipation in

resistors may be of importance. Variations in clamping potentials due

to variations in tube characteristics are more troublesome for low-

amplitude linear sweeps than for high-amplitude ones and accordingly

the latter are usually used. The voltage level of the start of the sweep

can be set to any reasonable value.

Linearity .—The degree of perfection of the linearity of the sweep

and the stability of the triangular waveform with respect to changes in

supply and heater voltages, tube characteristics, and component values

we consider as the two aspects of the accuracy of a triangular waveform.

The degree of linearity can be expressed as the deviation of the instan-

taneous voltage of the actual sweep from the instantaneous voltage of an

assumed straight line which closely represents the actual sweep. This

deviation is often expressed as a percentage of the amplitude of the actual

sweep and is often called a “displacement error. Linearities of about

0.01 per cent have been achieved over more than 99 per cent of the

duration of the sweep; often the first one per cent of a sweep is nonlinear.

The degree of linearity can also be expressed as the percentage deviation

of the instantaneous slope of the actual sweep from the slope of the

assumed straight line. This deviation is ordinarily considerably larger

^ An excellent reference is Time Bases, by 0. S. Puckle, Wiley, New York, 1944.

* Unless the contrary is stated, for this chapter for the computation of displacement

and slope errors, the straight line chosen will be the one drawn from the point at the

beginning (or near the beginning) of the sweep to the point at the end of the sweep.
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than the displacement error. The linearity achievable is limited prima-

rily by the finiteness of the gain and the nonlinearities of vacuum tubes.

Stability .—The degree of stability of the linear sweep can be expressed

as the variation in displacement or slope due to a specified change in

some circuit parameter. The variation in displacement is usually given

as a percentage of the maximum amplitude of the actual sweep; the

variation in slope is given as a percentage of the mean slope of the actual

sweep. Zero error is a useful concept; it is the deviation of the beginning

point of the sweep from the origin of the assumed straight line. A certain

percentage change in the supply voltage ordinarily produces the same

percentage change in slope; the same is true for changes in the most

critical resistors and condensers. The percentage variation in displace-

ment or slope can readily Be kept to about rhu of any reasonable per-

centage change in heater voltage. Variations in the linear sweep due to

variations in tube characteristics and in the values of the less critical

fixed components can usually be made so that they are no more trouble-

some than instability due to the causes mentioned already. The varia-

bles that have been regarded as the cause of instability—i.e., heater and

supply voltages, tube characteristics, and component values—are those

most directly associated with the generator circuit, but often they are not

the primary independent variables. Thus the stability of a triangular

waveform is sometimes considered with respect to temperature, mechan-

ical shock, and time. In a particular case with selected components the

maximum displacement errors have been kept within ±0.1 per cent for

a temperature variation from — 50°C to +80°C. With good circuit

design microphonics are not troublesome.

The displacement and slope of the linear sweep are the most critical

aspects of a triangular waveform; the stability of features associated with

the restoration period is usually not of great concern.

Generator Characteristics .—Other characteristics associated more with

the generator circuit than with the waveform are

—

1. Output impedance.

2. Input requirements.

3. Engineering specifications such as reliability, ease of maintenance,

safety, flexibility, weight, power consumption, and cost.

Often the output circuit of a triangular-waveform generator involves

negative feedback, and an output impedance of several hundred ohms or

less is presented; in other cases, the output impedance may be determined

primarily by a condenser whose value is proportional to the duration of

the linear sweep. In all cases, any value of output impedance can be

achieved by the addition of several amplifier stages involving negative

or positive feedback. A triangular-waveform generator often requires
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either a trigger or a gating pulse as an input waveform. The engineering

properties mentioned above vary considerably from generator to gener-

ator and are of great importance.

7*3. Uses of Triangular Waveforms.—The triangular waveform is a

basic waveform of much value. Some of its applications are listed below.

Measurement of Time Intervals Associated with Waveforms ,— The linear

sweep is the most widely used time base for display purposes (Chap. 20).

Furthermore it is used as a basis for the generation of time-modulated

indices (Chap. 13 and Vol. 20, Chaps. 5 and 6). The use of linear sweeps

as time bases in pulse-recurrence frequency dividers is a type of time

measurement (Chap. 16).

Generation of Other Basic Waveforms ,—Triangular voltage waveforms

can be operated upon electronically to produce other basic voltage wave-

forms. Thus a parabolic waveform is produced by integration, and a

rectangular waveform by differentiation, of a triangular waveform
(Chap. 18). Often parabolic,- trapezoidal, and hyperbolic generator

circuits differ only slightly from prototype triangular-waveform-gen-

erator circuits (Chap. 8). A linear current waveform can be produced

by applying a linear voltage waveform to a circuit passing a current that

is proportional to the input voltage (Chap. 8).

Functions Involving the Processes of Analysis and of Modulation and

Demodulation .—Many useful functions are performed by applying the

processes of analysis and of modulation and demodulation to triangular

waveforms. Thus data-transmission schemes sometimes carry their

information in the form of time modulation on a triangular waveform

(Vol. 20). Also, electromechanical amplitude modulation of triangular

voltage waveforms or, more usually, of trapezoidal ones is useful in gen-

erating PPI radar sweeps electronically (see Chap. 12 of this volume and

Vol. 22).

Electronic Computation .—It is frequently desirable to use a waveform

with a linear voltage-time relationship in computer circuits. For exam-

ple, electronic triangle solvers sometimes employ linear sweeps (Vol. 21,

Part I).

7‘4. Methods of Generating Triangular Waveforms.—Practical cir-

cuits for generating linear sweeps usually involve charging or discharging

a condenser at approximately a constant rate. The change of the

voltage across a condenser from its initial value at ^ = 0 is given by

and, if the current i equals a constant Jo, then
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The change of voltage with time is positive if /o is positive and negative

if /o is negative. Some switching mechanism is always employed to

determine the beginning and the end of the linear sweep.

Considered from this point of view, the problem of generating a linear

sweep is one of obtaining a constant current with which a condenser can

be charged or discharged. Methods for accomplishing this have been

divided into four classifications (these methods are surveyed briefly in

this section and discussed in detail in later sections). The condensers

may be charged or discharged

—

1. From a constant voltage source through a resistor.

2. From a c^jj^tant voltage source through a high variational imped-

ance of low d-c resistance.

3. With circuits involving positive and negative feedback.

4. With circuits involving negative feedback.

The first method is the most elementary. A voltage which varies

as an exponential function of time is obtained. Only for those values

of time, measured from the beginning of the sweep, which are small

compared to J2C, is a good approximation lio a linear sweep obtained.

This implies that only a small fraction of the total available voltage

change, i.e., the constant voltage, exhibits a linear dependence on time.

The high variational impedance of the second method is often pro-

vided by an inductance or by a pentode. Many types of current-feed-

back devices can also be used. The circuit that uses an inductance is

capable of providing an approximately linear voltage change which is

greater than the supply voltage. In general, the linearity obtained by
this method is somewhat less than that obtained by either of the last two
methods; also, the switching problem is often more difficult and the

restoration period is longer.

The ''bootstrap'^ cathode-follower circuit is the primary example of

the use of positive and negative feedback. Fundamentally, in this

circuit a condenser is charged through a resistance from a supply voltage

which varies in such a way as to maintain a constant voltage across the

resistance. The cathode follower is a negative-feedback device, and
positive voltage feedback to the resistance maintains a constant charging

current. This is an excellent circuit for the generation of a linear sweep
with a positive slope. By the addition of a compensating ffC-network

the linearity is improved by as much as a factor of 5 and becomes almost

as good as that achieved with the best circuits employing negative

feedback.

All negative-feedback circuits—these include the phantastron and
sanatron—utilize the Miller effect, and the variations in these circuits

consist in the number of stages used in the amplifier and in the switching
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arrangements. Either positive- or negative-going linear sweeps can be
generated. The ability of this type of circuit to generate sweeps of

different amplitudes and durations is as great as that of the bootstrap

cathode-follower circuit, and the best linearities

and stabilities have been achieved with this

circuit.^

DETAILED DISCUSSION OF METHODS OF
GENERATION

7«6. Condenser Charging through Resistor.

—

The elemental method of charging or discharging

a condenser from a constant voltage source through

a resistor is shown in Fig. 7-2. The output volt-

age is an exponential sweep, whose first portion

is approximately a linear sweep (see Chap. 8 for

practical circuits). At ^ = 0 the switch is opened and, thereafter, until

the switch is closed again,

t

i = (t ^ 0).

The voltage waveform is given by

c. = E,,{1 ^
( 1 )

and

Expressed in series form,

. r t {i/Rcy {t/Rcy 1
ec - E,, ^ •

•

J.
(2)

If the total time of generation of the sweep (i.e., the time the switch

is open) is small compared to i2C, then the charging current will be

nearly constant during the charging period, and Eq. (2) can be written as

«• - fe

W

which is the expression for a linear sweep. Equation (3) implies that

the maximum voltage of the generated waveform must be small compared

to the supply voltage Epp,

Expressions for slope and displacement errors are easily derived.

^ See Sec. 2*6 for a discussion of the essential identity of the bootstrap and the

Miller feedback sweeps.

Switch^
opens at:

t=0
C

Fig. 7-2.—Elementary
linear-sweep generator.
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For a total charging time ti the ratio of the slope dsc/dt at the end of the

charging period to that at the beginning is equal to^

lo
e = 1 — ea

Eft

There follows an expression for displacement error measured with respect

to the straight line through the beginning point of the sweep with a

slope equal to the initial slope of the actual sweep. The error is expressed

as a percentage of the supply voltage, and

100
^RC

100 (4)

is plotted as a function of CcJEpp in Fig. 7*3. Other straight lines can be

chosen which provide a better fit to the exponential waveform.

In a practical circuit the imperfections

of the switch introduce certain limitations.

The nonzero impedance of the switch

when closed causes Cc to be at a potential

somewhat greater than 0 for ^ ^0, and,

since this potential varies with the effec-

tive forward resistance of the switch, both

the starting potential and initial slope

of the sweep are unstable. Furthermore,

the recovery time is usually determined

primarily by the forward resistance of the

switch through which C discharges. If

insufficient time is allowed for the dis-

charging process, the initial charging cur-

rent will depend on the state of discharge

of the condenser and will change with the

duty ratio. The allowable peak voltage

across the switch when open places a

limitation on the maximum amplitude of the sweep. Finally, the finite

transition time of the switch results in additional transient phenomena
both at the start and at the finish of the sweep.

The most serious disadvantage in the simple method of charging a

condenser through a resistor from a fixed supply voltage is that the

linearity is poor unless the sweep amplitude is restricted to a small

fraction of the supply voltage. An advantage in this method is that,

since the circuit consists only of a resistor, a condenser, and a switch, the

^ Note that this is not the slope error defined in Sec. 7-2.

Fig. 7*3.—Percent displacement
error vs. edEpp for circuit of Fig.

7*2. (The displacement error plot-

ted here is the deviation of the

exponential from {Epp/Re)t, ex-

pressed as a percentage of Epp.)
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recovery time is limited only by the imperfections of the switch and,

therefore, is generally superior to circuits using more elements. More-
over, this circuit can be used for as wide a range of sweep durations

as can any other circuit. The maximum amplitude is determined by the

value of Epp and the allowable open circuit voltage across the switch.

Very good stabilities can be achieved. The output impedance is essen-

tially the parallel impedance of R and C (Fig. 7*2)
;
the input requirement

is a gate to operate the switch.

A practical circuit is given in Sec. 8-4, Fig. 8*16. The sweep duration

is 300 /isec and the amplitude is about one-third of Epp.

Use of High Variational Impedance

7*6. Inductance in Series with Resistor.—By placing an inductance

in series with the charging resistor (Fig. 7-2), it is possible to obtain

t/RC

Fig. 7-4.—Basic circuit and output waveforms for R, L, C linear sweep.

considerable improvement in linearity for a given ratio edEpp. In

addition, an output voltage larger than the supply voltage can be obtained.

These effects are shown in Fig. 7*4, where the ratio Ce/Epp is plotted

against t/RC for different values of n where n = L/CR^. The curve for

= 0 corresponds to zero inductance and hence is the case discussed
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in Sec. 7*5. UR and C are given fixed values and the inductance is

increased, a sweep with better linearity and greater amplitude is obtained.

The curves of Fig. 7*4 are illustrated in Fig. 7*5 by a photograph of the

sweep output of an actual circuit.

The exact equations for the sweep voltage Cc can be derived easily.

For sufficiently small values of a solution in the form of a power series

in t is useful:

ee = ^pp 1

RC (yRLC^
(5)

The initial conjJjjbions assumed are ec = 0 and dsc/dt = Epp/RC. The
term in represents the deviation

from linearity; it obviously de-

creases as L is made larger.

If the circuit is operated at

high repetition rates, initial con-

ditions differing from those men-
tioned above will apply. With
an ideal switch Ce is still 0, but

de^

dt
^ ^pp .

.0 RC^
indeed, the value

|t«o
will vary with

the repetition rate at which the

sweep is being generated. The
Fio. 7*6. A waveform photograph iiius- initial value of Current can be de-

trating the curves of Fig. 7*4 for an actual • i r m-i •

circuit. An inductance of 500 henrys and termined Irom the equilibrium
three resistor and condenser combinations equation, which asSerts that the
each withja time constant of 500 /usee were i . ^ i

used. Waveforms are forn =0, 0.5,1* and 2. decrease in current during the on
period of the sweep is equal to the

increase in current during the off period of the sweep. During the restora-

tion period the current is given by

i = io + (1

where io is the current at the beginning of the restoration period, and
Epp/R is the eventual steady-state current which will be attained. Hence
there is associated with the restoration of the steady-state current a time

constant of L/R. Still it is not necessary to provide a restoration time

great compared to L/R in order to establish approximately the initial

current Epp/R

j

because only that amount {Epp/R — Q by which the cur-

rent at the beginning of the restoration period differs from Epp/R is
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being restored. A numerical example illustrating this point is given in

Fig. 7-8 for the circuit of Fig. 7*7.

Voltage waveforms across the resistance of an RLC sweep circuit are

shown in Fig. 7-6. The lower waveform and upper waveform are for

Epp
100 volts
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mmmmmmmmmmmm.mmmmm
mmmmmmmmmmmmmmmmm
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Fiq. 7-6(a).

—

R, L, C circuit used for waveforms of Fij?. 7'Q(b).

Fio. 7-6(6).—Current waveforms for R, L, C linear sweep of Fig. 7*6(a). Upper and
lower waveforms are for operation at 750 cps and 250 cps respectively. (A change of -FI
volt in voltage across R is equivalent to a change of — J /xamp through R.) L =* 500h,
R » 500k, C = 1000 nfxi. Unfortunately an exponential display sweep was used.

operation at 250 cps and 750 cps, respectively. During the on period

of the sweep from to h the current decreases. When the switch is

closed at ti the current suddenly increases. This effect can be explained

by considering the capacity across the

inductance and the finite resistance of

the switch. It is apparent from a

comparison of the lower and upper

photographs that enough restoration

time is not being allowed at the

750-cps repetition rate for the circuit

to establish the initial value of Epp/R.

A 300-/xsec sweep of about 250

volts amplitude is obtained from the

circuit shown in Fig. 7-7. The value

of n for this circuit is about 25. A
linearity always better than 0.2 per

cent displacement error is predicted

by a calculation which takes into ac-

count the d-c resistance of the coil

and the lumped value of the distributed capacity along the coil. For this

calculation the assumed straight line was the one drawn between the

Fiq. 7-7.—A practical circuit of

72, L, C linear sweep generator.
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points of the actual sweep with abscissae of 50 /isec and 200 /zsec. Accii-

rate experimental studies confirmed the theoretical prediction on linearity.

The way in which the initial current into C varies with the restoration

time is shown in Fig. 7*8. The on time of the sweep is 300 jusec. This
calculation was made by equating the decrease in current during the

on period to the increase in current during the restoration period. It is

noticed that a change in duty ratio from ^ to causes a decrease in

initial current of about

7‘7. Vacuum-tube Variational Impedances.—High variational imped-
ances can be achieved with vacuum tubes and these can be used in linear

sweep generator^ The variational plate resistance of a pentode is used

in the ‘^constant current ” pentode linear sweep circuit. Even higher and
more stable variational impedances can be achieved with certain current

feedback circuits—for example, the cascode triode circuit. The constant

current pentode circuit ^^ll be considered first.

The Constant-current Pentode .

—

If a pentode tube is operated with

its plate potential above the ^^knee
’’

of the tp, Cp curves, its variational

plate resistance is high; that is, its

plate current varies only slightly

with changes in plate potential.

This fact is made use of in the cir-

cuit shown in Fig. 7-9 in order to

charge C at an approximately con-

stant rate. Actually, the charging

current is an exponential function

of time, and it is the same current

that would be obtained by charging

the condenser through a resistance

equal to the variational plate resist-

ance rp of the pentode 1 megohm)
from a voltage source equal to rp

times the pentode plate current flowing during the quiescent period.
In order for this to be true the assumption must be made that the plate
current is given by

where

io

rp

AEp

tp — lo
rp

= plate current during quiescent period,

= variational plate resistance,

^ Ep — Epp.

Restoration time in m sec

Fig. 7-8.—Calculated value of current
flowing into C of Fig. 7-7 when sAvitch is

opened vs. restoration time. The on
period of the sweep is 300 /xsec. The
calculation assumed an ideal switch and
inductance.



Sec. 7-7] VACUUM-TUBE VARIATIONAL IMPEDANCES 265

1 1 is then true that

ip = ice (6)

Actually, since is dependent on Ep^ this relation gives only approximate
results even when an average value of Vp is employed.

Fairly good linearity can be obtained for a sweep whose amplitude
is a large fraction of the supply voltage. Thus, using a supply voltage

of 300 volts and a 6SJ7 with its screen grid at 100 volts and its control

grid at —2 volts, a 200-volt sweep can be obtained for which the charging

current at the end of sweep differs by 4 per cent from the charging

current at the beginning of the sw'eep.

Often negative feedback is introduced by the insertion of an unby-
passed cathode resistance. Provided the screen to cathode potential

is maintained constant by the use of battery or condenser coupling the

variational impedance from the plate of the

pentode to ground is greatly increased and is

Tp + {iJL + l)RKy where Rk is the cathode

resistance. Variational impedances of 1000

megohms can easily be achieved, but they

cannot be utilized fully due to the presence of

leakage resistance (perhaps 100 megohms).

If the screen potential is fixed relative to

ground or connected through a resistance to

the supply voltage, variational plate to ground

impedances approximately equal to Vp are

obtained with cathode degeneration. The
reason that the higher variational impedance

oi Vp + (fjL + 1)Rk IS not obtained is that although the insertion oi Rk
reduces the change of cathode current with change in plate-to-ground

potential, because of the redistribution of current between the plate and

screen, the use oi Bk does not appreciably reduce the change in plate

current.

Stabilization of the value of quiescent plate current is achieved

by the use of cathode degeneration whether or not the screen is boot-

strapped to the cathode. Typical stability data follow. For a 6SJ7

with a 100,000-ohm cathode resistance a 10 per cent change in filament

voltage results in a change in plate current of several tenths of one per

cent, and upon change of tubes the current has not been observed to

vary by more than ±0.5 per cent.

A linear sweep circuit of an astable, rapid-flyback type suitable

for oscilloscope use is shown in Fig. 7*10, in which Fi is a gas-tube switch

and V 2 is the constant-current pentode with cathode degeneration.

Since the screen is not bootstrapped to the cathode, the cathode degen-

rent pentode linear sweep
generator.
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eration stabilizes the value of cathode current but does not improve the

sweep linearity. A negative sawtooth waveform with an amplitude of

approximately 200 volts is obtained; the amplitude can be changed by

changing the potential to which the grid of F i is returned.

Triodes with Current Feedback .—The variational impedance between

plate and ground for a triode with cathode degeneration is rp + (m +
For a 6SL7 tube with a 500-k cathode resistance and a +300-volt supply

a variational impedance of some 30 megohms is realized. For two triodes

in cascode as shown in Fig. 7T1 the variational impedance from the plate

of 1^2 to ground is approximately (m + IYRk^ Using 6SL7's and a

Fig. 7- 10.—Sweep generator using a
thyratron switch and a constant current

pentode. Frequency from 5 to 50,(K)0 cps.

Fio. 7-11.—Two
triodes in cascode
used for achieving
high variational im-
pedance.

500-k cathode resistor an impedance of about 1000 megohms is calcu-

lated; however, leakage resistance reduces the effective value. Troubles

due to heater-to-cathode leakage can be minimized by use of a sepa-

rate heater winding for tube F2,
which is at the same potential as the

cathode of F2 .

Circuits Involving Positive and Negative Feedbacks

By use of positive feedback a constant potential can be maintained

across a resistor through which a condenser is being charged. This is

achieved by the use of a unity-gain amplifier (ordinarily involving nega-

tive feedback), which takes its input signal from the condenser end of the

resistor and impresses its output signal at the supply end (Fig. 7T2).

More generally, if the amplifier has* a gain g, an infinite input imped-
ance, and a zero output impedance,
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i = loe R

ec =
E
nd ^ p RC^(1-9)

).

Hence by expansion

ec
E (1 - S) .

(1 - 8)^

RCl RC '2!“^
(ieC)2 3!

(7)

(8)

(9)

And, if 9 = 1, the current will be constant and the voltage ec will be a

linear function of time. If 9 5*^ 1, the current will be an exponential

function of time with a positive or

negative first derivative depending

on whether 9 is greater than or less

than unity; the voltage waveform
will also be an exponential function

of time. The effect of the positive

feedback is the same as that which

would be achieved by charging

the condenser through a resistor

I /(I 8) times as large as R from

a supply voltage 1/(1 — 9) times

as large as Epp,

7*8. Use of the Cathode Fol-

lower.—

K

cathode-follower type of

amplifier is most commonly used.

(E+€c)

Fio, 7-12.—Method of generating a linear

sweep using positive feedback.

It provides a nearly unity gain, a high input impedance, a low output

impedance, and a wide bandwidth (Vol. 18). The differential gain of a

cathode follower with a resistive load impedance Rk is

Q — ^Eont __

dEia Rp {fJL -j- 1)Rk
where

( 10)

M = amplification factor of tube, and

Tp = dynamic plate resistance of tube.

If (m + 1)Rk Rpy £ ^ + 1). Since the m of a tube is almost con-

stant over wide ranges of operating conditions, the gain of the cathode

follower is rather independent of the operating condition. A medium-^
triode such as a 6SN7 with /i of 20 has a ratio 4- 1) = 0.95, High-jit

triodes and pentodes can be used to achieve unity gain even more closely.

For example, a 6AC7 with a 50,000-ohm load resistance, with its screen

bypassed- to the cathode and with Epp = 300 volts, gives a gain of 0.995

over a 150-volt plate swing.
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Several possible (Mreuii arrangeiueriis are illustrated in Figs. 7*13,

714, 715, and 7*16. A battery or floating power supply is required in

the circuit shown in Fig. 7-13.

In Fig. 7- 14 the potential lev-

els in the quiescent period are

correctly maintained by use of the

capacity Cd and the resistor Rd-

If no current is flowing into the

condenser Cd at the time the

switch is opened, the initial cur-

rent into C is Epp/{R + Rd). If

the cathode follower has a unity

gain and the condenser Cd does

not discharge appreciably during

the period of the sweep, this ini-

tial current into C will be main-

tained. The condenser Cd will

not discharge appreciably pro-

vided CDy> C, and provided the

time constants RdCd and RCd are large compared to the duration of

the sweep. Quantitative relationships can be readily worked out. This

form of the circuit is sensitive to variations in the repetition frequency

of generation of the sawtooth

waveform. The initial current

flowing into the condenser can be

computed for any particular rep-

etition frequency of generation

of the sweep by equating the loss

in charge of Cd during the sweep

generation period to the gain in

charge of Cd during the restora-

tion period. Figure 7T7a illus-

trates the change in slope of the

linear sweep when the repetition

frequency is varied.

A circuit arrangement which

is less sensitive to repetition-fre-

quency changes and permits a

larger sweep amplitude is shown
in Fig. 7T5. Figure 7T76 illustrates the smaller repetition-frequency

sensitivity of this circuit. Here the resistor Rd is replaced by a diode

which serves to set the initial voltage at the supply end of the* charging

resistor at essentially the supply potential Epp. After the switch is opened,

Fig. 714.—A variation of Fig. 713
which avoids the use of the battery or

floating power supply.

Eq “ Ejf •+E
Fig. 7-13.—Method of generating a linear

sweep using a cathode follower to achieve

positive feedback.
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the waveform from the output of the cathode follower raises the potential

at the cathode of the diode above Epp, so that the diode becomes non-

conducting. The total charging current then flows through the coupling

condenser Cd, reducing its charge. If a linear sweep is to be generated,

Cd should be large enough to

ensure that this loss of charge does

not appreciably decrease the volt-

age across it. When the switch

is closed C is discharged instan-

taneously to ground potential.

Condenser Cd recharges through

the diode and Rk- The cathode

follower may or may not be cut

off during the early part of the

recovery period, depending upon
how much the potential across'Cd

was reduced during the sweep

period.

For this circuit as well as for

that of Fig. 7*14 repetition-fre-

quency sensitivity is present

(though it is too small to be seen

in Fig. 7- 176) because of the ne-

cessity to recharge Cd during the off period of the sweep. The initial cur-

rent flowing into condenser C for any particular repetition frequency of

generation of the sweep is

Fia. 7- 1 5. A variation of Fig. 7- 14

which is less sensitive to changes in the
repetition frequency of generation of the

sawtooth waveform.

Er, Rd
R 4“ Rd R Rd

AB’' tCd

( 11 )

where

r [1 — (c '^")]

Rd
initial current flowing into condenser C,

static resistance of diode, assumed constant,

4“ 1 )

•Sp + (m + l)'R

Ea = amplitude of sweep voltage,

Rpf jj, are constants of the cathode-follower tube, and

r = duration of restoration period.

(The other quantities are defined in Fig. 7-15.) This equation was
derived by equating the charge lost by the condenser Cd during the sweep-

generation period to the charge gained by this condenser during the

restoration period. It assumes that the cathode-follower current can be
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represented by ip = (Ep + nEg)/Rpy and hence is not applicable if the

cathode follower is cut off during the early portion of the restoration

period. If the diode forward resistance -Rd is zero, the initial current ii

is independent of recovery time; otherwise, it is apparent that ii increases

as the restoration period r is increased. If the time constant RC is to have

a fixed value, it is desirable to make R as large as possible and C as small

as possible in order to minimize the percentage change of ii with r. From

the point of view of minimizing the change in ii due to change in r there

is an optimum value oi Cd for any given values of the other parameters.

It is usually desirable to make Rk and Rd small and Qm large. Some

advantage is oft^g^achieved by returning Rk to a negative potential.

In Fig. 7-16 the cathode follower feeds the charging circuit directly,

its grid input being capacitively coupled by Cd to the point at which the

linear sweep ec appears. The

diode and the voltage divider

help to determine the potential

levels in the quiescent condition

of the circuit. This circuit per-

mits the use of a smaller coupling

condenser C d than does the circuit

of Fig. 7T5, since the only dis-

charging in this case is through

Roy which can ordinarily be made
as large as about one megohm
before grid current affects the ac-

curacy. To a first approximation

the repetition-frequency sensi-

tivity of this circuit is independent

both of the values of R and C and

of the properties of the cathode follower. If a sufficiently low-resistance

voltage divider can be used, this circuit can be designed to be much less

sensitive to repetition-frequency changes than the circuits of Figs. 7*13

or 7*15.

Two examples of astable linear-sweep generators are shown in Figs.

7*18 and 7*19. As indicated in these figures, synchronizing pulses can be

used but synchronization is possible over only a narrow range. The
sweeps are of only moderate linearity, the displacement errors being at

most about 2 or 3 per cent. Push-pull sweeps suitable for display pur-

poses on a cathode ray oscilloscope are obtained from the circuit shown
in Fig. 7T8. The gas-filled tube Vi serves as the switch and the saw-

tooth-waveform generator proper is of the form of Fig. 7*14, V 2a being

the cathode follower. The output of the inverter stage 726 is a negative

sawtooth waveform of an amplitude approximately equal to that of

Fig. 7-16.—Another variation of Fig. 7- 12.
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the positive sawtooth waveform from the V

u

cathode (see Chap. 2). The
maximum amplitude of the sawtooth waveform is about 150 volts. The
circuit can operate from repetition frequencies of a few cycles per second

up to about 60 kc/sec with the upper frequency limit set by the deioniza-

tion time of the gas tube. Flybacks that last for only several per cent

of the repetition period are obtained.

In Fig. 7*19 the blocking oscillator 1^26 (Chap. 6) is the switch and the

sawtooth-waveform generator is essentially of the type of Fig. 7*16 in

which F2a is the cathode follower and the triode y26 replaces the diode.

A sawtooth waveform of about 100 volts amplitude is obtained. The

when repetition frequency ia varied. Sweep duration w 650 /usee. Repetition frequency
of lower sweep is 1040 cps; that of upper sweep is 260 cps.

Fig. 7*17(6).' -The change in slope of the linear sweep from the circuit of Fig. 7*15 when
repetition frequency is varied. Sweep duration and repetition frequencies same as for

Fig. 7* 17(a). Sweeps have been displaced so their slopes can be more readily studied.

upper repetition-frequency limit is considerably higher for this circuit than

for that of Fig. 7T8 since a blocking oscillator switch is used 1-/Lisec

flyback time is achievable with an OA18 transformer).

A single-stroke push-pull linear-sweep generator is shown in Fig. 7*20.

The switch V i is chosen to be a pentode in order to minimize the capacity

coupling of the input gating waveform at the grid of Fi to the output

at the plate of Fi. The tube F2 is a pentode cathode follower and F3 is a

paraphase amplifier. Push-pull output of 200 volts with a linearity of

about one per cent, expressed in terms of displacement errors, is obtained.

The push-pull output is shown connected to the CRT horizontal plates,

whose centering control is the grid return of Fs. The minimum sweep

duration of approximately 1 ^sec is obtained when the stray and tube

capacities serve as C. (It should be noted that it is bad practice to have

stray and tube capacities a large portion of C because the value of C is

then not well defined.)

Figure 7*21 illustrates a single-stroke circuit in which the gating
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+ 300 volts

Fj: 884

V2. 6SN7GT

Freq. range -4- 15,000 cps

Fia. 7-18.—Astable linear sweep generator using cathode-follower positive feedback and a

gas-tube switch.

•300V

Fio. 7*19.—Astable linear sweep generator using cathode-follower positive feedback and a
blocking oscillator switch. Vi and V2 are 6SN7 tubes.
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waveform is derived from the sawtooth-waveform generator. This

circuit can be so adjusted that the gate ends when the sawtooth waveform
reaches a particular amplitude, and this property is sometimes of value.

In the quiescent condition the switch tube Via is conducting and Vih

is biased beyond cutoff. A positive trigger pulse applied to the grid

+300V

Fig. 7-20.—High speed single-stroke synchroscope sweep using cathode-follower positive

feedback and paraphaso inverter.

+ 250V

Fig. 7*21.—Medium precision single-stroke sawtooth generator with self-gating feature.
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of Via renders Vih nonconducting and the current that was flowing

through the switch tube flows through C and 72 1 . The resulting positive

jump in potential at the grid of V\a is amplified by Fi®, and the drop in

potential at the plate of V i6 serves to hold off the switch tube V i6. The
switch tube will again conduct, either because the current through Ri

has decreased appreciably, as it does when the sawtooth-waveform ampli-

tude becomes so large that the cathode follower Fs is operating near zero

bias, or because C 2 has discharged sufficiently through 722, as it does if the

time constant 722C 2 is small enough. Sometimes both of these effects

are important. The turning on of V it is a quick-acting regenerative

process. After C has been discharged, the circuit is restored to its

quiescent condition, and will remain in this condition until another

trigger appears.

The sweep generator is essentially the circuit shown in Fig. 7*15. A
pentode cathode follower'^a is used, and its screen supply resistor is

connected to the cathode of diode F2 ,
thereby reducing somewhat the

variation of screen potential with changing duty ratio. The output

waveform is trapezoidal rather than triangular because the presence of

72i causes a jump in potential at i = 0. The initial potential jump is

about 12 volts in amplitude and the sawtooth-Avaveform amplitude is

about 125 volts. Often this initial potential jump is not troublesome

and sometimes it is even desired in order to generate a trapezoidal wave-

form (Chap. 8).

7-9. A Cathode-follower Circuit with a Compensating Network.—

A

considerable improvement in linearity can be achieved by the use of the

auxiliary network 72', C", as shown in Fig. 7*22. The condenser C of

Fig. 7T5 is separated into two condensers, C' and (7", which are connected

in series and are ordinarily about equal in value. A connection is made
from their junction through a series resistor 72' to the output of the cathode

follower. It is possible to adjust 72' so as to obtain a waveform that can

be expressed as edt) — Kit + Kzt^ + • •
•

,
and it is by virtue of the

elimination of the term in that this circuit achieves its greater linearity.

A diode is placed across 72' to help maintain proper initial conditions

independent of duty ratio. The diode does not conduct during the sweep
period, but during the restoration period it provides a lower impedance
path than does 72' for the discharge of condensers C' and C".

Qualitatively the action can be understood in the following way.
Since the amount of current passing into C' and C" when the resistor R'
is not present is a decreasing function of time, the voltage Cc has a decreas-

ing rate of change. When 72' is inserted, the amount of current passing
into C" through 72' is an increasing function of time and therefore the
potential across C" due to this current has an increasing rate of change.



Sec. 7-9] COMPENSATING NETWORK 275

If 72' is sufficiently small, a potential Cc with a positive second derivative

is obtained, but if 72' is very large ec has a negative second derivative.

Hence it is reasonable to expect that if the correct value of 72' is chosen

a potential Cc with a zero second derivative is obtained—and this result is

actually possible.

Fio, 7-22.—Second order compensation added to cathode-follower positive-feedback saw'

tooth generator.

The differential equation for the voltage across the condenser is

d}ecW r (i-9) ,1-9,
I

1-9 1.
C'C" R'C" RCi dt

^
1
RC'R’C" ^ R'C'RCi

\

°

+ c
Eb

72C'72'C"‘

The initial conditions taken are

and
€c = 0

dCc Eb
It

""

C' + C"

A useful form of solution for ec is easily obtained by the use of Laplace

transforms or by a series solution of the differential equation^

( 12)

^ V. W. Hughes, A Range Measuring System Using an RC Linear Sweep,”

NDRC 14-540, M.I.T. Radiation Laboratory, Sept. 18, 1944.
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where

Y _
‘ “ C'C

^ c~TC'‘

K = Eb
RC'R'C"

__:_s + _L
R'C" ^ RCi

R'C'RC,

The virtue of the auxiliary network is that the term in P can be

eliminated by setting

K - o,Xi = 0.

This relation is satisfied if

RC'C"

R' = C + C" 1 C'(s-i) + g(7'

RC'C" C + C" C'‘
(13)

(1 - S) RCi

and in this case

T. = (l - t^-

A practical circuit utilizing the compensating network is shown in

Fig. 7*23.^ Tube Vi supplies the gate to the switch tube V 2a- The
linear-sweep generator is exactly similar in form to that of Fig. 7*22

except for the inclusion of the resistance R 2 ,
which was found experi-

mentally to improve the linearity near the start of the sweep. A sweep

with an amplitude of about 125 volts and a duration of about 120 /xsec

is obtained from the cathode or grid of V A linearity of 0.1 per cent

in terms of displacement error is obtained over the range from about

2 /xsec to 120 /xsec. If the sweep voltage is taken at the grid of the

cathode follower V^ay the change in voltage at about 5 /xsec after the start

of the sweep (zero shift) is about 0.03 per cent of the maximum sweep

voltage for a 10 per cent change in the filament voltage of all tubes, and

1 The circuit of Fig. 7-23 has been designed on the basis of the theory discussed

above, even though the linearity achieved by the circuit is so good that the assumption
that this theory makes, i.e., that the cathode follower has a constant gain, becomes of

doubtful validity. However, the experimental results agree very well with the

theory.
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the change in voltage near the end of the sweep is about 0.16 per cent

for this same change in filament voltage. The slope of the linear sweep
is, of course, proportional to the value of Epp. At all points of the linear

sweep the change in voltage produced by a repetition rate change from
200 cps to 2400 cps is less than 0.1 per cent of the maximum sweep volt-

age. Microphonics corresponding to slight tapping of the tubes seldom

cause a change of the sweep voltage at any point of the sweep by more
than a few tenths of one per cent of the maximum sweep voltage.

The component values have been chosen so that no point of the sweep
changes in voltage by more than 0.3 per cent of the maximum voltage

+ 400 V

Fig. 7*23.^— 120-/Lisec bootstrap linear sweep with a compensating network.

when the temperature of the surroundings are changed from — 10°C to

+75®. This is achieved primarily by choosing R and C so that the

RC product is independent of temperature. A Nichrome wire-wound

IRC resistor, ww-1, with a temperature coefficient of 0.017 per cent

per ®C was chosen for R, and both C' and C" were a combination of

ceramicon condensers manufactured by Erie Resistor Company. This

combination has a temperature coefficient of —0.023 per cent per ®C and

includes a SOO-M^f condenser with a temperature coefficient of —0.047

per cent per ®C, a 300-iLiMf condenser with a temperature coefficient of

—0.015 per cent per ®C and a 400-MMf condenser with a zero temperature

coefficient. The magnitude of the temperature coefficient of the con-

denser combination equals that of the resistor within the specifications
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allowed on temperature coefficients. Of less importance is the necessity

to keep the coefficient {K — a\X^)/2 of the term in Eq. (12) equal to

zero for the entire temperature range encountered. The relations that

must exist between the temperature coefficients of the various compo-

nents to satisfy this latter condition as well can be readily determined.^

In this circuit a wire-wound resistor with a temperature coefficient of

0.02 per cent per ®C was used for R', and a mica condenser was used

for (72.

The data on linearity and heater voltage sensitivity apply only if

the sweep is taken from the grid of the cathode-follower tube V 4a. Some-

times it is desirayp to use the sweep from the cathode of the cathode

follower, because of the lower output impedance. It is then necessary

to readjust R', which has been

chosen to give the most linear sweep

possible at the grid, in order to ob-

tain the most linear sweep possible

at the cathode. The heater-volt-

age sensitivity of the zero point of

the sweep is greater when the out-

put is taken from the cathode.

This variation may be several tenths

of a volt for a 10 per cent variation

in filament voltage.

A variation of Fig. 7-16, which

involves a compensating effect, and

which can be designed to yield an

output voltage of the form

6c = K\t

provided the cathode follower is assumed to have a constant gain, is

shown in Fig. 7-24. The series combination Ri and R 2 corresponds to R
of Fig. 7- 16.

Fig. 7-24.—A variation of Fig. 7- 16 capable
of producing a highly precise linear sweep.

Circuits Involving Negative Feedback

7'10. General Theory and Classification.—The Miller integrator

circuit (Chaps. 2, 5 and 19) is the basic element of the linear-sweep gener-

ators employing negative feedback. The many variations of this type

of circuit differ with regard to the switching method employed and the

complexity of the amplifier. Among the possible variations of this class

of linear-sweep generators are the single- and multiple-tube externally

gated linear-sweep generators, the screen-couplfed phantastron, the

sanatron, and the phantastron.

‘ Hughes, op. cit.
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Miller Integrator Circuit .—An idealized Miller integrator circuit is

shown in Fig. 7*25a. We assume that the amplifier has an infinite input

impedance, a zero output impedance, and a constant gain A, where A

(a)
(6)

Switch
opens

at<=0

Epp

j

4

In

c
.... u

1

{
Ir

J

6
1 Amp Out

F- ?

1
I

1 r

Epp

Input impedance of amp =«>

Output impedance of amp ^ 0

Amp voltage gain -A

Fig. 7-25.—Basic negative-feedback linear-sweep generator.

is a negative real number. It is easily seen that

and if

- Aec = AEpAl - ^

RC(1 - A)

- ^ E ^
•

r.ut _ ^ ^ -r
2(1 _ a)R^C^

^

Eoni ^ -Epp for |A| large.

(14)

(15)

(16)

Clearly, the higher the gain A, the more linear will be the sweep. For

this circuit the ratio of the term in t^ to the term in t is 1/(1 — A) times

the same ratio for the circuit in which C is discharged through R from

— Eppy although the amplitude of the term in t is approximately the same

for the two circuits. Since the value of A cancels out of the final result to

a first approximation, it need not be constant as a function of time or of

input voltage.

Another circuit yielding an output voltage of the form of Eq. (14)

is indicated in Fig. 7-256. A condenser of value (1 — A)C is charged

through R horn Epp and the voltage across this condenser is amplified

by A. This circuit is not recommended as an alternative method,

because of the difficulty of generating a sweep at a low voltage level, but
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is presented merely to indicate the relation of the Miller feedback circuit

to the exponential generation discussed in Sec. 7-5.

types of Generators .—The classification of the various types of

negative-feedback sawtooth-waveform generators can be made on the

basis of two properties: (1) the type of amplifier and (2) the type of

switching arrangement. The single-tube amplifier is most common.
For the achievement of high linearity a pentode with a resistive load

impedance is normally employed; even higher gain can be achieved by
the use of a load impedance consisting of a resistance and an inductance

in series. A three-stage amplifier is also of value when a very high gain is

desired. Circuita#of both the astable and monostable types can be

designed; this discussion will be mainly of monostable or single-stroke

types. The multitube amplifier is usually gated by applying a pulse

to the grid of the first stage. The single-tube amplifier is often gated in

this way, but, if a pentode is employed, gating on the suppressor grid is

common. Several circuits using suppressor-grid gating generate their

own gate waveform after a trigger is applied to them. The sanatron

does this by the use of an additional tube, and the phantastron accom-

plishes it in its own cathode or screen circuit (see Chap. 5).

In general, the linearity of the sweep is not appreciably affected by
the switching arrangement used; the starting characteristics and the

restoration time, however, are affected. When a single-tube pentode

amplifier with a resistive load impedance is used, linearities of about

0. 1 per cent, measured in terms of displacement errors, have been achieved

for a sweep with an amplitude of about one-half the supply voltage. For

a multitube amplifier or for a single pentode amplifier with a load imped-

ance consisting of a resistance and inductance in series, linearities close

to 0.01 per cent can be achieved.^

7*11. Single-stage Amplifier Circuits, Externally Gated.—The linear-

sweep generator which employs a single-amplifier tube and is gated on

its control grid is perhaps the simplest circuit of this type. Figure 7*26

illustrates such a circuit. The resistor Reis inserted in order to minimize

the positive jump which would otherwise occur in the plate potential

when the switch is opened. The value of Rc required to avoid this

transient in the output potential is approximately 1/fifm, provided the

amplifier was not biased off initially. The output waveform will be a

trapezoid if /2 c is larger than this.^

An example of a practical circuit of this type is shown in Fig. 7-27.

^ Positive feedback to the top of the charging resistor can be used in any of the

Miller feedback sweeps. This feedback can partially compensate for the rise in grid

potential of the Miller tube, which always occurs as a result of limited amplifier gain,

and it has been used successfully in high-precision circuits 0.1 per cent linearity).

* See Fig. 7‘33 and section 7*13.
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This is an inexpensive, monostable push-pull time-base generator for

driving an electrostatic cathode-ray tube. Basically it is the circuit of

Fig. 7*26 with the addition of a switching tube Vi and an inverter tube

F26 . It is capable of generating up to 400 volts push-pull output with

a 400-volt supply and is sufficiently linear for almost any visual use.

The condenser C controls the slope of the linear sweeps. Of course, the

triode is not as suitable as the pentode for

precision linear sweeps.

To reduce the recovery time of the cir-

cuit of Fig. 7-26, which is mainly the time

required for C to recharge through Rl and

Rcf Si cathode follower is often employed as

shown in Fig. 7*28. The cathode follower

changes the important recharging time

constant of Fig. 7*26, RlC, to RlCsj where

Cs is the sum of the stray capacity from

plate to ground of the amplifier tube and

of the input capacity to the cathode fol-

lower. This reduces the restoration time

by a large factor provided the cathode fol-

lower can supply sufficient current. The use of the cathode follower

eliminates the need for the resistor Rc. The cathode follower can be used

in this way to reduce restoration time in many of the circuits described

in this section (see Chap. 5).

Suppressor-grid Gating.—Suppressor-grid switching of the amplifier

tube is often useful because the switching circuit can be isolated from

Fig. 7-26.—Linear sweep gener<

ator which employs a single

amplifier stage and is gated on its

control grid.

Epp + 400 volts

Fig. 7' 27.—Inexpensive push-pull monostable sawtooth generator using negative feedback.

critical biasing circuits. Figure 7*29 shows the basic circuit and associated

waveforms; F2 is the Miller integrator tube and Fi is the switch tube.

In the quiescent condition F 1 draws grid current via R^. Because of the

resulting low potential of the plate of Fi, the suppressor of F2 is held

negative relative to its cathode—often in practice by about 100 volts.
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The tube Fa draws grid current via

voltage El) the cathode current of V

2

suppressor to cathode voltage cuts

Fig. 7-28.—Use of cathode follower with
negative-feedback sawtooth generator.

which is connected to a positive

flows to the screen since the negative

off substantially all anode current.

The space current in Fa is con-

trolled by J?8 to a value such that

the screen wattage is not excessive.

Since the potential Ei applied to Fe

is assumed to be less than Ep^, F

e

is conducting a current /<, approxi-

mately equal to {Epp — El)/R^.

The condenser C2 is charged to

a voltage approximately equal to

^1.

Application of a negative trig-

gering pulse to point P\ cuts off Fi

because during the pulse the con-

denser Cl is discharged via F3.

After'the pulse is over, Fa is cut off and the recharging of C 1 can take place

only via R2- When F 1 is cut off, the suppressor of F2 is brought to ground

level so that the plate of the latter tube is rendered conductive. In practice

it is convenient to choose the network R^^ R^, Rt so that the suppressor of

F2 would assume a positive potential during this period if its upper

excursion were not limited to ground level by the diode F4. Since the

anode current that flows at ^ = 0 is designed to be greater than the
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current lo that was flowing in diode Fe in the quiescent period, Fe
cuts off and the anode potential of F2 falls. Since C2 cannot lose its

charge instantaneously, any fall in the plate potential of F2 will be

transferred to the control grid. An equilibrium condition will rapidly

result such that the anode current is in excess of I

o

by an amount which,

when multiplied by R^, gives rise to an increase in grid bias appropriate

for this new operating condition of the tube. The cathode current will

be much less for the new operating condition than it was for the quiescent

operating condition. The initial fall e in plate potential at ^ = 0 is

often about 3 volts. This rapid initial fall merges rapidly into a decrease

of anode potential which is a linear function of time.

For the analysis of the linear downward sweep Eq. (14) applies.

The control grid of F2 is now at a voltage of — e + 60 = where Co is

the quiescent control-grid potential. Thus the effective voltage applied

to will be {El + e') — E'j^. If the potential by which the anode

has moved from its starting level by time t (neglecting the rapid initial

drop) is denoted by E and if the tube gain, assumed constant, is denoted

by A, the grid will have moved —E/A volts. Hence, by Eq. (14),

The sweep is terminated when the plate potential reaches the value E 2 ,

where it is held by the diode V^, The quiescent condition is restored

after F 1 turns on.

An Inductance in Plate Load ,—A higher gain for the amplifier, and,

hence, a greater linearity for the sweep, can often be achieved by the use

of an inductance as well as a resistance in the plate circuit. The magni-

tude of the improvement is easily related to the values of the circuit

parameters.

Suppose that a pentode amplifier is being used. Then the change

in plate current is to a good approximation Qm^Eg. Suppose further

that the sawtooth waveform is of amplitude AE at the plate of the pen-

tode. As is evident from our previous analysis, the sweep would be

perfectly linear if the grid potential did not change during the sweep,

because in this case a constant current would be discharging the con-

denser C 2 of Fig. 7-29. The change in grid voltage is necessary in order

to allow the change in plate current which corresponds to AE—that is,

Aip = A/l + Ale,

where 7c is the current which is discharging the condenser and 7l is the

current through the plate-load impedance. The discharge current 7c is

substantially constant. Suppose that the change in voltage at the

plate is expressible as AE • t/T, where T is the duration of the sweep.
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Then, if the plate-load impedance consists of R and L in series, it is easy

to show that the change in II from t = 0 to t = T is

If the load impedance were simply a resistance the change in current

would be AE/R. The ratio of AE/R to A7 l is the increase in effective

gain achieved by inserting the inductance L in the plate circuit. This

ratio is

1

T

which becomes for L/R T

^ r ‘

Therefore, when L/R can be made ^ T, a considerable improvement in

the linearity of the sweep can be achieved by the insertion of the induc-

tance L in the plate circuit. A practical example will be given in Sec.

713.

742, Multistage Amplifier Circuits, Externally Gated.—An externally

gated Miller sweep generator using a multistage amplifier is shown in

Fig. 7*30.—Gated, multistage amplifier Miller sweep generator. Sweep duration is

approximately 0.7 RC.

Fig. 7*30. The amplifier, which consists of two triode stages and one

pentode stage, has a sufficiently high gain so that the nonlinearity of the

sweep is less than 0.02 per cent (displacement error). The input grid

of the amplifier is clamped except during the sweep generation.

A positive sweep is obtained at the output since the charging resistor

is connected to the negative supply voltage. The output from the
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pentode amplifier stage is taken through a CjB level charger and diode in

order that the initial level of the eventual output waveform shall depend

on the clamping action of a diode rather than on the d-c characteristics

of an amplifier. The amplitude of the triangular waveform is approxi-

mately 120 volts, its duration is 350 Msec and its recurrence frequency is

1000 times per second. Since the time constants of the circuit are

sufficiently small, the transients decay to less than Tinny of their initial

amplitude during recovery.

The feedback amplifier has a gain of 2000 or 3000 at 1000 cps and its

phase and amplitude characteristics are such that the amplifier is stable.

The high-frequency cutoff occurs with an attenuation of 6 db per octave

from 4 kc/sec to 88 kc/sec, followed by more rapid rate of attenuation

which continues to a frequency slightly below that for which the loop

gain equals unity. At frequencies for which the loop gain is less than

unity there is a more rapid rate of increase of attenuation. Low-fre-

quency stabilization is affected by the clamping of the circuit at the

repetition frequency. It will be noticed that several i?C-networks not

included in ordinary 72C-coupled amplifiers are employed; these are for

the purpose of stabilization against oscillations.

Stability, not nonlinearity, is the primary source of inaccuracy in

this circuit. The 6SU7 is used for the first stage because stable gain and

low-grid current are necessary. The slope stability is improved if the

charging resistor is returned to a larger supply voltage, because then

instabilities in the switch (a double-diode type is used) are less trouble-

some. Slope instability is directly proportional to the instability of the

negative supply voltage. The zero level of the triangular waveform is

dependent upon the clamping action of the output diode and may vary

by several tenths of a volt.

7 *13 . Internally Gated Circuits. The Sanatron .—The sanatron is a

variation of the suppressor-gated Miller linear-sweep generator which

itself produces the waveform employed for the suppressor gating by the

use of an additional tube. Thus it is assured that the durations of the

linear sweep and of the suppressor gate are equal. The component

values given for the circuit of Fig. 7-31 represent a typical operating

condition, for which a 200-volt sweep of 20-Msec duration is obtained

from the plate of F 2 . Sweep speeds from 1 volt/sec to 50 volts/Msec

or higher can readily be obtained with a circuit of this type. Without

an inductance a linearity corresponding to a gain of about 100 is obtained

with this particular circuit; with L = 20 henrys the gain is increased to

about 4000.

A detailed description of the operation of the circuit follows. In the

quiescent condition Vi is conducting and plate current in F2 is cut off by

suppressor-to-cathode bias. A negative trigger pulse of amplitude
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greater than 6 volts is applied to Pi. The precise amplitude of the trigger

is unimportant and, in any case, it is limited to 6 volts by diode Fs.

This pulse cuts off Fi so that the suppressor to cathode bias of F2 is

reduced to zero. Also the pulse causes a drop in potential at the point

P3 in the anode load of F2 which in turn cuts off F4. Hence the initial

drop in potential at the plate of F2 due to the trigger is increased, since

Ei^ (+200 V)

the quiescent current (Epp — Ei)/R7 = 50 v/25 k = 2 ma is diverted

through Pii. Moreover, the discharge current of C2, which is

El
^^ « 1 ma,

119

begins to flow through this resistance, and the anode of F2 falls 6 volts

below P3. This drop in potential at the anode of F2, which is about

9 volts, is applied via Cs to the grid of Fi and maintains Fi cut off for a

short time after the triggering instant.

A linear fall in potential at P3 now commences. This fall is applied

via Pii to one end of Cs and the current flowing in Cs will be

Cs^ = 1.26 ma,

where dE/dt is the rate of change of potential at Ps. Since only +1 ma
flows through Pio, 0.25 ma must flow via Fs; hence Fi remains cut off

during the sweep with its grid at —6 volts. During the sweep the circuit

is therefore in a stable conditioif and C2 continues to discharge.
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When the potential at Ps reaches E^, the clamping of the potential

at Ps by Fa allows the grid of Fi to rise until it is conducting current.

The resulting drop in potential at the plate of Fi results in a negative

bias between suppressor and cathode of F2 which cuts off plate current

in F2 and raises the grid of Fi so that a regenerative transition occurs.

Since negative feedback between plate and grid of F2 is now stopped, the

potential of the grid of F2 rises until grid current flows. When the plate

of F2 has risen to Ei by the process of charging C2 through Li and P7, the

quiescent conditions will have been reestablished.

+ 300 volts

out

Fig. 7-32.—Cathode-coupled phantastron.

Times associated with the recovery process can be estimated as

follows. First, it is not until the grid of Fi is at about —3 volts that the

regenerative process is well under way. This condition is reached about

0.4 /xsec after the cessation of the sweep, since the motion of this grid is

due to the 1 ma flowing into Cs which results in a rate of change of poten-

tial of 8 volts/zisec. The longest portion of the recovery time is that

r^uired to recharge C2 through P7 and Li. The condenser 0 $ is employed

to avoid loss of speed in the transitrons from the quiescent to the operat-

ing state and vice versa.

Phantastrons .—Of the two principal types of phantastron circuit

—

the cathode-coupled phantastron and the screen-coupled phantastron

—

the former is sometimes less suitable as a linear sweep generator than the

circuits already discussed because in its output there is a larger initial
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jump in potential than there is in the outputs of the other circuits. Its

principal virtue lies in its cheapness. A practical circuit is shown in

Fig. 7-32. The phantastron tube F2 is triggered through the diode V u.

Cathode follower V\h is used to reduce the recovery time. The delay

control varies the amplitude of the sweep but leaves its slope unchanged

.

The screen-coupled phantastron avoids the large jump in poten-

tial which is objectionable in the

cathode-coupled phantastron, and

is comparable in excellence to the

sanatron (see Chap. 5).

Elimination of Initial Step .—In

most of the circu’ts given thus far a

negative step appears at he start of

the sweep. One method of avoiding

this step by the use of a resistor in

series with the charging condenser

was illustrated in Fig. 7-26. This

method required a switch which

would hold the grid of the Miller

tube during the quiescent period at

the operating potential desired dur-

ing the sweep-generation period.

One such switch is indicated in Fig.

7'33a. With this switch d-c nega-

tive feedback stabilizes the poten-

tial Pi at +200 volts and He

is the step-compensating resistor.

Another method, which only par-

tially avoids the step, is indicated

in Fig. 7*336. The current that

was flowing through the diode F2 during the quiescent period flows through

the tube after the suppressor gate is applied. This method is inferior to

that of Fig. 7*33a because it is difficult to arrange to have the diode cur-

rent during the quiescent period equal to the plate current during the

sweep-generation period. Indeed, this condition can never be exactly

realized if the diode is to be cut off during the sweep generation period.

Fig. 7*33.—Methods of starting

sweeps without a step.

Miller



CHAPTER 8

GENERATION OF SPECIAL WAVEFORMS

By R. Kelner, W. Proctor, and F. B. Berger

8*1. Introduction.—The complex waveforms discussed in this chapter

include exponential, hyperbolic, parabolic, and trapezoidal voltage wave-

forms and linear current waveforms. Most of these waves are initiated

by triggers, follow a prescribed path in the voltage-time plane, and return

to a quiescent condition considerably before the next trigger occurs.

Voltage waveforms are seldom larger than a few hundred volts or smaller

than 10 to 25 volts. Current waveforms involve currents as high as

several hundred milliamperes. The duration of the useful portion of a

Fig. 8*1.—Complex waveforms: (a) linear segments; (b) parabolic and exj)onential seg-

ments.

waveform may vary from 1 to 1000 fisec. The triggers usually occur

at a constant rate of one hundred to a few thousand times per second

although sporadic triggering is possible. These regions are not delimited

by insuperable physical barriers but have, in general, been set by radar

requirements.

Two complex waveforms are shown in Fig. 8T. These waveforms

are composed of two or more segments. Very often, a wave consists

of the useful segment and a recovery segment that is exponentially shaped.

The ^'flat'^ segment following recovery should be considered as a part

of the waveform; in its absence the generator would be repetition-rate

sensitive.

The difficulty of generating some specially shaped waveforms results

in a slight decrease in the accuracy of these waveforms compared with the

linearity of rise in a triangular wave. The displacement errors of most
289
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of the waveforms of this chapter from their ideal curves is usually ± 0.05

per cent to ±2 per cent. However, the shape of the exponential wave

has a somewhat smaller deviation from the ideal curve.

Applications .—These waveforms are, at present, used in the following

ways: (1) as elements and controlling waveforms in '^modeF^ computers,^

(2) 'as"" timing waveforms, and (3) as elements for generation of other

waveforms.

Means of Generation .—Only generators whose waveforms can be

accurately controlled in shape and size will be considered here.

A designer of a triggered-waveform generator may assume that a

trigger is availab^as well as the linear elements, curved elements, and
nonconstant elements described in Chaps. 2 and 3. Those chapters also

describe some operations that may be performed with these elements, and

Chaps. 5 through 7 utilize these operations to produce rectangular pulses

and triangular sawtooth waveforms. In this chapter, many of these

methods are used.

The segmented appearance of complex waveforms is a result of the

use of nonlinear elements. Each segment corresponds to one region

of the nonlinear characteristic. The region of operation of a given

element may be controlled by the waveform voltage across the element

or by a separate waveform. Both means of segmenting are commonly
utilized. In the analysis of complex waves, each segment is considered

separately and represented by a separate equation. In the equivalent

circuit, the nonconstant elements may be represented by constant

elements and switches.

During each segment the shape of the waveform is determined by
linear elements, or at least by elements without breaks in their character-

istic. The step functions of voltage and of rate of change of voltage, for

which means of generation have been described, may be modified in many
ways by such elements. Laplace transform methods can be used to

determine the transformation effected upon any waveform by a linear

network with reactive components.^ Integation and differentiation

may be achieved by simple vacuum-tube circuits. Elements with

curved characteristics produce similarly curved voltage or current waves
if a triangular wave of the other variable is impressed.

8*2. Special Triangles and Rectangles.—Means for obtaining the

simplest and most common triangular and rectangular waveforms are

described in the preceding three chapters. This section deals with some
uncommon types. Any number of the few elementary forms may be
added together. By varying the duration, amplitude and starting time,

a great variety of multisegment waves can be constructed from straight-

1 See Sec. 6-6 and 6-6 Vol. 21.

* See Chap. 18 of this volume and Chap. 1, Vol. 18.
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line segments. The elementary waves are, of course, limited in accuracy

by the effects detailed in the preceding chapters.

Simple Triangles .—Figure 8-2a shows right triangles that flyback^'

at the end of the triangle. In some instances, the flyback^' must

occur at the beginning as in Fig. 8-26. The requirements for rapid

‘‘flyback^’ are usually most restrictive in this case. The two cases merge

when the interval between triangles becomes small. This type, shown in

Fig. 8*2c, is used for oscillatory time-base generators.

A triangle generator of this type

is shown in Fig. 8*3a. A capacitor

is charged through a low-impedance

triode and allowed to discharge

through a high impedance triode.

The upper triode is forced to conduct

by a positive pulse at the grid that

must be as large as the output tri-

angle and of duration sufficient for

the charging^ of the capacitor. The
linearity of such triangular waves is

discussed in Sec. 7-2, Chap 7.

In Fig. 8*36 a capacitor is dis-

charged through a triode during the

trigger and is charged through a

resistor while the triode is held cut

off by the grid current drawn during

the trigger. The rise is caught

by a diode at a voltage of +E and
remains at that potential until

another trigger appears.

The circuit in Fig. 8*3c is a saw-

tooth waveform generator commonly
used for generating time bases. A
gas-filled tube fires when its plate

(a) "Flyback” at end of wave

(6) "Flyback” at beginning of wave

(c) Small recovery time

Fig. 8*2.—Simple right triangles,

(a) “Flyback” at end of wave; (6) fly-

back at beginning of wave; (c) duty ratio

100 %.

voltage reaches a certain level or when a trigger is applied to its grid,

and in either case the exponentially shaped charging curve of the RC-com-
bination is restarted. The output waveform is that of Fig. 8-2. The
departure from linearity of such an exponential is given approximately
by the following expression:

Per cent displacement error at t

where T is the effective time constant.* The circuit oscillates without
‘ See “Operating Instruction for Du Mont 208 Oscilloscope,” The Allen B.

Du Mont Go., Passaic, N.J. If adjusted for 1000 sweeps per nocond, the time con-
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triggers. In such a case, the gas-filled tube fires when the plate voltage

reaches a certain level that is determined by the grid bias. Diodes could

be used in the first two circuits to improve the accuracy with which the

zero and slope of the waves are determined.

+300 V

Output

triangles

+E voltf

0 volts

Fio. 8*3.—Triangular-waveform generators, (a) and (6) generate triangles of types of

Fig. 8.26; (c) generates the waveform of Fig. 8*2c. In (a) the heater potential of the

upper tube should be maintained at cathode level to minimize leakage.

The cathode follower with a constant-current cathode load (Fig. 8*3a)

can be used to produce several types of waveform. If a positive rec-

tangle is applied to the grid of the 6SN7 triode, the same rectangle is

reproduced in the output of the circuit except that the return to the

slant is 10,000 /usec, assuming that the fine frequency control is set at its central

position. The deviation of the exponential curve from the best straight line that

can be passed through it is not greater than 1 per cent.
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quiescent level is a linear fall at a rate determined by the constant current

and the charging condenser. The resultant waveform is shown in Fig.

8-4a. This circuit is suitable for following an arbitrary wave by a linear

fall, provided only that the wave terminates in a fall that is faster than
the one to be generated. (See Fig. 8-46 for the output with a triangular

input wave.) The errors of this circuit are the same as for cathode-

following of a waveform plus some nonlinearity in the voltage fall.

Staircase Waveforms .—The staircase waveform may be considered

as the sum of a number of rectangles of different heights. Its use in

by triangular wave.

counter circuits is described in Sec. 17*6. A photograph of a staircase

waveform is shown in Fig. 8*5.

Several means of generation of the staircase waveform are shown in

Fig. 8*6. The first shows the adding in a resistance network of the

square-wave outputs of several monostable multivibrators. The resist-

ances in the adding network must be large compared with the source

impedances of the multivibrators if interactions are not to occur. On
the other hand, the resistances cannot be increased beyond the point

where the delaying action of stray capacitances affects the waveform

rises. The output' waveform is at

a comparatively high impedance.

The output may be a rising or a

falling staircase according to whether

the positive or negative multivibra- ^

tor output is used. Adding with a

network of resistors connected to the virtual ground of a feedback

amplifier is an excellent method.

The addition may also be done as in Fig. 8-66. Each component

square wave changes the conduction of one tube by a certain number of

milliamperes. The accuracy of the action is increased by providing

current feedback in the cathode circuit of each tube.

Still another type of circuit is shown in Fig. 8*6c. The output voltage

approaches the maximum amplitude of the input pulses via a staircase

waveform. This circuit is analyzed in Sec. 17-8. The true integration

of pulses provides a staircase with a linear envelope. Particular atten-

Fig. 8-5.—Staircase waveform.
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tion must often be paid to elimination of heater-cathode leakage in the

inverted diode in order to assure a flat top for the steps. The circuit

action is ended or restarted by the discharge of C2 through a switch.

Display System ,—Another use for step waves occurs in the control of

cathode-ray-tube displays. Frequently, it is necessary to sweep the

electron beam horizontally across the face of the tube at a succession of

vertical levels. In addition to the other signals impressed between the

Multivibrators

Fig. 8*6.—Staircase-waveform generators.

vertical deflection plates, there must occur a staircase waveform. In

television or radar B-scope displays, the number of steps is so large and

their amplitude is so small that the staircase is approximated by a smooth

sweep, the envelope of the staircase. When the number of horizontal

sweeps is small and the desired separation is larger, a true staircase must
be used. The functional diagram of such a system is shown in Fig. 8*7

and the detj,ils of the circuits in Fig. 8-8. A two-tube vacuum-tube adder

follows multivibrator square-wave generators. A sum of triangular

waves of varying slopes must be applied to the horizontal plates of the
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cathode-ray tube in Fig. 8.7. The high slope triangles provide expanded

displays.

Triangle Adders ,—A multiple-sawtooth waveform may be produced

in a variety of ways. Several sawtooth-waveform generators may be

O' '4

Fio. 8-7.—Display system. (1 mile corresponds to about 12 tisec.)

Fig. 8*8.—Details of display cirouits.
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gated at the appropriate times and their outputs added. Or a slope-

determining element in a single generator may be switched in value.

Figure 8*9 illustrates the use of the ^‘bootstrap’' circuit for a multiple-

sawtooth waveform. The two sawtooth-waveform generators interact

although this would not be true if the cathode followers had zero output

impedance. The interaction is small and may be neglected for a first-

order approximation. The output of the circuit is nearly the triangle

from the first cathode follower plus the voltage across condenser C 2 .

Epp

In Fig. 8*10 the value of the charging condenser C is switched to

provide the multiple triangles. The gating arrangement is suitable for

the display of Fig. 8*7. The bootstrap circuit differs from the previous

type by the substitution of /2i for a diode. The rapidity of fall of the
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discharge sections of tlie grid wave is determined by th(5 capacitance and

the resistance of the switch tube through which it is discharged.

8*3. Trapezoids.—A trapezoid is a (juadrilateral with two parallel

sides. This is only a special case of the wave shapes described in the last

section since a quadrilateral is formed of straight lines. The trapezoidal

waveform is of considerable use in

self-gating triangle generators and

current sawtooth-waveform drivers

but will be only briefly considered

in this section because detailed cir-

cuits are given in Chap. 7 (boot-

strap and phantastron circuits), and

Sec. 8-15.

A trapezoid may be generated

by addition of a rectangular and '
fig. s u.-Trapezoidal waveform,

triangular waveform or by the Use

of a special trapezoidal waveform generator. The most common and

useful shape of trapezoid is illustrated in Fig. 8*11.

Some self-gating triangle generators give rise to output waveforms

that are actually trapezoidal, consisting of a triangle mounted on a step

(Chap. 7). The means employed for gen-

erating the step is a resistor in series with

the condenser of an i?C-sawtooth waveform

generator. (The wave of Fig. 811 is gen-

erated by the circuit of Fig. 8-12.) This

method of generating trapezoids is simple

and permits accurate control of the step

size.

8*4, Exponentials.—The exponential

waveform is a most common and useful

waveform which can be generated easily and

accurately. The recovery time can be

made low. For the exponential waveform

the initial level may be set by a clamp

Fig. 8 i2.-Trapez'^idai-wave- ;
the shape of the curve may be deter-

form generator. The step of mined by a resistance and a capacitance,
voltage is equal to (£„/«)«,. and its amplitude by a Voltage. Hence the

circuit is simple. Any exponential wave may be represented by

y = + S, (1)

where T is determined by a resistance and a reactance, and A and B are

determined by the initial conditions. The deviations of an actual wave

from its ideal shape are caused by variable leakage across the clamp tube,
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by soaking effects in capacitors (see Vol. 17), or by distributed or

stray capacitances and inductances. Good quality resistors and capaci-

tors are available for which these effects are small.

Simple Exponential-waveform Generators .—The ^
‘ linear

^

’-sawtooth-

waveform circuits (Figs. 8*36 and c) actually produce exponential waves.

The waveforms of Figs. 8* 13a, 6, and c are taken across condenser C of

Fig. 8*36. They have a constant duration, the time constant of expo-
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E !

= j-4g (1 - *

= E (-L _ +\RC 2\R^C^
^ ^

(3)

(4)

The simple exponential generators may be considered to be circuits for

which 9 equals zero.

The rate of change of e with time increases with increasing time if g
is greater than unity and positive. If g < +1, the rate of change

ih)

Fig. 8*14.— (a) Generator of exponentials with positive or negative exponents; (6)

circuit details; (c) wave forms: Line 1—positive exponent, Line 2—zero exponent, Line
3—negative exponent.

decreases to zero exponentially. If +9 equals unity, the waveform is

linear as is indicated by Eq. (4). This case is that of the bootstrap

triangle generator, which is discussed in Chap. 7.

The waveform of Fig. 8’14c is generated with the circuit of Fig. 8*14&

for which g is approximately 0 for the highest curve, I for the center curve,

and 2 for the lowest curve. The output swing of the amplifier may be
nearly as large as the supply voltage. The stability and linearity of these

amplifiers may be increased by local negative feedback.
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Time-measurement Circuit ,—A simple time measurement circuit

which uses a cathode-ray tube, an exponential sweep, and an expo-
nentially shaped card potentiometer is shown in Fig. 8-15. An expo-
nential rise occurs across C and deflects the electron beam. The

phenomenon to be timed is caused to

deflect the beam vertically when it

occurs. The reading of P, for which

the pulse is at an index on the tube,

is a measure of the time interval

between the start of the exponential

and the pulse. In order to correct

for the shape of the exponential

sweep, P should be an exponentially

shaped potentiometer with a linear

scale.

Time-modulation Circuits .—

A

crude form of an exponential-sweep

delay circuit is a conventional mono-
stable mult vibrator using a variable

capacitor in the time constant. The
delay increases with increase in the

time constant, which varies linearly as the capacitor shaft is turned.

Another type of delay circuit uses an exponential potentiometer to

provide a voltage for comparison with a sawtooth waveform. A prac-

+300, Jg7pp

Fio. 8*16.—Exponential sawtooth-waveform generator-use in time modulation.

tical circuit using this scheme is presented in Fig. 8T6. A negative gate

is applied to a clamp tube for the duration of the exponential waveform
for which the shape is determined by a voltage and a resistance-capaci-

tance combination which is maintained at a constant temperature.

Fio. 8- 16.—Exponential time-base gener-
ator-use in time measurement.
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Small adjustments of the capacitance and the starting potential of the

wave are provided. The waveform is provided with an initial step to

minimize the effects of distributed capacitance at the start.

The exponential waveform is applied to an amplitude selector which
utilizes the cutoff characteristic of a pentode. The resultant rise is

amplified to form a marker. The circuit provides a maximum delay

of 300 Msec. The time constant of the rise is 720 /zsec, and a rise of about

94 volts occurs in 300 /nsec. The accuracy is limited by the clamp and
amplitude selector characteristics, not by the exponential portion of

the wave or by the potentiometer.

Means of approximating hyperbolic waves by subtracting several

exponentials from a trapezoid are described in Sec. 8-6. The exponentials

that are used for the summation are of the transient type, for which T is

negative.

8*6. Hyperbolas. General Considerations .—The type of hyperbolic

voltage waveform to be discussed is shown in Fig. 8-17. The voltage

Fig. 817.—Hyperbolic voltage waveform.

as a function of time is expressed by the relations

e = 0, t <th
e = kVt^ - tl t> ih (5)

where h is a constant that is equal to the interval between a reference

time {t = Oi) and the time instant at which the hyperbolic portion of the

waveform starts.

A common use for such a waveform may be considered as a special

case of ‘triangle solving. Referring to the right triangle shown in

Fig. 8*18,

r = y/ — h^, (6)

This equation has the same form as Eq. (5). In one of the applications
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the parameter h is made proportional to one side of the triangle in ques-

tion, and the amplitude of a hyperbola like that shown in Fig. 8*17 is

determined at a fixed time which is made proportional to s. The
amplitude Ci so measured will be proportional to r. Alternatively, the

time t\y at which the amplitude reaches a fixed value ci, gives a measure

of Another common application of such a hyperbolic waveform is as a

time base.

Hyperbolic waveforms for use in radar have been generated in a

variety of ways, most of them giving very rough approximations to the

ideal hyperbolic waveform. Three methods capable of the greatest

accuracy (of the order of iV of 1 to 1 per cent) will

be discussed here. One method consists of gen-

erating the hyperbola by a series of electronic

cipcuits performing the algebraic functions of

squaring and square-root extracting as suggested

by Eq. (5). The other two methods make use of

/^C-networks which give rise to voltage waveforms

approximating the desired hyperbola by giving the

difference between the sum of several exponential waveforms and a

trapezoid.

8*6* H3q)erbolic Waveforms by Algebraic Operations; by Charge

Compensation. Algebraic Operations .—Equation (7), describes the

r
Fig. 8-18.—Triangle for

slant-range problem.

e — k — tly (7 )

desired voltage waveform. One method that has been used to generate

such a waveform is first to generate a parabolic waveform

Cl = ~ tl), t > thy (8)

and then, by use of a square-root-extracting circuit, with ci as the input,

to derive e of Eq. (7). Chapter 19 is devoted to a discussion of the basic

squaring and square-root-extracting circuits; Chap. 18 describes electric

integration. This method is difficult and costly (Fig. 8-19).

Charge-compensation Method .—Another method for generating a

hyperbolic waveform is shown in Fig. 8-20. It consists of a “height-
correction^’ circuit which supplies a nonlinear current to the condenser

of a sawtooth waveform generator which adds to the ordinary constant

current such that a hyperbolic waveform is obtained. The variation

with the parameter h is of such a nature that k of Eq. (7) does not vary

as th does. A detailed description of the operation of the circuit follows.

Tube Vi is cut off except during the time from 0 to It follows

that immediately preceding time U, diodes V2 and Vz are conducting,

and the condensers (72
,
Cz, Ca, and C 5 are all charged to about 105 volts,

the grid of Vz being at —5 volts. From 0 to hy Fi is on and its plate
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bottoms; hence, current flows out of the condensers through the 500-K
resistor, V2 being nonconducting. The total charge that flows out
during this pe iod is closely proportional to since the cathode of ^2
does not depart far from 100 volts. The discharge is proportioned among
the condensers in a manner dependent on th] for small values of th it comes
mainly from the short-time-constant arm; for large th mainly from the

long-time-constant arm. The time constants given on the diagram have
been chosen to suit a range of h from 10 to 60 jusec. At the time thy Vi
is cut off, and simultaneously the switch F5 + F4 is opened to permit the

0

h

tK T

e=kyei i.yl
h T

Fig. 8*19.—Hyperbolic waveforrt|by algebraic manipulation.

sweep to start. The pulse generated across the inductance Li is main-

tained at a delay proportional to h by an external circuit. Through V2

the network is returned to 100 volts (at cathode of F2), and the charge

that left the condensers through the 500-K resistor during the period

from zero to h is replaced by charge flowing through V2 into Ci by feed-

back action in Fe. This charge flows onto C\ in addition to the charge

flowing through R 2 and results in an increased rate of fall of the potential

of the plate of Fe. In other words, the charge lost by the network in

the time from 0 to h is effectively transferred to the feedback condenser

Cl during the first part of the hyperbolic portion of the wave. The
time scale of the increased rate of change of plate voltage is determined
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by th and the network time constants; the total amount is set by th and

the 500-K network discharging resistor. The total additional charge to

be supplied to Ci by the network is (200 volts/ 1 megolim) • th] this is the

charge lost to Ci by delaying the start of the time base. If just this

amount of charge is replaced, all hyperbolas (i.e., for all th) will, at large

values of time, assume the same value. The charge received by Ci is

the charge lost by the network during the period from 0 to thy which is

approximately (100 volts/0.5 megohm) • th] the two quantities of charge

are equal for any th. In practice, because the value of 100 volts is not

maintained during the discharge period, it is found necessary to reduce

the 500 k to a somewhat lower value.

8*7. Hyperbolic Waveforms by Summing Exponentials.—In order to

generate the hyperbolic waveform described by Eq. (7) and Fig. 8- 17,

the trapezoid generator of Sec. 8-3 may serve as the fundamental circuit.

The step of the trapezoid is to be ‘‘rounded’^ so as to approximate a

h3rperbolic wave (Fig. 8*21). The circuit forces a constant current

through this network after time th. The voltage across the network rises

according to the various time constants involved (an exponential wave
is associated with each) and the output waveform is a hyperbola. In

the design of these networks, difficulties arise if h must be variable for

then the shape must vary. The effect of varying all the resistances is
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to change the amplitude of the exponential terms. If

T = (9)
th

is substituted in Eq. (7), the desired waveform becomes

e = 0, for T < 0

= kth VT^ + 2r, for r > 0 (10)

This is a hyperbola with vertex at T = 0. This waveform can be modi-

fied properly for varying U by varying the amplitude and time constant

of each exponential term in propor-

tion to th, which is achieved in prac-

tice, by varying all the resistances

by a th shaft. Instead of starting

the current step exactly at ^ == 4,

it has been found that fewer RC
sections will serve if the step is

started somewhat before 4-

The design of the network is

the geometrical problem of adding

several exponential curves and a

linear curve to approximate a hy-

perbolic curve. This is often done

graphically.

When the design of the network

in the form shown in Fig, 8*21 has

been completed, it can be changed

into any equivalent 72C-network

demanded by practical considera-

tions such as element size, stray

capacitance, etc. The illustrations

in Figs. 8-22a and b show several equivalent forms of the networks in

question. The figures show the error in fit as a function of ground

range for various altitudes. The amount of prestart and maximum sweep

speed are given in each case; 6 is the angle OPQ in Fig. 8*18. The
data are given for h and r in feet.^ These curves indicate the extremes

of accuracy that have been used.

8*8. Parabolas.—The solid curve in Fig. 8*23 is the type of parabolic

waveform we consider. Such a parabola is represented analytically by

y = kit\ (11 )

A repeated parabolic waveform is shown in Fig. 8-24.

1 Altitude h is proportional to th and ground range is proportional to e in Equation

(7).
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Ground range in thousands of feet

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Ground range in thousands of feet

Fig. 8*22.—Error curves for ground-range sweep networks. (2000 yds corresponds to
about 12 jusec.)
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Means for Obtaining Parabolic Waveforms ,—The several means of

obtaining a parabolic waveform that are described here all involve opera-

tions upon a inear waveform. See Chap. 7. The operations that will

produce a parabolic segment of waveform from a linear segment are inte-

gration, multiplication, and squaring (see Chaps. 18 and 19).

A portion of a triangular waveform can be represented by

y = (12)

The integral is

f ydt = yi = ^t^ + h. (13)

The electrical integrator approximates this process to various degrees of

precision (see Chap. 18).

Fig. 8-23.—Useful parabolic segment. Fig. 8-24.—A “parabolic” waveform.

The simplicity and accuracy of integrating circuits have obviated to

some extent the development of parabolic-waveform generators that

depend upon squaring processes Many of the multiplication and squar-

ing circuits of Chap. 19 can be applied as parabola generators. A tri-

angular wave applied at the single input of a squarer or at both inputs

of a multiplier produces a parabolic waveform at the output.

Descriptions follow of a bootstrap generator and a Miller integrator-

generator.

Double-bootstrajhintegrator Parabola Generator,—^A circuit that has

been used considerably for parabola generation is illustrated in Figs. 8-25

and 8*26. The voltage is maintained constant by the bootstrap circuit

involving CFi and the voltage across the charging resistor is con-
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strained to increase linearly with the time by action of both cathode

followers.

Fiq. 8*25.—Schematic diagram of a doiible-bootstrap-integrator parabola generator.

+300 V

Fio. 8*26.—Detailed diagram of a double-bootstrap-integrator parabola generator.

In Fig. 8-25, the switches are closed in the quiescent state. A current,

EIR\^ flows through Ri] no voltage appears across Ci or C2 ,
and no current

flows through provided the cathode followers are balanced and have a

negligible voltage difference between grid and cathode during the qui-

escent time.
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The switches are opened simultaneously by a gate occurring at < = 0.

The current E/R\ starts to flow into Ci and is maintained nearly constant

by the feedback through Cs. The voltage across R 2 is a linearly increas-

ing function of time. Hence the voltage 62, which is the integral of the

current through R 2 divided by (72, is parabolic.

There fo lows a mathematical analysis, for which the vacuum-tube
switches are assumed perfect and the cathode followers have constant

gains gi and g2 - The current into C2 may be represented by

_ Q\{Q^^2 + «l) ^2
Ux = P > (14)

£12

from which follows

de2
. (1 — ^ 1^2) _ giei

dt R 2C2 R 2C2

= 0 . (15)

The current into Ci may be found from the following relation that sums
the voltage drops along its path

:

^2^2 + 61 +
dei

It
RiCi

dci

dt
dt = gi{ei + ^262). (16)

by rearrangement of

assumptions at < * 0,

we derive

these terms and application of the following

61 = 0

62 ~ 0

dei _ E
It

~ (17)

I
(1 ~ g + Ci/C»)

,
^2(1 — gi) E

dt RiCi RiCi RiCi
(18)

If two solutions in power series are assumed for Ci and 62, together

with the initial conditions, and if the coefficients are determined by
substituting the assumed solutions in Eqs. (15) and (16) and by equating

coefficients of like powers, it is found that

E 1
1^ — gi + Ci/C» 1 — gigA

3l\ RiCi R2C2
(19)

In order to produce the waveform of Eq. (19), the initial current

through Ri must be zero. This would be true only if ideal switches and

cathode followers were available. Otherwise a first-power term is added.

The coefficient for this term may be calculated from the new initial con-

dition. Any additional first-power term moves the parabola on the time
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voltage plane but does not change its shape. Equation (19) becomes

the following expression for the circuit of Fig. 8-26:

= 1.4 X 10+i«(<2 - 440«»). (20)

The cubic term is about 2 per cent of the square term when

J’BS" ')•

A reduction of this term by a factor of 10 may be produced by the use of

a pentode cathode follower for the feedback.

According to Eq. (20) the parabola from the above circuit will have

the proper ordMite to within 0.2 per cent from 0 to 50 /isec. This

accuracy is approximately realized although there are sources of error

not taken into account by the above analysis. Thus the initial current

through and the nonconstant gain of the cathode follower have not

been considered.

The ratio of the amplitude o the linear rise ex to that of the parabolic

rise 62 may be adjusted by means of RxCx and R 2C2 - By maintaining

fixed the product of the two time constants, the output parabola ampli-

tude is fixed. Higher accuracy results from a small linear sawtooth

waveform and a large parabolic sawtooth waveform. The circuit of

Fig. 8*26 is not optimal in this respect. The size of the output is limited

by the characteristics of cathode followers at allowable supply voltages.

The output impedance is a few hundred ohms.

The limiting errors of the circuit may total to several per cent, but

by calibration, such as adjustment of the potentiometers of Fig. 8-26,

they are reduced to less than i per cent. The sources of error are the

same as for the triangle generator, but they are more numerous in this

more complicated circuit. An initial delay from the trigger start to

the parabola start of the order of 1 /xsec is caused primarily by the

capacities associated with the switch tubes. The transients that follow

the end of the sawtooth waveform should be of negligible amplitude by
the beginning of the next sawtooth waveform if repetition frequency

sensitivity is to be avoided.

The circuit of Fig. 8-26 was operated as shown to provide the parabola

of Fig. 8*27. Figure 8*28 corresponds to a modification of this circuit

which provides a nonzero initial current through jBc. For each waveform,

the derivative is shown
;
it is seen to be nearly linear.

Double-Miller-4ntegrator Parabola Generator ,—This circuit is shown in

Fig. 8-29. It is designed to accept a negative-going sawtooth waveform
that can start at any voltage and to produce as output a positive-

going parabola. If the input voltage is represented by

6 *=s kt^
(21 )
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the parabola is, approximately,

311

e
2RC (22)

To avoid a linear term, no current can be flowing into C at t = 0.

The diode ensures this condition. The grid-coupling time constant is

Fig. 8-27.—Parabolic waveform and its Fig. 8-28.—Parabolic waveform with non-

derivative. The parabolic waveform was zero initial slope and its derivative,

generated by the circuit of Fig. 8*26.

much larger than RC, Capacitive coupling is used in order to avoid

current through R at t = 0, whatever the quiescent voltage at the input.

This integrator is capable of very good accuracy, particularly if a pentode

is used. In general the Miller circuit is more suitable for accurate

parabola generation than is the bootstrap circuit.

Fio. 8*29.—Miller feedback integrator for converting a linear fall to a parabolic rise.

Other Methods ,—Another type of integrator that may be used for

parabola generation is shown in Fig. 8*30. The current across the

cathode resistor of a pentode is varied linearly by applying a linear saw-

tooth waveform to the grid. The plate current which is nearly pro-

portional to the cathode current is integrated in a condenser, the only

element connected to the plate of the tube drawing the sawtooth current.
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The changing plate voltage of the pentode has little influence upon the

plate current.

The generation of parabolas by multiplication and squaring is devel-

oped in Chap. 18, where several complete circuits are given.

Measurement—The exact waveforms resulting from these circuits can

be analyzed by the comparison methods described in Chap. 9. This

analysis is described in Chap. 20 and is usually required for accuracies

of observation better than i per cent.

Another means of examining the waveform is differentiation (see

Chap. 20). The derivative of a parabola is a triangle, and a triangle is

lated by a linear rise.

easier to analyze than a parabola. The differentiator that was used for

the waveforms of Figs. 8*27 and 8*28 is described in Chap. 18.

8*9. Higher Powers and Series Approximations.—One of the simplest

means of generating linear and parabolic waveforms is integration.

Integration of a constant voltage produces a linearly changing voltage;

integration of the linear waveform yields a parabolic wave; another

integration leads to the cubic, and the process is limited only by the

increase in complexity of the generator. This method produces simple

terms of the form if the constants of integration are adjusted to zero

in each integrator. This fact suggests that exceedingly complex wave-
forms might be synthesized by a summation of terms with integral

exponents, since it is well known that a large class of functions can be

approximated over a certain interval by a few terms of a power series,

y = flo 4" dlt + 4" 4“ * *
* 4” Unt^. (23)
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8*10. The Sums of Sinusoids.—The conventional approach to analyz-

ing the effect of a network upon a nearly sinusoidal waveform is to con-

sider the waveform as the sum of the fundamental and harmonics. The
logical inverse of this problem, the synthesis of a network to produce a

given effect upon a waveform or to produce a given waveform can be

attacked by the same method, although it is not often profitable to do so.

A wide variety of periodic waves can be represented by Fourier series

and often to a useful degree of accuracy by only a few terms. The gener-

ation of sinusoids carefully controlled in purity, amplitude, and fre-

quency is a familiar and easily solved engineering problem. From these

two facts it might be surmised that the summation of sinusoids to form

complex waveforms is common This is, of course, not the case since

simpler means are available for generating most waveforms. The
resonant stabilized frequency divider of Sec. 16T2 is one example, how-
ever, where a wave is formed by the summation of sine waves. A
second example is in the simulation of musical tones by electrical cir-

cuits and mechanical transducers.

8* 11. Pulse Shaping.—It is often convenient for the testing of video

amplifiers or indicators to have a video pulse whose shape is like that of a

pulse that has passed through a radar receiver consisting of single-tuned

stages, staggered pairs, or double-tuned circuits, and it is inconvenient

to use a complete receiver for the purpose. A series of /2(7-low-pass

sections acting upon a square video pulse distort it so as to give the

effect of a set of single-tuned circuits upon the envelope of a square i-f

pulse. This effect occurs, however, only if the sections of the 7?(7-filter

are separated by tubes or otherwise arranged so that each filter section

is not affected by currents in following sections. One method of accom-

plishing this isolation is to increase the /?C-ratio in each section by a

factor of three or more while keeping the 72C-product the same. Figure

8-31 shows such an arrangement.

The cathode impedance of the first cathode follower is about 130 ohms
and, in parallel with the 150-ohm cathode resistor, makes the effective

resistance of the first section of the filter 180 ohms, giving the first section

a time constant of 0.1 Msec. The other sections have an increasingly

higher impedance but the same time constant. The last section uses the

effective input capacity of the 6SN7 amplifier to give it the same time

constant. The second set of filter sections is the same, but the last

section has a lower capacity and a higher resistance since the last 6SN7
section is used as a cathode follower and therefore has no Miller effect.

The relation for the bandwidth of this filter is the same as for single-

tuned-circuit i-f amplifiers if the effect of each section on the preceding

one is neglected, namely,
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and

A/?’ =
1

2irftC

Bandwidth per section

Over-all bandwidth
1.2 VN,

(24)

where N is the number of sections and AF is the bandwidth per section.

For eight sections, as in this circuit, AF equals 1.6 Mc/sec, and the over-all

Fig. 8 ‘31 .—Filter and amplifier for linear shaping of rectangular waves to simulate output
of multistage receiver.

bandwidth equals 0.475 Mc/sec, A similar filter is shown with the same
resistors but with the condensers ten times larger.

With the circuit of Fig, 8*31 pulses were passed through the filter

with the larger condensers that give a 47-kilocycle bandwidth. The
results are shown in Fig, 8*32. An input pulse 10 ^sec long was used

(see Fig. 8*32a). Figure 8*326 shows the output from the circuit. The
whole pulse has been delayed nearly 3 /isec at its foot, and very rounded
comers are evident. If a 1-jusec pulse is used (Fig. 8*32c), the output is

too small to observe (see Fig. 8*32d). By increasing the input pulse

considerably a noticeable output is obtained (see Fig. 8*32e) and it can
be seen that although this pulse is delayed about the same amount as^

the output from the long pulse, its peak occurs much earlier. If al
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i-/xsec pulse is used, the output is still smaller, but upon further raising

the input-pulse amplitude an output is obtained like that showm in

Fig. 8*32/. This pulse is very like the one shown in Fig. 8*32e. Thus
for input pulses of 1 /xsec or shorter, the output has a constant shape.

8‘12. Approximation of Curves by Segments.—This method may find

applications where a wave shape is required which cannot be synthesized

by simple operations, such as integration. No experimental tests on the

circuits of this section have been made.

Straight-line Segments,—Curve-fitting can be done to any desired

degree of accuracy by the combination of a sufficient number of straight-

line segments. To apply this principle to waveform generation, the

simple circuits shown in Fig. 8*33 are used. A linear rise of voltage is

applied to the circuit. The output is equal to the input so long as the
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diode is effectively an open circuit. When the rise equals the diode

bias, the tube becomes a resistance of a few hundred ohms, which may
be made effectively a closed switch. The output then rises more slowly

than the input (in circuit a). The degree of attenuation is set by the

ratio 1/ (12 + /2 1) . A two-segmented wave is produced with its boundary

As above with

reversed diode

(6) Decrease of attenuation

Fio. 8-33.—Two-segment elements.

a voltage set by a supply voltage and the diode broken-line characteristic.

In circuit 6, the diode is conducting at first and becomes nonconduct-

ing. Thus, the slope of the output wave can be made to increase or

decrease.

Curves whose main trend resembles a straight line may be con-

structed by this means. As an
example, the circuit of Fig. 8*34

is shown. Several branches are

successively connected across the

output terminals, thus producing

an irregular output voltage which

may be made to follow a smooth
curve rather closely.

Curved Segments ,—Since many
empirical curves can be more
closely represented by segments of

a parabola or exponential curve

than by linear segments, it should

be noted that these curved waveforms may be supplied at the input of

the circuit of Fig. 8*33 in place of a linear rise.

o^VW

Fig. 8*34.—Circuit for producing a four-

segment waveform.
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Other Voltage-^defined Segments .—A direct nonlinearity or broken-line

characteristic is employed in the preceding examples to vary the attenua-

tion of a waveform. Another way
in which the waveform can be

altered while its value lies between

a pair of boundary voltages is to

modify the waveform generator

itself Thus feedback networks

within the generator may be dis-

connected or additional elements

may be connected into them. The
amplitude-selection process is the

basis for this type of segmenting.

Timed Segments.—Clearly, the

nonlinearities that have been used

to produce segments may be oper-

ated by gates occurring at fixed

instants rather than by fixed volt-

ages. This method was exem-

plified in the multiple-triangle

generators of Sec. 8*2. The circuit of Fig. 8*35 shows a circuit that will

provide a large variety of exponential segments with various time constants.

SPECIAL CURRENT WAVEFORMS

Introduction

The foregoing material has outlined the methods for generating

linear and nonlinear voltage waveforms. In a number of important

applications corresponding current waveforms must be reproduced in the

magnetic-deflection coil of cathode-ray oscilloscopes, and a number of

special techniques for this purpose have been developed. They are

treated in detail in Vol. 22, Chaps. 11 and 17, but a few of the basic

methods of obtaining linear current waveforms are summarized here.

8*13. Derivation of a Current Waveform from a Voltage Waveform.

—

The most common method for obtaining a current waveform is to gener-

ate a voltage waveform of the desired shape and then to drive an amplifier

whose current output is proportional to the input voltage. A basic

circuit for this purpose is illustrated in Fig. 8*36. An approximately

linear sawtooth waveform is generated by the switch tube and resistance-

capacitance network TtiC\. If the cathode resistor large enough to

give linear operation,^ amplifier Vi will give an approximately linear

current through Li in response to the input voltage.

^ See Vol. 18 for discussion of the pentode cathode follower.

Fig. 8-35.—Circuit for producing timed seg-

ments.
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A practical example is shown in Fig. 8*37. Since the positive pulse

applied to the cathode of Fi is controMed in duration by the signal on the

cathode of Fi, the amplitude of the triangular voltage waveform gener-

ated in Fi, Fb, and F 9 is constant. The duration is variable from 60 to

2400 /Lisec. For triangular waveforms of durations longer than 720 /xsec,

the gain of amplifier Fg is made greater than unity to compensate for the

poor low-frequency response of Ti.^

The current amplifier consists of tubes Fa to Fg, and ensures a

linear current waveform in the cathode resistor of F 7 and Fg and, hence,

through the primary of Ti. The high-frequency response of the amplifier

is, however, limilid by the resistance-capacitance network in the grid of

F4. Diode Fb sets the level of

the amplified signal applied to Fe

at a considerably negative poten-

tial to ensure that F 7 and F g are

cut off in the absence of the saw-

tooth wave. The cathode fol-

lower Fe drives the grids of F7

and Fg far enough positive to

achieve a reasonably high trans-

conductance. The performance

of this circuit is fairly good, and

the linearity of the current wave-

form through a synchro of the

Diehl FJE44-1 type is ±3 per

cent.

8*14. Current-waveform Gen-
erators.—In some circuits the cur-

rent waveform is directly generated through the inductive load. A few of

the important types of current-waveform generators are discussed below.

Switched Inductance Type ,—Figure 8*38 gives a simplified circuit of a

sawtooth-current generator. Initially the plate current is cut off, and,

on appl3dng a rectangular waveform to the grid, the plate bottoms^'

and considerable screen current is drawn. The plate voltage will

increase linearly according to the equation

di
-e^ = L~ (25)

If the change of Cp is much less than Epp, the current is to a first

approximation, i « (Epp/L)L The inductance L is usually shunted by a

^ The frequency response of synchros and other inductive loads is discussed in

detail in Vol. 22, Chap. 11 and 17. A complete circuit is shown in Fig. 12-28.

Fio. 8-36.—Simplified current amplifier for a
triangular waveform.
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damping resistor to prevent too high voltage at the termination of the

^ rectangular pulse.

A practical circuit is shown in

Fig. 8-39. The inductance is,

however, in the cathode circuit

rather than in the plate, and two

parallel pentodes are required to

supply sufficient current through

the inductance L. A negative rec-

tangle applied to amplifier V i

gives a very large positive pulse

on the negatively biased grids of

V2 and F3. The cathode poten-

tial of F2 and Fa rises rapidly to

slightly above the grid potential

and then drops slightly as the cur-

rent rises through the inductance in a linear fashion. This drop together

with any resistive loss in the coil can be compensated by replacing the

bias

Fiq. 8*38.—A simplified triangular current
generator.

Fio. 8‘39.—A practical circuit of the type of Fig. 8*38.

input rectangle by a trapezoid at the grids of F2 and Fa. For the partic-

ular constants shown, a sawtooth of 20-/x8ec duration and a peak cur-

rent of 200 ma are obtained.
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Voltage Feedback .—Instead of current feedback, one may take advan-

tage of voltage feedback for generating a linear current waveform, as

indicated in Fig. 8*40. The condi-

tion for obtaining a linear sawtooth

current wave in L with a constant

input voltage Ci is

El
= E^C

ELpm "t~ 1
.

Ehgm
(26)

otherwise the sawtooth becomes

exponential. Providing the term

is large, the character of the

output wave depends little upon gm-

The principal difficulty is due to

stray capacitance (neglected in this

equation) which causes a small

delay in the initiation of the cur-

rent wave.^ The strays have a

minimum effect in this circuit since

A related circuit is shown in Fig,

"pp

Fig. 8-40.—A triangular-current generator
using voltage feedback.

the tube current is large.

8*41 in which the load current u is

proportional to the input voltage e,.

If Eq. (26) is satisfied, then,

(27)u(0 = aei{t)y

where a is a constant.

8*15. Level-setting of Current

Waveforms.—Precise cathode-ray-

tube displays, especially those using

mechanical grids or overlays, re-

quire that the positioning of the

cathode-ray-tube display be main-

tained constant. Therefore, the

d-c level of the current waveform

must be constant in spite of changes

of duty ratio. Also the display

pattern must start at the center of

the tube (PPI).

Two methods of accomplishing

this constancy are possible. First,

d-c restoration may be used. Although this is relatively simple with

voltage waveforms, where diode detectors may be used to establish the

^ A detailed discussion of voltage-feedback amplifiers is given in Chap. 2 of this

volume, in Vol. 18, and in Vol. 22. A practical example is given in Fig. 12*26.
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level, it is difficult with low-impedance current waveforms. Impedance

changing devices must often be used in the latter case.

Second, a circuit may be employed to initiate the phenomena dis-

played on the cathode-ray tube at the moment the current wave passes

through zero. Shown in Fig. 8*42 are three typical current waveforms

which might be used for the display sweep on a CRT. One may have

a free choice of the moment at which the waveform to be displayed is

initiated, and for these three types of waveforms one may obtain a

display that is initiated on the same portion of the cathode-ray tube

by starting the unknown event at the moment the rising portion of the

current waveform is equal to zero.

This process therefore avoids the ne-

cessity for establishing the level of

the displayed waveform, and instead

at the appropriate time derives the

trigger for the phenomenon to be

displayed. Amplitude-comparison
circuits (see Chap. 9) are specialized

for the purpose of accurately defining

the moment of equality of two voltages

and may therefore be employed here.

This second method has, however,

some limitations. The first and most
important is that the display circuits

must trigger the waveform to be dis-

played. The second difficulty is indi-

cated in Fig. 8-426, which shows that

the maximum duty ratio is 50 per

cent for a sawtooth waveform. A
more complicated waveform, as indi-

cated in Fig. 8-42c, will reduce this

difficulty. A third objection is the

difficulty of obtaining a voltage waveform of sufficient amplitude from the

current waveform to permit accurate amplitude comparison. This

requirement is usually avoided by employing a voltage-waveform genera-

tor and a linear-current amplifier (Fig. 8-37). If the current waveform is

triggered by the same trigger that initiates the waveform to be observed

then it is necessary that the area of the recovery portion of the current wave
equal that of the useful portion in order that the sweep shall start from the

center of the tube. A straightforward method of adding to the triangular

current waveform an area which exactly balances the forward portion

of the triangle is indicated in the block diagram of Fig. 8*43. This

method permits area balancing in spite of changes of amplitude, dura-

A,

/1

' !

'

r 1 1
1

Llr\
- to

^0 ^2 ^3 (a)

I i

i I I

i I I

to tj tjsts —t (b)

TJ^^ I

I 1 i

I I I

to t\ 12 s ^3

(C)

Fig. 8*42.—Various types of current

waveforms indicating the area-balancing

that may be obtained by initiating the

display waveforms at the moment when
the current waveform equals zero.
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tion, or repetition rate of the time base. As, for example, in the circuit

of Fig. 8-37, a triangular waveform is generated The area of the forward

portion of the triangle is then measured with an area detector (see Chap.

Time base
duration control

Amplitude

control

Repetition

rate

control

Fig. 8‘43.—Block diagram of an area-balanced current-waveform generator.

14). The duration of a negative rectangular wave is controlled in

accordance with the output of the area detector and the rectangular

waveform added to the triangular waveform. The negative rectangle

Fig. 8*44.—Circuit involving a Miller integrator for producing a balanced voltage wave-
form.

is phased appropriately with the triangular wave so as to coincide with

its falling edge. A circuit is given in Fig. 12*28.

A Miller integrator with an inductive plate load is a convenient means
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for generating an area-balanced voltage wave. Such a circuit is shown
in Fig. 8*44 together with circuits for linearizing the flyback, limiting

the rise of the pulse at flyback, and gating the Miller integrator. After

a trigger is applied, a positive gate appears at the cathodes of diodes

V\ and F2. The integrator grid (F3) has been previously held at —6
volts but now starts to rise and the plate runs down linearly at a rate

determined by i2i, C, and Eppi. When diode F5 conducts, the inte-

grator grid starts to fall since the current through R 2 is larger than that

through R\, A linear plate rise results which ends only when F4 con-

ducts. The circuit reverts to its quiescent state as the grid of F3, falls

to —6 volts ands^he plate voltage returns rapidly to the quiescent level.

Other methods, including automatic ones, of producing area-balanced

waves are discussed in Vol. 22
,
Chap. 17.



CHAPTER 9

AMPLITUDE, SELECTION, COMPARISON AND DISCRIMINATION

By R. Kelner, J. W. Gray, E. F. MacNichol, Jr.

9*1. Introduction.—The processes of amplitude selection and ampli-

tude comparison (see Chap. 3) have been extensively used in many
vacuum-tube devices. All relaxation oscillators, for example, contain

one or two amplitude comparators. The point of view that leads one

to analyze the circuit action in terms of waveform shaping processes

also brings about explicit formulation of these processes. Thus, the cir-

cuits of this chapter are presented as selectors and comparators although

they were developed as components within complex waveform generators.

These processes have another application: the analysis of waveforms

requires amplitude-sensitive devices. For many purposes, a waveform
may be plotted with sufficient accuracy on the face of a cathode-ray tube

(see Chap. 20). Grids and other means of measurement permit some
increase in the accuracy of examination. Amplitude comparison,

followed by time-interval measurement is considerably more accurate,

however, as a method for obtaining the voltage-time curve that defines a

waveform.

Amplitude discrimination (see Chap. 3) is similar to the other two
processes in its concern with the relative amplitudes of two voltages.

The time scale is somewhat different since discriminator input signals

vary comparatively slowly and continuous information is required in the

output.

9«2. Amplitude Selection.—The process of amplitude selection is

derived from nonlinear elements. If a waveform and a boundary (ref-

erence) voltage are applied to a selector, the output from the selector is

usually that portion of the waveform that lies beyond (above or below)

the boundary amplitude. The selector may provide amplification or

attenuation of the selected wave. The linearity of the selector is generally

required to be good. A quasi-selector distorts the selected waveform but

is suitable for the purpose of amplitude comparison.

The most common selector is the diode-series-resistance circuit that is

illustrated in Chap. 3. The importance of the size of the waveform with

respect to the voltage region over which the diode characteristic is

exponential (a few tenths of a volt) is shown in Fig. 9*1, which consists

of two photographs of selected portions of sine waves of different ampli-

326



326 AMPLITUDE, SELECTION AND COMPARISON [Sec. 9-2

tudes. In addition to the greater distortion of the low-amplitude selected

wave, the boundary uncertainty caused by drifts in the break of the

diode characteristic is a much larger percentage of the maximum ampli-

tude of the smaller wave.

Applications ,—Selection provides a means for generating waveforms

containing segments parallel to the horizontal axis (flat regions), such as

trapezoids or square waves. Thus, square waves may be made by select-

ing the central portion of a sinusoidal wave.

A curved waveform may sometimes be profitably selected from

another which has a simpler analytic representation. Thus, a hyper-

bolic segment cjyjjectly shaped for the time base of an interval delayed

from th (in an airborne rf^ar) could be selected from the hyperbolic

time-base wave that starts at the time of return of the altitude signal

sizes of input waveform: (a) ^ volt rms; (b) 50 volts rms.

(see Sec. 8’5). The selected segment is amplified and applied to the CRT.
Figure 9-2 shows the original and selected waveforms.

Modulation of a carrier with an electrical signal may be accomplished

by selecting portions of the carrier above, below, or within amplitude

bounds set by the signal (see Chap. 11).

Amplitude selection is analogous to time selection on the other wave-
form axis (Chap. 10). Amplitude comparison may be considered as

quasi-selection above or below a reference amplitude followed by dis-

tortion of the selected wave into a step or fast pulse.

Methods .—The broken-line characteristic is the basis for amplitude
selection (see Chap. 3). More generally, any means of instantaneous

indication of amplitude correspondence may be used to operate a selector

switch. Auxiliary means for linearization, disconnection, or isolation

of the selector may be used, but the accuracy of the selection boundary
is determined solely by the stability and sharpness of break of the broken-
line element.

The characteristics of many nonlinear elements and the factors that
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cause them to deviate from the ideal are discussed in Chap. 3. For a
diode in addition to the disadvantage of the curvature at the break of the
characteristic, the entire characteristic moves along the voltage scale by
several tenths of a volt with changes in heater voltage, tube age, and tube
sample. A germanium-crystal characteristic breaks somewhat more
sharply and has no heater voltage as a source of error, but the effective

break moves along the voltage axis with temperature changes. All con-
tact rectifiers are inferior to the diode in back characteristic. Other
broken-line elements such as grid-controlled tubes have similar faults.

By comparing the approximate magnitude of the curved segment of the
characteristic with the maximum waveform amplitude that is usually
realizable, the errors of selection may be estimated at nAnr to -jriiy of the

maximum amplitude. The drift may be considerably reduced by the
compensation methods of Sec. 9-6.

The linearity of the selector in regions away from the boundaries is

achieved in diode selectors by the addition of a linear series resistance

(see Fig. 3-27). For multielectrode elements the nonlinearity is a severe
handicap that nullifies in most cases the advantage of amplification
within the selection circuit. Negative feedback may be used to linearize

the selection at the expense of a loss in gain.

Other Properties of Selectors .—The selector may have undesirable
effects upon the waveform generator or may provide undesired coupling
between the waveform and the output circuit. It is often desirable to
minimize such effects by isolating the selector from the waveform gener-
ator. A cathode follower may be interposed as a buffer stage, but this

does not remove stray capacitance coupling (across a diode selector, for

example) and introduces drift errors. A pentode selector is excellent in

these respects: the input impedance may be very high, and the undesired
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capacitance from grid circuit to plate circuit is comparatively low. The
germanium crystal is shunted by to A a factor of 10 smaller than

the diode shunt capacitance. Often the capacitance effect can be

balanced out in symmetrical diode circuits or by neutralization^^

capacitances.

The impedances that a selector presents to a waveform generator may
be different for the selection and the rejection (antiselection) periods; if

this is true, capacitance coupling causes rectification. This property is

not always objectionable, particularly if the selector impedance is large

compared with that of the generator. Very often, the effective imped-

ance of a selectjjjj^ circuit is determined by that of the load. Selectors

must not be allowed to distort the waveform at the generator terminals.

The recovery time of a selector is always of interest if repetitive wave-

forms are to be selected. If the time constants associated with the

selector circuits are not small compared with the repetition period, the

effective boundary voltage will be a function of the repetition frequency.

For large time constants, rectification may occur with broken-line charac-

teristics. This fact usually precludes capacitance coupling to the selector

unless the level of the waveform is reset once per cycle (d-c-restored)

on the same side of the capacitor as the nonlinear element. Moreover,

rectification does not occur if no current is drawn by the selector as,

for example, in selectors using the cutoff characteristic of a grid tube.

The economy of the diode amplitude selectors is an important con-

sideration. The use of diodes for waveform shaping is common through-

out this volume. Other elements are relatively more expensive, if only

because more electrodes must be biased properly.

9*3. Diode Selectors.—A diode selector is described in the previous

section to illustrate the importance of a large waveform amplitude in

''sharpening’^ the break in a broken-line characteristic. The shape of the

break and the effect of the series resistance in linearizing the transmission

segment of the characteristic (a large linear resistance is in series

with a small nonlinear resistance) is shown in Sec. 3*14. Other connec-

tions of this simple type of selector are possible with which selection

above or below a boundary voltage, between or outside of two boundary

voltages, and between adjustable limits may be carried out. These

circuits present various input and output impedances and voltage levels.

The fundamental idealized circuits are shown in Fig. 9*3. Other

possible variations are effected by placing the battery and the source of

reference voltage elsewhere in the loop of wave generator, diode, and
resistor. These variations, as well as adjustments in the size and polarity

of Ey change the level of selection and the level of the output waveform.

The four circuits shown may be subdivided according to whether

the output voltage is taken across the diode or the resistor. This classi-
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fication corresponds to the shunt and series switches of Chap. 10. The
two types have somewhat different properties: the series-switch circuits

provide a low series impedance during selection and a very high input

impedance during antiselection; the shunt switches give a high series

impedance during selection and a comparatively low input impedance
during antiselection. For these reasons, the series selectors (c) and (d)

Cg =e{e<E)
-E(e >B)

eg = e(e>E)
= E{e <£)

eg = e(e< E)

=E{e^E)

eg = e(e>E)

=E(e<E)

Fig. 9-3.—Fundamental diode selector circuits.

in Fig. 9*3 are commonly used, except in special cases. The series-switch

circuits increase the impedance level of the selected signal only by the

resistance of a conducting diode. Both the input and output imped-

ances during antiselection are higher than for the corresponding shunt

circuits. The series switches have one main fault: the shunt capaci-

tance of the diode provides a transmission path for fast signals during

the antiselection time. This undesired signal can be cancelled by such

means as are shown in Sec. 9*9 for the quasi-selector circuits used in
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comparison. Another consideration, if thermionic diodes arc used,

is the allowable heater-cathode potential, which must be as large as

the waveform amplitude for the series circuits, unless separate filament

windings are used This expedient is not usually necessary since some

diodes are designed for 300 volts between heater and cathode.

The ideal circuits require a battery of zero or comparatively low

impedance except when the battery and the resistance have a common

+ E2

(a)

-El

E

Fiq. 9-4.—Practical diode selector circuits, (a) One-bound selector. (6) Two-bound
selector. The transfer characteristic for this type of circuit is given in Fig. 3*60.

terminal, since in the latter case, R can be made up partly of the source

impedance of E, In this case, E can be obtained from a voltage divider

between a supply voltage and ground without drawing excessive current.

Thus, the circuit of Fig. 9*4a is an economical practical realization of

Fig. 9*3d. The positive or negative supply voltage may be used alone

unless the boundary voltage must be adjustable to values above and

below ground.

Selection within two boundary voltages may be accomplished by
combinations of circuits from Fig. 9*3. A practical circuit combining
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Figs. 9*3c and d is shown in Fig. 9*46. The combination of two shunt

switches may be simplified by using a single series resistor and connecting

both diodes to the same output point.

9*4. Germanium-crystal Selectors.—The contact rectifier may be
substituted for the diode as a broken-line element in the circuits of the

previous section. The two elements cannot be considered to be inter-

changeable, however, and fairly severe limitations upon^ the size of

waveform and the impedance of the waveform generator are imposed

by the crystal characteristic (see Sec. 3*15). The most suitable contact

rectifier is the high-voltage germanium crystal operated at a constant

temperature.

For precision selection with crystals the series-switch circuits of

Figs. 9*3c and d are preferable to the shunt-switch circuits, as is evident

from the previous section, particularly since the capacitance coupling

is smaller than for the diode. The back resistance of the crystal may
be less than 100 k so that the series resistance R cannot be made very

large, since the transmission during the antiselection time is deter-

mined by R/(Rbaek + f2). If ^ must be so small that the break instability

becomes intolerable, temperature control may be used, but unit-to-unit

variation remains. The maximum back voltage that can be applied is

small enough to limit the size of waveform in many cases, and tends to

nullify the increased sharpness in crystal break over diode break. The
presence of crystal reverse conduction imposes a load upon the waveform

generator.

In Sec. 9*19, a special selector using germanium crystals is described.

The circuit uses two crystals to limit mutually the applied back voltage,

but it is not suitable for the undistorted reproduction of the output wave-

form. At the present stage of crystal development, the uses of ger-

manium crystals are mostly for quasi-selection where some distortion

of the waveform is permissible. In these cases, the economy of the

crystals is realized because temperature control is unnecessary.

9*6. Triode and Pentode Selectors.—The diode selector is almost

universally used for the accurate selection and reproduction of a portion

of a waveform. If the wave is to be amplified, however, and if accurate

reproduction and boundary setting are of secondary importance, a grid

tube is desirable. The various broken-line characteristics that may be

achieved with a grid tube are described in Chap. 3. The break insta-

bilities are larger than those of the diode, in general.

Cathode-follower Circuits ,—A selector that uses the cutoff break of a

triode and selects all input voltages above the boundary thus defined is

given in Fig. 9*5. This circuit provides a low output impedance for the

selected wave and may provide a boundary definition only slightly

inferior to that of a diode. At a given plate voltage a high-^ tube is
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better for sharpness of boundary than a 1ow-/li tube (see Sec. 3*17). The

cutoff break in the triode characteristic is not as stable as that for the

diode. Hence, this circuit is somewhat less precise than the diode

selectors.

Epp

Fig. 9*6.—Cathode-follower selector.

If the reference voltage is applied to the cathode of the selector tube

through a second and identical tube as in Fig. 9*6, the stability of the

boundary is increased. For the 6SU7 tube the instability in boundary
is smaller than tV volt Unfortunately V2 acts as a low impedance
load (less than 1 k) upon Fi during the first part of the selected wave;

a distorted output waveform is produced until F2 is

cutoff.

Amplifier Selectors ,—The plate output of the cir-

cuit of Fig. 9-6 provides an amplified selected wave.
Another amplifier selector is shown in Fig. 9*7. If a

waveform is applied between the grid and cathode,

the portion corresponding to the grid base is selected.

The lower bound is set by cutoff
;
no upper bound is

present unless the flow of grid current reacts upon
the waveform generator. By adding a series-grid

resistor, an upper bound is provided, and the circuit

selects only those portions of the input wave that lie

within the grid base of the tube. Two circuits and their characteristics

are given in Chap. 3, Fig. 3*38.

The use of negative feedback to linearize the transmission segment
of an amplifier selector is feasible, but the usual procedure is to use an
accurate diode selector and a separate linear amplifier. In many of the

applications of these amplifier selectors, wave-shape reproduction is not
important.

Fig. 9*7.—Triode am-
plifier selector.
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(a)

Other Selectors from Grid-controlled Tubes.

—

^Any of the broken-line

characteristics from a grid-controlled tube may be used for a more or less

precise amplitude selection. For particular applications these may be

of interest, but in general the accuracy of selection is inferior to that for

the circuits that have been listed

here.

9*6. Compensation of Cathode

Drifts.—The dependence of all of

the vacuum-tube selectors upon

the heater voltage (the cathode

temperature) is sufficiently large

so that compensation of this

source of error by special circuits

is often necessary. A common
method is to balance the drifts in

one cathode against those of a

similar cathode supplied with the

same heater voltage. The effects

of aging tend also to compensate

in such a circuit. The ideal is to

use the same cathode for both

elements. The 6X5 diode pair

have a common cathode, and a

few tests have shown that good

compensation is achieved. The
6J6 type of construction may be

of interest although no data is

available.

Compensating Diode Drifts with

a Second Diode.—Any circuit uti-

lizing this device for increasing

accuracy depends upon the attain-

able similarity between diodes.

The uncompensated drift figure,

100 mv for 10 per cent filament-

voltage change, can be reduced by
a factor of 5 or 10 by using the two diode sections of a single tube,

results are achieved by the use of a 6SU7, diode-connected.

A circuit for stabilizing a series-switch selector against drifts is shown
in Fig. 9-8. In this case the boundary voltage is determined by the

combination of three resistors. The analogous circuits for stabilizing

shunt-switch selectors are shown in Fig. 9-9. The added circuit in each

case is a source of current of the proper polarity to maintain one diode

Fig. 9-8.—Stabilization of boundary volt-

age of a series-switch selector with a second
diode.

Best
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in conduction at all times. The current should be adjusted to the current

of ‘^effective break in the other diode. The added circuit presents a

high impedance during selection.

Compensation of Triode or Pentode Plate-current Cutoff with a Diode ,

—

This subject is discussed in Chap. 12, Vol. 18. The circuits used there

may be adapted to the corresponding selector circuits. As an example,

the means of compensation for the triode selector of Fig. 9*5 is shown in

Fig. 9* 10.

Compensation of Triode Pairs,

This type of selector circuit has

other advantages that have been

described in Sec. 9*5. The com-

pensation against cathode drifts

may be high since identical tubes

or sections may be used. Tube
selection for symmetry may be

desirable if extreme accuracy is

necessary. The effect of this type

of stabilization is only to remove

drifts from the effective boundary

at the input waveform. The
drifts are still effective in changing

the d-c level of the output selected

wave.

9-7. Quasi Selectors.—The
amplitude selectors that are de-

scribed in the preceding sections

deliver a portion of the input

waveform in the ideal case. The
output wave is composed of seg-

ments of constant voltage during

the rejection times and a segment

corresponding to the portion of

the input waveform that is se-

lected. Ideally, the break between these two segments of the waveform is

abrupt : there is a discontinuity in slope. Actually, the sharpness of break

is limited by that of the nonlinear characteristic, as has been shown.

The abrupt rise of the selected portion of the waveform identifies a

time instant with some precision so a selected waveform may be used

as a marker or a trigger. The initial rise is the only part of the selected

waveform which is of interest in such cases and the major part of the

selected wave need not follow the input wave. A high value of volts/^sec

at a time corresponding to the instant when the waveform reaches the

(a)

Fig. 9*9,—Stabilization of a shunt-switch
selector with a second diode.
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reference voltage is the requirement of an amplitude comparator. Hence
some circuits, often called quasi selectors,^’ which are inferior selectors

because they reproduce the input waveform only approximately, are of

interest as elements in comparator circuits.

Quasi selection can be accomplished by any element with a broken-

line characteristic. The characteristic property of quasi-selection circuits

is the comparative unimportance of the transmission segment as compared
with the sharpness and stability of the break. The quasi selector often

involves an amplifier.

Epp

Fig. 9*10.—Stabilization of a cathode-follower selector. Ri is important in determining
the boundary voltage and acts as cathode resistor for the cathode follower.

9*8. Amplitude Comparison.—The process of amplitude comparison is

accomplished by quasi selection and amplification. By amplification

the initial rate of change of the selected wave is to be made as large as

the timing accuracy requires. Rises with a total duration of 0.005 /nsec

have been used.

The mechanism of comparators is simple if an ideal selector is postu-

lated. The selected waveform, which starts at a perfectly defined time

instant, is amplified in a linear device (Fig. 9* 11a). In practice, the expo-

nentially curved break in most selector elements makes the instant'^

of output rise dependent upon the amplifier gain (Fig. 9-116). The marker

time is defined here as the instant at which the amplifier ouput rises to

a fixed voltage.

9*9. Amplifiers for Comparators.—The broken-lfaie characteristic

that is essential for amplitude comparison may exhibit a gain during

the transmission segment. Diode circuits provide no gain, and many
elements provide insufficient gain for a marker so that auxiliary ampli-

fication is necessary.

The comparator may profitably be regarded as a quasi selector and
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an amplifier even when these functions are provided by a single element

such as a gas-filled triode (see Chap. 3). The amplifier is a ^'rise-rate

amplifier’’ and often a pulse former. The most economical rise-rate

amplifiers use regenerative feedback to obtain very high gains, which are

limited by the stray reactances present rather than by the amplification

factor of the tubes. Regeneration may be used in any stage of the

amplifier, in the entire amplifier, or around the entire loop of amplifier

The output waveform approaches a step function as amplification is increased. The
discontinuity occurs at a well-defined value of input voltage, the voltage at which the
ideal selector “switch’' closes. (6) With diode selector. The effective boundary voltage
varies with amplification.

and selector. The requirement for an output pulse rather than a step

often makes it convenient to use a blocking oscillator as a regenerative

output stage. Each intermediate amplifier stage should be operated

within the high-^m region near zero bias. The gain of these stages must
be suflicient^to ensure stable triggering of a blocking oscillator.

The differentiation or quasi differentiation of a selected wave may be

used for wave shaping. A pulse may be formed from a step by this

means. An RC-network or a pulse transformer may be used to accom-

plish quasi differentiation. The pulse transformers are convenient since

they provide for level changing and impedance changing and may be
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used as inverters so that each stage operates in a phase that may be
determined by other considerations. The polarity of output or of feed-

back is also conveniently controllable with pulse transformers.

An example of a rise-rate amplifier is given in Fig. 9-12. The input

waveform is a negative gate which cuts off V i. The end of the gate turns

this tube on, and a negative signal appears at the plate. This is quasi-

differentiated and inverted by the pulse transformer and used to fire

the blocking oscillator, Fe. The first section of F2 is used to amplify the

trigger further and to apply it to the plate of the blocking-oscillator tube.

The positive-pulse output is about 20 volts in amplitude but may be

increased somewhat by increasing resistor Ri. The pulse rises 20 to 40

+ 200

Fig. 9*12.—Rise-rate amplifier. A quasi-difierentiating amplifier plus a blocking
oscillator.

volts in a few tenths of a microsecond. The circuit is a special design

for firing the blocking oscillator at the rising portion of a negative rec-

tangular wave. A grid return to a voltage near the center of the grid

base would make the circuit responsive to a positive-going selected wave-

form preceded by a constant voltage.

It is sometimes necessary to compensate the effect of capacitance

shunted across the selector. This may be done by a neutralization

capacitance connected from the waveform generator to the amplifier at

such points that the neutralization signal and the undesired signal are of

opposite polarity. An example of this device is shown in Fig. 9-13. The
input waveform is a trapezoid. The output of the diode-selector circuit

is a selected upper portion of the trapezoid plus a component contributed

by the capacitance across the diode. This is canceled in the grid circuit

of the second stage by the adjustable capacitor coupling to the waveform
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generator. The waveform generator must have a sufficiently low output

impedance so that the additional capacitance produces no distortion.

The capacitor C is chosen to minimize the undesired output signal.

Fia. 9*13.—Comparator with neutralization of the effect of the capacitance shunting the
diode selector.

300 V

9‘10. Simple Diode Comparator.—The example of Fig. 9*14 is a

representative application of diodes in amplitude comparison. The
amplifier illustrates the use of pulse transformers for coupling elements.

The diode selects a portion of a triangle above a reference voltage,

and the selected wave is amplified and shaped to form a trigger. The
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triangle input waveform rises 150 volts in 300 /isec. A pulse is obtained

which rises 100 volts in 1 or 2 /isec depending upon stray capacitances.

The delay through the amplifiers is less than a microsecond The accu-

racy of comparison depends primarily upon the definition of conduction

of the diode. In order to compensate for the diode drifts, a second diode

may be added (see Sec. 9-6).

An attenuated portion o' the triangle appears at the cathode of the

diode. This positive signal is quasi-differentiated in the grid circuit of the

first tube and again by the transformer at the plate. The second stage is

cut off by the screen-divider current through the cathode resistor. Thus,

it does not respond to negative signals and amplifies only the trigger

corresponding to the time of conduction of the diode. ^ The transformer

is connected to invert the polarity

of this trigger so that it is positive

at the grid of F2 . A sharp nega-

tive drop at the plate of Fi is

followed by a somewhat slower

rise.

9'11. Grid-controlled Com-
parators.—The grid-tube elements

that are described in Chap. 3 are

suitable for both quasi selection

and amplification within a single

unit. Their chief disadvantages

as comparators using cutoff are

the loss of sharpness and stability

in the break of their characteris-

tics compared with that for a diode,

and the difficulties in operating the cathode at a variable potential with

respect to plate or screen, since these relative potentials determine Eg{k

at cutoff.

In Fig. 9-15 a single triode is ordinarily held cut off by the difference

voltage between the wave and the reference potential. The waveform
raises the grid until the tube conducts. Further rise of the grid will finally

cause grid conduction. The diode d-c restorer is included to reset

the level of the wave during recovery. The negative-output signal is

amplified and shaped to form a marker. The circuit will operate only

for the positive-going portions of a waveform.

If a falling waveform is to be compared with a reference, their differ-

^ In general, maintaining a stage of amplification beyond cutoff is bad practice

since it introduces a small delay in the amplifier. The need for this quasi selection

may be eliminated by the capacitance-balancing circuit described in the preceding

section.

Epp

Fig. 9*15.—Simple triode selector for com-
parison. Plate-current cutoff provides the
nonlinearity or comparator point.
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ence can be applied to the cathode of the tube. With this connection, the

input waveform may be distorted by the plate current which flows after

the comparison. It is also possible to apply a falling signal to the

cathode and the reference voltage to the grid. If the reference voltage is

applied to the cathode or to the grid, the effect of the varying plate-

cathode voltage upon the cutoff point may be appreciable.

Comparators (or at least their selector component) are similar to

direct-coupled amplifiers. One problem of direct-coupled difference-

amplifier design is the rejection of common-mode signals. In the

immediately preceding example (Fig. 9-15) this was accomplished by

applying the reference and the waveform voltages to the same electrode,

Fiq. 9‘16.—Double-triode comparator.

thereby eliminating the common-mode signal.^ However the super-

position of the waveform on a level equal to the negative of the reference

voltage is not always convenient.

The double-triode circuit of Fig. 9-16 rejects common-mode signals in

another way. This selector is discussed in Sec. 9*5. The cathode signal

here is applied to a two-stage amplifier with some regeneration through

the cathode resistor. A rapid rise from this 6J6 is differentiated, its

negative overshoot is eliminated by F4 and the rise is used to trigger a

blocking oscillator. The wave that was applied to this circuit was a

triangle which rose 120 volts in 350 /xsec. The rise of the blocking-

oscillator pulse is about one thousand times faster. The circuit might

require some additional gain if a slower waveform were used. This

comparator is used in a time modulator described in Sec. 5*4, Vol. 20.

1 Vol. 18, Chap. 12.
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9*12. Multivibrator Comparators.—The monstable or bistable multi-

vibrator may be used as a comparator. In most multivibrators, regen-

eration is initiated when a rising grid reaches a grid base. An example

is shown in Fig. 9*17. Tube Fi is ordinarily conducting, and acts as a

cathode follower for the input waveform. Tube V2 is cut off by the high

cathode potential. As the waveform falls, the cathode of F2 falls, and

F2 eventually starts to conduct when the grid of Fi is slightly above that

of F2. Conduction in F2 completes a positive-feedback circuit from plate

to cathode of Fi with F2 acting as a cathode follower. A regenerative

action rapidly turns Fi off and F2 on. The rapid rise of plate current in

F2 is quasi-differentiated by the plate inductance, across which the output

+275 V

The VR91 is a British pentode resembling the 6AC7.

is taken. The reference voltage may be obtained at a potentiometer and

applied to the grid of F2. No voltage appears across the 10 k resistor

before the regeneration starts. The portion of the waveform that appears

on the plate of Fi slightly modifies the effective reference voltage.

The circuit is fairly accurate since the effects of filament-voltage

variation from the two tubes and other drifts tend to cancel. The

proportion of the total supply voltage through which the reference

voltage can be varied is somewhat limited. In some cases, the subtrac-

tion of some portion of the reference voltage from the waveform may be

used to remove this limitation. The feedback during regeneration is

more effective if a very high cathode resistance and a negative-supply

voltage are used. Since a high variational resistance is required, a triode

with cathode degeneration is sometimes used in place of a cathode resistor.

The common-cathode circuit is particularly advantageous because of

the drift cancellation.

Multivibrator circuits with other feedback connections are inherently
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less accurate but could be used in special cases. The difference between

the wave and the reference can be applied to any two electrodes that

provide sufficient control of the loop gain. Ordinarily these are the first

control grid and cathode, but the second control grid in a multigrid tube

could be used.

erative loop.

A variation of the above circuit involving a pair of triodes in a single

envelope, chosen for balance, is shown in Fig. 9T8. It gives high accuracy.

This circuit includes part of the waveform generator. The cathode

follower Via applies a negative-going triangle to the cathode of Vih. The
grid of V 16 is held at the reference

potential. When the cathode of

Fi6 reaches the reference voltage

plus the cutoff voltage of the tube,

conduction starts. The action is

speeded up by the amplifier F2 ,

which amplifies the fall at the plate

of Fi6 and produces its positive

derivative at the grid of F16 .

WTien the common cathode rises,

the grid of Vu falls rapidly. The
turn-on of Fib occurs in about

/xsec. The output signal at F2 is a step that is used to trigger a blocking-

oscillator pulse generator.

9*13. Blocking-oscillator Comparator,—If a blocking oscillator such
as is described in Sec. 6*1 is maintained in an nonoscillatory state by a
negative grid bias and a positive-going wave is superimposed upon this



Sec. 9- 14] THE MULTIAR 343

voltage, the circuit will fire when the tube starts to conduct plate current.

A practical example is shown in Fig. 9*19. The triangle rises 50 volts in

approximately 30 jusec. Variations of the heater voltage by ±0.2 volt

and of the B-supply voltage by ± 1 volt resulted in less than ±0.15-/xsec

change in the timing of the output pulse. The reaction of the comparator

resets the waveform generator.

9*14. The Multiar.—A most simple and accurate amplitude-compari-

son circuit is the multiar,” for which a practical circuit is shown in

Fig. 9*20. The accuracy of selection depends only upon a single diode,

and the amplifier that follows is an economical regenerative device which

provides a nearly instantaneous pulse and step at the instant of diode

conduction.^ The principles that underly the design of this device are

widely applicable to the problems of amplitude comparison.

Fig. 9-20.—The multiar circuit. A diode selector and a regenerative amplifier with loop
broken until the diode conducts.

Circuit Operation ,—For the multiar of Fig. 9*20, the pentode is

ordinarily conducting strongly. The plate of this tube, 72, may be

bottomed. A small grid current is flowing through the grid leak which is

returned to the positive supply. The plate of the diode, 7i, is at the

reference voltage. Its cathode is higher being at the quiescent level of

the input waveform. Tube 7i, therefore, is not conducting and the feed-

back path through the transformer is not complete. The negative input

waveform, in this case a triangle, lowers the voltage at the cathode of

Fi. When this voltage reaches the reference voltage, the diode conducts.

The feedback path is now completed, and since the transformer is con-

nected for positive feedback, the pentode is rapidly cut off. The circuit

is returned to its quiescent condition by the voltage rise at the end of

the triangle.

'See F. C. Williams and N. F. Moody, ‘‘Some Remarks on ‘Ranging Circuits,

Linear Time Base Generators and Time Discriminators,* ** I.E.E. Convention Paper,

March 1946, p. 13.
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A distorted reproduction of the portion of the triangle below the

reference voltage occurs at the plate of the diode. This wave tends to

carry the pentode grid negative and, thus, acts as a trigger for the

regeneration. The grid of the pentode is driven several volts below

ground by the regeneration. If the input terminal were held at a con-

stant potential after the start of regeneration, the grid of the pentode

would rise with a time constant determined by the charging rate of the

stray capacitances at the grid circuit. The pentode would again conduct

and be cut off by regeneration when the grid rise permitted the diode to

conduct. This relaxation oscillation or “ bouncing is accentuated by
any quasi differentiation in the transformer operating upon the overshoot

of the cathode wave. A short grid base for F2 is desirable to prevent

this effect. Proper transformer design also is helpful. If the input

waveform is a negative-goigg triangle, the triangle continues its fall after

the comparison thus tending to suppress bouncing, and finally maintains

the grid of the pentode beyond cutoff. It is clear that some other solu-

tion of this problem may be necessary when a positive-going or slowly

falling triangle is used.

Design .—The considerations that should be applied to the design of

a transformer for this circuit are like those for the pulse transformers that

are used in blocking-oscillator circuits (see Sec. 9-20). In addition some
attention must be paid to low-frequency response in order to prevent

bouncing, since the tube should be cut off after the input waveform has

passed the comparison point. The interwinding capacitance of the trans-

former shunts the waveform generator and must be minimized.

The tube is chosen to deliver sufficient power so that the output rise

may be of the size and speed desired. The pentode has several advan-

tages over the triode for this application including the low Miller effect,

the independence of plate potential of the cutoff voltage, and the short grid

base. The grid time constant and the resistance through which the refer-

ence voltage is applied are chosen so as to load the triangle generator as

little as possible. By making the loading sufficiently small, the triangle

may be applied to several comparison circuits with independent reference

voltages. The multiar is insensitive to repetition-rate changes except

for R\C\ averaging effects.

9*16. Other Forms of the Multiar,—The advantages of the multiar

are twofold: (1) the stable and sharp break of the diode is used to define

the equality of voltages by firing a regenerative circuit, and (2) the gain

of the circuit is obtained in a single regenerative loop.

Drift Compensation .—The largest source of error that remains for

most multiar circuits is the cathode drift of the diode. This may be

compensated by another diode according to the methods of Sec. 9*6.

The multiar-circuit modification is shown in Fig. 9-21.
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Sine-wave Comparator .—It is often desirable to produce a square wave
whose rise and fall instants are stably timed with respect to a sine wave.

This '‘squaring’^ is easily done with a circuit of the multiar type. Such
a circuit is shown in Fig. 9*22, and the relevant waveforms in Fig. 9-23.

Fig. 9-21.—Stabilization of diode in multiar.

The pulse spacing and the square wave are not symmetrical since the

turning on of the triode occurs when the sine wave reaches the cutoff

voltage instead of zero. The waveform may be made more nearly

symmetrical by increasing the sine-wave amplitude or by using a tube

with a shorter grid base. The accuracy of relating the positive-pulse

Fiq. 9*22.—Multiar for conversion of sinusoids to square waves.

output to a fixed phase of the sine wave depends, in the main, upon the
diode characteristic. The instant of the negative pulse is less accurately

determined.

Regenerative Azimuth-marker Generator .—A type of amplitude com-
parison that operates at a slower time scale than the preceding methods
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producing a pulse of a few milliseconds duration at a fixed phase of a low

frequency sinusoid is sometimes required (see Fig. 9*24). The 24 rpm
sinusoid appears as modulation upon a carrier of a higher frequency. The
steepest portion of the wave which is near the null is chosen as the

operating point for comparison, and a regenerative circuit is used for

amplification. The modulated carrier waveform shown in Fig. 9*24 is

derived from a synchro system connected to a radar scanner. The enve-

lope nulls do not go to zero amplitude, since an unmodulated com

Voltage at A

I I

^
* PID OUtDUt!

Fiq. 9*23.—Waveforms for Fig. 9-22.

ponent of carrier, phase-shifted 90°

from the modulated component, is

present.

A circuit for performing this

operation when a 400-cps carrier is

used is shown in Fig. 9*25. The
input waveform is amplified by a

factor of 100 or more in the input

transformer and push-pull ampli-

fier. The two outputs are applied

to the grids of a full-wave plate

detector. The connected plates of

‘these triode sections rise toward the

supply voltage at the null. The
output of the detector operates the

quasi-selector stages (a cathode-

follower cutoff by 50 volts bias).

During the selected portion of the

waveform, a regenerative loop is

connected through the center tap of

the input transformer. The marker
is formed by a multivibrator-like

circuit.

By adjusting the bias on the quasi-selector stage, the start of the

pulse may be adjusted relative to the null. The center of the pulse must

occur at the center of the null if a variation in marker time with polarity

of input signal previous to the null is to be avoided. Thus, for one bias

of the quasi selector, the circuit is a fairly accurate two-way comparator

(see next section). The duration of the pulse may be adjusted by the

time constant of the feedback network. The uncertainty of the 400-cps

phase at the null introduces some jitter (a time equal to i of a 400-cps

period, at the most). Any variation in amplifier gain or in the scan rate

will require a readjustment of the selection boundary and the duration

of the pulse. The waveforms at the input to the selector are shown in

Fig. 9-26.
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0^ Spinner position

(a)

Fig. 9*24.— Input waveform to azimuth-mark generator.
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The 90®-shifted unmodulated carrier component that prevents perfect

nulls may be discriminated against by a phase-detector action. The null

must be good even with such a circuit, in order to avoid overloading the

amplifier.

9*16. Two-way Comparators.—If a marker is desired whether a wave-

form approaches a reference voltage from larger or smaller values, a

two-way comparator must be used. A satisfactory solution is to provide

two circuits, each sensitive to one direction of approach. Or one seeks

a discontinuous characteristic as shown in Figs. 9*27 and 9*28. The
instability of the effective boundary is large for both circuits, and they

are designed for^igge with slow waveforms.

Figure 9-27a shows a circuit that is to operate as a two-way com-
parator. Its characteristic is simply adjusted for maximum slope without

Fig. 9-26.—Detector output in azimuth-mark generator.

hysteresis, as is illustrated in Fig. 9*276. Figure 9*28 exhibits the use

of a high variational resistance as a cathode resistor in a double-triode

comparator involving a conductive regeneration connection to produce

the desired characteristic.

9*17. Sine-wave Comparators.^—Comparators to produce a marker

when a sinusoid equals a fixed voltage are necessary to many high-pre-

cision timing circuits. This process is sometimes called ‘Speaking” or

‘‘squaring.’’ The methods are identical with those for any comparison,

selection, or quasi selection followed by amplification. A broken-line

characteristic is clearly required, because no operation on sine waves with

linear elements can produce any wave except another sinusoid.

The quality required of the marker, which is usually a pulse, is that

its time instant shall correspond to a fixed phase of the sinusoid. Except

for the zero-voltage points, the phase corresponding to a given voltage

depends upon the maximum amplitude. As a result, comparison with

*Sec. 9'17 to 9-20 by R. Kelner and E. F. MacNichol, Jr.



Sec. 9-171 SINE-WAVE COMPARATORS 349

zero voltage is capable of the greatest accuracy. Another advantage in

zero comparison is that the slope of the wave is greatest at this point and

small changes in the reference level from the nominal value of zero and

in the sine-wave amplitude have the least effect upon the phase of the

marker. Furthermore the least amplification is required to increase this

rate of rise to that of a suitable marker.

The waveforms resulting from peak selection and linear amplification

are shown in Figs. 9*295 and d. This wide pulse can be used with a

time-selector circuit to select a narrower and more accurate pulse which

Fio. 9-27.—Two-way comparator for oper- Fio. 9-28.—Another two-way com-
atiou at a fixed reference level. parator. The feedback adjustment permits

adjustment of the characteristic to maxi-
mum slope without hysteresis.

occurs near the peak of the sinusoid. The center of the selected pulse

is not affected by shifts in the sine-wave amplitude or the reference

level, and small symmetrical variations in its width are unimportant.^

The edges of the selected peak could be amplified to form markers,

but the amplification required is comparatively large, and the depend-

ence of marker phase upon amplitude relationships is excessive. Still

with complex circuits a marker can be derived from the peak of the

wave fairly accurately.

Zero comparison followed by double differentiation is shown in

Figs. 9*29c and e. A single-bound selector is biased to select the positive

» See Vol. 20, Chap. 6.
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half cycle. A sinusoid may be marked at four accurately determined

points by a combination of peak and zero selection as shown in Fig. 9*30.

By amplitude comparison at amplitudes intermediate to the peak and

zero, interpolation, or variable pulse spacing, and smaller fixed delays

are possible. The additional necessity of controlling the amplitude of

the sinusoid is troublesome.

9-18. Sine-wave Peak Comparison.—Peak selection is usually accom-
plished in Class C amplifiers or oscillators. The grid of the selector tube
is biased off so that conduction takes place only on the peak of the wave.
The output pulse appears across^ a small resistance or inductance in the
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plate circuit. Figure 9-31 shows two typical circuits for peaking the out-

put of crystal oscillators. In both circuits the oscillator operates with

Fig. 9*31.—Crystal-oscillator peakers. (a) TS-lOO lAP; (b) 256B oscilloscope.

••250 V

very large cathode bias so that plate current flows only on peaks. In a,

pulses are taken across 1-mh inductors in the plate and cathode circuits.

These coils have negligible imped-

ance at the 82-kc/sec fundamental

frequency, but they have a high

impedance for the pulses of plate

current so that pulses of approxi-

mately 25 volts of about l-zzsec

duration are developed across

them. The 5.1-k resistors over-

damp the oscillations that are

shock-excited in the coils. In b,

the plate-current pulses pass

through one winding of a pulse

transformer which has negligible

impedance for the fundamental

frequency. The heavy pulse cur-

rent synchronizes a blocking oscil-

lator which would free-run at a frequency slightly lower than 82 kc/sec.

Pulses of l-Msec duration are taken at very low impedance level from the

plate and cathode circuits.

Fig. 9*32.—Squaring amplifier

selection.

for peak
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A circuit for producing timing marks from a 1-Mc/sec sine wave is

shown in Fig. 9*32. The input sine wave has a peak amplitude of 150

volts. The tubes conduct over a 70° region near the peak, producing

nearly rectangular pulses of 30 volts amplitude and 0.02-Msec duration

which rise and fall in 0.003 /xsec. Two tubes are used in parallel to

provide the necessary g^, and dissipation. The output is taken through

a 95-ohm cable correctly terminated at the deflecting plates of the CRT.
9*19. Sine-wave Zero Comparison.—Since selection takes place at a

fixed level, triodes and pentodes are frequently used as selectors as shown

in Fig. 9*33. The amplitude of the input wave must be large compared

with the grid bile of the tube so that linear amplification takes place

over a very small portion of the waveform. In the circuits shown, a

large grid resistor is used so that grid limiting takes place. The average

current and the length of the grid base are adjusted by varying Epp or

Eg^. The pentode circuit will give the most nearly rectangular output

because it will bottom on positive half cycles of the input as well as cut off

on the negative half cycles. The d-c resistance in the grid-cathode

circuit should be kept as small as possible to prevent shifts in the selection

threshold with amplitude or frequency of the input signal. This is

particularly important if a pulsed oscillator is used as a source since the

duty ratio will be variable. In Fig. 9*33 inductances are used for this

purpose as they have a low d-c resistance but a high impedance for the

sinusoid.

If J?(7-coupling must be used, diodes should be inserted for d-c restora-

tion as shown in Fig. 9*34. In a, Rd and Ry are equal and large com-
pared to the tube resistances ra and Vg, which are also nearly equal. The
current drawn will therefore be the same on positive and negative halves

of the cycle, and the average level at point A will be zero. In 5, Ra is

very much smaller than Rg, The diode cuts off on positive halves of
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the cycle so that no grid current will flow. There will be a slight shift

in level since current is drawn through ft, on negative half cycles only.

(a) (b)

Fig. 9*34.^—Sine wave zero comparison circuit with diode d-c restorers.

It is sometimes advantageous to stabilize the level of the output
waveform in a manner that makes it independent of the tube character-

istics. This may be accomplished by inverse feedback as shown in

Fig. 9-35. Inverse feedback is

applied from the plate to the grid

through the diode F2 . The level

is adjusted so that the grid is

slightly negative when no input

signal is present. On negative

half cycles Fi conducts, breaking

the feedback loop and permitting

the tube to cut off rapidly.

An example of a regenerative

comparator is the cathode-coupled

bistable multivibrator (see Fig.

9*36a). It should be so designed

that the first control grid never

draws current and is biased in the

center of the unstable region.

An oscillator that produces 9.35—comparison circuit with in-

square waves that are accurately verse feedback to maintain the output level

phased with respect to the sine-

wave output is shown in Fig. 9*366. A large cathode resistor is used so

that the tubes draw equal currents during their conduction time and
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this current value is maintained by degeneration. The tuned circuit

receives a square wave of current of accurately determined amplitude

and duration so that high stability is achieved.

(6)

Fig. 9*37.—Accurate two-bound selectors.

None of the circuits shown above produces a waveform that has the

same spacing from negative edge to positive edge as from positive edge

to negative edge; also, the slope of one edge is greater than that of the

other. Hence upon differentiation the negative-going pulses will be of a
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different size and shape than the positive-going ones. This is brought
about by the fact that the gm of the tube is greater near zero bias than
near cutoff so that the negative-going edges are amplified more than the
positive-going ones. If identical pulses are wanted from both the posi-

tive- and the negative-going edges, accurate, symmetrical squaring must
be used. This can best be accomplished by diode-amplitude selection.

Figure 9.37a shows how symmetrical squaring can be accomplished by
two-contact rectifiers or diodes. A single, symmetrical, nonlinear ele-

ment, such as thyrite or a saturable transformer, might be used in place

of the rectifiers. In Fig. 9*376 the grid current of the pentode amplifier

is used as the upper bound and a diode is used to define the lower one.

Since grid current, starts at —0.5 volt and the diode conducts at —1.5
volts, the grid base has been effectively shortened to 1.0 volt. The
change in Qm between these limits is small so that both the rising and
falling edges are sharp. As the operation on the input wave is sym-
metrical, condenser coupling may be used in both circuits. If the wave
must be very greatly steepened, several stages may be used, each selector

being followed by a linear amplifier.

9*20. Sine-wave-comparator Amplifiers.—If pulses are to be pro-

duced from the steep-edged waveforms discussed above, some form of

Fig. 9' 38.—Pulsed-oscillator and peaker circuit.

pulse shortening must be used. If accurate rectangular pulses are

required, the steep edges may operate the switch tube in a delay-line

pulse generator or actuate a blocking oscillator or a multivibrator. For

many purposes a simple quasi differentiation will suffice. This may be

an RCf LRf or transformer differentiator. A complete pulsed sine-wave

oscillator-peaker circuit is shown in Fig. 9*38. The pulsed oscillator Vi

is actuated by a negative gate and produces a sinusoidal wave train. The

limiter Via selects only negative half cycles. The plate current in Via

is applied to the inductance L through the bypass condenser C. The

resonant frequency of the combination is too low to be shock-excited
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by the plate-current pulses. Pulses of appreciable amplitude appear at

the plate of F2a only when Via is cut off. The output pulse is applied

to the cathode follower Vibf which passes only the positive pulses. With

the oscillator tuned to 163 kc/sec and L = 2 mh, the output pulses

are 15 volts in amplitude, nearly triangular, and about 0.75 Msec in

duration at the base. A diode may be used in place of the damping

resistor so that nearly complete attenuation of the negative pulses will

occur.

Pulse transformers may be used as excellent quasi differentiators and

will produce outputs at any desired impedance or voltage level. Closed-

core transformenpwiich as are used in blocking oscillators are not satis-

factory. Very satisfactory transformers using straight cores are easily

constructed.^ Figure 9*39 shows how such a transformer is constructed

using pies from standard RF chokes and laminations cut from a type

Utah OA-15 pulse transformer. The core material is not critical, as

practically all the reluctance is in the air gap. The core increases the

inductance of the transformer by a factor of approximately 4 depending

upon the shape of the coils. The coils are cut from 4-pie 1-mh RF
chokes and, with the core in place, the inductance is approximately 7inh.

The primary and secondary coils are separated by copper-foil faraday

shields to minimize capacitance. With a 10-k load in the primary and a

2.7-k load in the secondary, which is stepped down 2 to 1, the effective

load is approximately 5.6 k, yielding a time constant of L/R = 1.2 Msec.

The waveforms in a two-stage squaring and differentiating amplifier

are shown in Fig. 9-40. The circuit is two stages resembling that of

Fig. 9*39 with a resistance or the above transformer in the plate circuit

of the second stage.

» F. N. Moody, I.E.E. Convention Lecture, March 1946.
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9*21. Amplitude Discrimination.—Indication of either the equality of

two voltages or of the sense and approximate magnitude of their inequal-

ity is termed amplitude discrimination (see Chap. 3). Subtraction of the

two voltages and amplification of their input difference is suitable for

(c)

Fig. 9*40.—Squaring or differentiating amplifier waveforms. Two stages were used,
identical with the one shown in Fig. 9-39, except that the first stage had a 22-K plate

resistor. The 6AG7 tube was used for the second stage in all cases, (o) 6AC7 first stage:

sinusoid input and plate voltage. (6) Outputs from second stage wdth a resistor load and
with a transformer load, (c) Input wave and first and second stage outputs with 6AG7
first stage and transformer load in second stage. The concave bottoms of the square
waveforms result from the positive-grid characteristics of the first tube.

this operation. The amplified signal must be in a form acceptable in

signal amplitude, d-c level, and wave shape to some recording, indicating,

or controlling device. In order to avoid common-mode interference (i.e.

variation of the d-c. level common to both the inputs) with stability, the

entire discriminator and indicator may be '‘floated’^ upon one of the
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input voltages. Extensive use of amplitude discrimination is made in

servo follow-ups.^

The slowly varying input voltages need not be d-c, but may be the

slowly varying amplitudes of a-c carriers. If the carriers are in phase,

subtraction and amplification suffice. The sign of the input difference

is indicated by an error signal in phase or out of phase with one of the

carrier waves. This type of discrimination may replace the discrimina-

tion of d-c voltages in servo follow-ups and has the advantage of per-

mitting the use of a-c amplifiers in the discriminator. The error signal

may be rectified or used as alternating current.

Even in cas» where the input signals are d-c, a-c amplification can

be used if the subtractor is replaced by a modulator that develops an

alternating current proportional to the difference voltage. The particu-

lar requirements for suqh modulators are described in Sec. 9*23. The
stability of the discriminator depends primarily upon the modulator

characteristics. For some mechanical-switch modulators, the character-

istics are such that the stability of discrimination may be increased

by a factor of 1000 over the stability of devices using only vacuum
tubes.

Subtraction in d-c discriminators may be by use of a passive ^ net-

work, but the common-mode component cannot be eliminated by a

passive network alone except in special cases. Certain so-called “differ-

ence amplifiers,^' however, can accept two d-c voltages at two grids,

amplify their difference, largely reject common-mode variation, and also

compensate for the effect of cathode drifts, thereby attaining fairly good

stability. This circuit and other d-c amplifier discriminators are dis-

cussed in the next section.

For all of these discriminators, the linearity and constancy of gain

may be increased by negative feedback. Local feedback in the amplifiers

or, with modulation-demodulation systems, feedback from the d-c out-

put back to the d-c input should be used.

9*22. Direct-coupled Discriminators.—These circuits are special d-c

amplifiers with the unusual property that they amplify the difference

between two d-c voltages but not the sum. Their outputs are single-

ended or push-pull voltages measured from a reference potential that is

fixed with respect to ground. Good rejection of the common mode, and

stable indication of zero input difference are usually the important

properties of a discriminator.

Some considerations that affect the design of direct-coupled dis-

criminators are given below:

1 See Vol. 21, Part II.

< See Vol. 18, Chap. 18. See also Chap. 18.
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1. Input common-mode variation—the degree to which the output

should be independent of the d-c level of the two inputs, and the

range through which this level will change.

2. Nature of output—whether the output voltage is single-ended or

push-pull, and, if it is the latter, whether its central value must be

independent of the input common mode.

3. Linearity—how nearly perfect a measure of

the input difference is desired.

4. Range—the extremes of the input difference

to which the output should respond.

5. Gain.

6. Stability—effect upon zero point and upon

gain of time, heater voltage, etc.

Difference Amplifier Stages .—The simplest dis-

criminating amplifier is a triode with inputs to both

grid and cathode, as in Fig, 9*41. A certain offset of

the inputs is required in practice, ei being some-

what below 62 for the central’^ value of output. Also, common-mode
input variation affects the output I/m times as much as does the difference

input. The input ez must be at a comparatively low impedance.

The latter two conditions are avoided in Fig. 9*42a, where 62 is

attenuated and shifted by the appropriate amounts. With proper

adjustment, the zero shift caused by common-mode variation is the

Fig. 9-41.—Single-tri-

ode discriminator.

+ 250V

61-62 in volts

Fig. 9*42.—Improved single-triode discriminator.

result only of the change of p with respect to plate-cathode potential,

which, at any one value of plate current, is usually small. The zero

shift caused by an input common-mode level change from zero to 160

volts was found to be not more than that due to 10 mv of 61 — 62 signal,

for the several 6SL7's tested (with proper adjustment of the potenti-

ometers for each tube). The gain and shape of the output curve are

somewhat dependent on input level, as shown by Fig. 9*426.
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The above circuit will suffer considerable zero shift if the cathode

temperature changes; a 10 per cent increase of heater voltage demands
about a 100-mv decrease of ei — €2 for a

^pp fixed output. In the differential arrange-

ment of Fig. 9*43, the effect of heater-volt-

age variation is canceled in so far as the

two cathodes are similar. For two triodes

in the same envelope this cancellation is

generally better than effective, or, in

other words, the zero shift at the inputs

will be less than 10 mv for a 10 per cent

change of heater voltage. Another ad-

vantage of the differential amplifier is

that both inputs are to high impedance

grids.

The output of the differential amplifier

is via two terminals, and is in terms of the
Fig. 9*43. DouWe-tnode discrimi- voltage between them. Assuming, for

the moment, exact similarity of the triodes,

the output difference will be zero when the input difference is zero regard-

less of input level. The output level, however, will be a function of

input level; it will, in fact, vary approxi-

mately -Rh/^Rk times the input-level

variation. This effect is reduced by in-

creasing Rk in comparison with Rl^

The resistor Rk may be made higher,

without reduction of current, by the sub-

stitution of a triode constant-current cir-

cuit as shown in Fig. 9*44. The output

level is approximately +200 volts, and

will change by only two volts as the level

of the inputs is changed from — 50 to + 150

volts, the change being caused by a 4 per

cent variation of the total current.

Where the plate currents are constant

at null output as in Fig. 9-44 the percent-

age difference zero shift resulting from the

commonmode signalisequaltol/(M + l) of Fio. 9‘44.—Double triode dis-

the percentage inequality of the two triode
cat^de^ioa?^^

^ constant-current

That is if the input level is changed

by e volts, the difference in input levels required to maintain the output

zero is given by:^

^ Vol. 18, Sec. 1210.
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A(€i — 62) ^ 1 M2 ~ M l

e M + i M
'

where mi? M2 are the m^s of two triodes and m = — »

A

Thus, for example, if the m’s of the two triodes in a certain 6SL7 differ

by 3.6 per cent, the above expression will be 0.5 per cent (m is about 70)

and the zero shift in Fig. 9*44 will be 0.1 volt if the input level changes

by 200 volts. Nearly all 6SL7^s are even more closely matched than this,

as has been shown by actual tests. A potentiometer between the cathodes

for the purpose of a zero adjustment does not affect the above equation.

If plate current is permitted to vary appreciably, as it will in Fig. 9*43

due to common-mode variation, plate resistance differences affect the

above expression as well as m differences. Another restriction upon the

utility of this formula is that the analysis does not apply to pentodes since

the assumption is made that the variational resistance of the cathode

element is very much larger than the plate resistance of the tubes. The

increased m of a pentode does not increase the insensitivity to common-

mode signals. A pair of 6SJ7 pentodes (m > 1000) has been found to

give no better rejection than two triodes (6SL7).

A fundamentally different type of discriminator circuit is shown in

Fig. 9*45. One input is applied to an amplifier which inverts it about

ground. This result is added to the second input in a resistor adding

network. The output of this stage is the difference of the two signals,

and the output level (ground) is independent of input level. The

balanced circuit tends to cancel out filament variations and other tube
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drifts. This circuit also utilizes negative feedback for linearization

and gain stabilization. The output signal is independent of supply-

voltage changes^ which was not true of the previous discriminators. ^

9*23. Modulated-carrier-amplitude Discriminators.—The advan-

tages of a-c amplification may be employed by impressing the magnitude

of the difference of the input signals upon a carrier and the sense of the

difference upon the phase of the carrier. ^ Zero carrier amplitude is a

useful indication of equal inputs for many purposes. If the output of the

discriminator is required to be a slowly varying voltage rather than the

amplitude of a carrier, a subsequent demodulation stage may be used.

Mechanical^gwitch Modulator Circuits ,—The stability of output cor-

responding to zero input difference is determined largely by the modulat-

ing circuit. Vacuum-tube and contact-rectifier modulating circuits

introduce errors of zero drift only slightly smaller than the similar errors

for a d-c discriminator. If a mechanical-switch modulator is used, how-

ever, the zero stability is increased by a large factor. This device

provides the most accurate discrimination that is available at present.

It is often convenient to use a mechanical-switch demodulator after

sufficient a-c amplification. This combination is suitable for very high

accuracy discrimination with feedback and for discrimination at very

low values of input difference.

Other combinations of mechanical-switch modulators and vacuum-
tube circuits may be convenient. The design of such modulators and

the characteristics of some switches are given in Chap. 11. The main
restrictions on the applicability of the device are : introduction of spurious

signals into high-impedance circuits, < 0.01 of a microvolt of uncertainty

in the voltage between switch contacts, the restriction of input differences

to less than a few volts in order to avoid injury to the contacts, and the

limited upper frequency at which mechanical switches can be vibrated.

Where these restrictions are not binding and the requirement for small

weight and size is not paramount, this discriminator far surpasses all

others.

ElectricaUmodulator Circuits ,—An important feature of electrical

modulators is that they can be used at frequencies above those for which

the mechanical-switch modulator will operate. The stability of zero indi-

cation of electrical discriminators is such that drift rates of less than 3

fiv/min, shifts from tube change of less than 60 mv, and sensitivity to

heater-voltage change (5 to 7 volts) of less than 25 mv have been observed.

‘ For the design of the stages of a d-c discriminator following the difference

amplifier see Chap. 12, Vol. 18.

*See Chap. 11 for modulation circuits and Vol. 21, Part II for phase-sensitive

modulators used in servos.
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The linearity and constancy of gain may be made as good as for the

mechanical-switch discriminator by the use of negative feedback.

Only bidirectional electrical modulators are suitable; bidirectional dis-

crimination is necessary for a modulated, carrier-amplitude discriminator.

Amplifiers and Detectors .—The amplifiers used with these modulators

need satisfy no difficult requirements. The bandwidth and gain stability

desirable in the amplifier vary according to whether or not negative

feedback is provided around the complete modulator-demodulator loop.

The demodulator operates at a comparatively high signal level so that

its d-c drifts are not effective as sources of error in the output sigual.

Phase-sensitive demodulation is necessary in most cases.



CHAPTER 10

TIME SELECTION

By Britton Chance

10*1. Introduction.—There are three important analytical processes,

time selection, 4iine discrimination, and time comparison, that may be

applied to the time axis (abscissa) of a waveform;^ they are analogous

to the processes of amplitude analysis described in Chap. 9. The first

function is analogous to amplitude selection and may be defined similarly

as the process of selecting a portion of a waveform that occurs within a

given interval or before or after a given time relative to a repeated time

reference. Time selectors have been called ‘‘coincidence,’' “separator,”

“strobe,” “gating,” and “interval-selector” circuits. These time selec-

tors have three important uses: (1) the selection of a desired waveform

to the exclusion of other nonsimultaneous waveforms which may inter-

fere, as, for example, in radar systems; (2) the selection of a member of a

train of timing pulses for the precise initiation of a lower-frequency wave-

form, as, for example, in frequency division or multiple-scale range

circuits (see Chap. 16), and (3) the selection of a portion of a waveform
for the purposes of phase discrimination (phase-sensitive detection), time

discrimination, or time comparison (see Chap. 14).

Time discrimination is defined as the process of indicating the relative

time of occurrence of two electrical events by zero output if they are

simultaneous or, if nonsimultaneous, by an output that indicates the

sense and approximate magnitude of the time difference. This process

depends upon both time selection and detection and is therefore the

subject of a separate chapter (Chap. 14). Time comparison, analogous

to amplitude comparison but operating on the time axis instead of the

amplitude axis, gives in the output the amplitude corresponding to a

given value of the abscissa of the waveform. It too requires detection

since a constant output is desired, and is also discussed in Chap. 14.

The discussion of the various time-selector circuits follows a pattern

^The abscissa of the waveform need not always represent time; for example, it

may represent quantities such as mechanical position, temperature, pressure, etc.

The general principles of the three processes here designated as “time operations’^ are

equally applicable to waveforms whose abscissa has the other representations. The
selector waveform must, however, be controlled in accordance with these other

quantities.

- 364
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dictated not only by the type of circuit element employed but also by its

effectiveness. The circuit elements are, of course, those described in

Chap. 3 and may be two-variable, three-variable, or multivariable. A
time selector should fulfill the following conditions. First, an undesired

signal in excess of the amplitude of the selector pulse should not be passed

through the time selector. Second, the amplitude of the output pulse

should not be dependent upon the amplitude of the selector pulse applied

to the time selector. Time selectors employing addition of signal and
selector pulse and followed by amplitude selection violate the first

proviso, and the conditions of the second are fulfilled only by three-

variable elements such as multigrid tubes. A large number of cir-

cuits, including multidiode switches, satisfy the first and the second

requirements unless the signal exceeds the selector pulse amplitude.

This chapter also includes a somewhat different category of time

selectors. These devices are definitely time-sensitive in that a pulse

response is produced which is dependent upon the duration or time of

occurrence of the input wave. These devices do not, however, reproduce

the input wave and are therefore called quasi time selectors.^^

Another type of time selector is useful in time discrimination and
may consist of a pair of time selectors giving a two-terminal output or a

pair of phase-reversing time selectors giving a single-ended output.

Their use in time demodulation is presented in Chap. 14.

10 *2 . Amplitude Selectors. Diodes .—The characteristics of nonlinear

circuit elements and the basic principles of amplitude selection have

been given in Chaps. 3 and 9. The use of nonlinear circuit elements in

time selection stresses wideband circuits and requires that the sig-

nals, selector pulses, and nonlinear circuit elements shall all have a low

impedance.

Figure 10*1 indicates the addition and amplitude selection of positive

pulses. The first line of the figure shows the train of input pulses, the

second line the selector pulse, and the third the output of the amplitude

selector. The time selection of the second pulse of the top line is indi-

cated in the third line. Since the selector pulse is slightly larger than

the input signals, only the coincident pulse appears in the output. Satis-

factory time selection requires that the selector pulse be precisely equal

to the bias iEkk)j which in turn must equal the amplitude of the largest

interfering signal to be rejected. A slight decrease of the bias (Ekk)

would cause not only the unwanted signal but also a portion of the selector

pulse (a pedestal) to appear in the output. Pedestal would also be

caused by a slight increase in the amplitude of the selector pulse. In

order to avoid excessive sensitivity to variations in signal, selector pulse,

and bias, the voltage scale of the whole operation must be large compared

with the voltage scale of the nonlinearity. Operation under these
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conditions minimizes the effects of variation of contact potential of the

nonlinear element with heater voltage and time. Since low-impedance

wideband circuits are desirable for time selection, the germanium crystal

in its present form appears desirable for time selection because of its

excellent stability, the sharp break in its characteristic, and its low shunt

capacitance. These factors also permit operations at somewhat lower

levels than with thermionic-diode amplitude selectors.

Triodes and Pentodes ,—Time se-

lection depending upon grid-cathode

addition and amplitude selection in

triodes and pentodes has been em-
ployed in a number of^ circuits in

the interests of expediency. Not
only is the characteristic more curved

than in the diode, but the maximum
signal voltage cannot exceed the grid

base of the tube. Also drift is some-

what greater than in the diode. This

method is, however, employed in a

number of decoders described in

the next paragraph. In this case

fidelity is not required; the circuits

are quasi time selectors.

Quom Selectors Employing Delay

Lines .—An electric, supersonic, or

cathode-ray-tube delay device (see

Chaps. 21, 22, and 23) may be used

to delay an early member of a train

of pulses and thereby permit the time

selection of a late member by the

delayed early member. This process

is called “decoding.^’ Reasonably
secure identification of a particular

pulse train may be obtained if it con-

tains three or more pulses, and delay

devices are cascaded to make the

early pulses coincide with the last one. Time selection gives a single

pulse free from interference.

The various circuit connections for electric delay lines have already
been discussed (see Sec. 6* 15), and some practical applications of these

‘‘decoders^’ are given in Vol. 20, Secs. 10*6 and 11-4, and in Vol. 3.

An example of a double-pulse selector employing a delay line and
grid-cathode addition in a triode is indicated in Fig. 10*2. A pair of

Signal Selector
input pulse

(a)

Fig. 10-1.—Addition and amplitude
selection of positive pulses. The first

line shows the signal input, the second
the selector pulse, and the third the

selected output. The waveforms of

Fig. 10- la were obtained with Ri = R 2 =
27k, Rz - 220k, Ra = 43k, Vi = type
6SN7. Ekk is obtained from a low-

impedance source. The sweep duration

is i20 /usee.
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low-impedance negative pulses of duration D microseconds is connected

to the input terminal. The bias of gi prevents conduction of Vi pro-

vided the initial pulse is not too large. The delay line Li is matched by a

resistor R 2 at its input end, is short-circuited at the other end, and has a

tap at D microseconds from the input end. The tap may not be closer

to the input than the width of the input pulse. The first pulse travels

through the line, is reflected as a positive pulse, and 2L — D microseconds

later arrives at point D, where L represents the total delay of the line

and D represents the displacement of tap D from the input end. If the

spacing between the two pulses has this value (2L — D), conduction

of Vi will occur since a positive pulse is applied to the grid coincident

with the negative second pulse on

the cathode. This process may be

repeated in a number of stages in

series to give selection of any reason-

able number of pulses.

The second member of the coded

pulse train may be time-modulated.

The duration of the output pulse

then varies in response to this time

modulation and may be demodulated

by the methods of Sec. 14-5.

Sometimes selectors are designed

to give a pulse output when the dura-

tion of a rectangular input pulse lies

Avithin certain values or is less or

greater than a certain value. These

decoding circuits are widely used in

radar beacons (see Vol. 3). The
beacon receives a pulse of a pre-

scribed waveform, and the time selec-

tor gives a pulse output if the input lies within required time limits.

Figure 10*3 shows a typical circuit for selecting pulses of duration in

excess of 1.6 nsec. The negative input signal is connected to the grid of

F2 by means of diode Fi, which removes the positive overshoot from the

input signal. The positive output from the plate of F2 is connected to

open-circuited delay line, Li. This positive pulse is reflected with the

same polarity and, 1.6 jusec later, adds to the input wave. If the duration

of the positive pulse exceeds 1.6 ^isec, the input and the reflected pulse will

overlap and give at the grid of Fs a positive pulse which is twice the

amplitude of the input.

Time selection occurs in Fj by addition and amplitude selection, and

the bias of Fs is adjusted so that no conduction occurs for either one of the

The first member of a pair of negative
pulses is reflected as a positive pulse with a
delay = 2L — D and acts as selector

pulse for the second member of the pair.

Rt is adjusted to match the characteristic

impedance of the delay line Li. Vi may
be type 6SN7.
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positive pulses connected to its grid. The sum of the pulses will exceed

the bias of the amplitude selector and cause triggering of blocking

oscillator Va. Therefore, a negative output is obtained for pulses which

exceed 1.6 /isec in duration.

4250 V

Fia. 10*3.—Pulse-width selector using a delay lino and an amplitude comparator. The
circuit selects pulses in excess of l.6-/Ltsoc duration. The overlap of the trailing edge of a
pulse in excess of l.C-^isec duration is added to the leading edge of this pulse delayed 1.6

/bisec by Li. The output triggers blocking oscillator Vi through Vz,

+250V

between these limits give sufficient overlap at the grid of Vs to cause triggering of Vi.

A time selector responsive to signals having a duration of 1.9 to

3.3 Msec are shown in Fig. 10*4, in which short-circuited delay lines are

employed. A negative input pulse applied to the grid of Vi causes a

positive pulse to travel down Li. The pulse is then reflected and returned

to the input with the opposite polarity with the result that pulses in
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excess of 1 /xsec give two pulses of opposite polarity, each 0.9 ^sec long.

These pulses, amplified by F2 and connected to the second short-circuited

delay line L2,
give for each of the input pulses another pair of positive

and negative pulses spaced by 2.6 Msec. At the grid of the time selector,

Vz there are, therefore, four 0.9-Msec rectangular pulses; the first and
fourth are negative, the second and third are positive. No single pulse

will exceed the bias of amplitude selector Fa. Input pulses to Fi of

durations between 1.9 and 3-3 /xsec give sufficient overlap of the second

and third pulses at the grid of Fa to cause triggering of F4.

4 250 V

Fia. 10-6.—Pulse-width selector using a sawtooth generator and an amplitude com-
parator. The circuit responds to pulses in excess of 1.5 /xsec. The duration of the input
pulse determines the amplitude of an exponential wave at the plate of Vt. Adjustment
of Ri causes triggering of Vj and Vi in response to pulses in excess of 1.5 /iisec.

Quasi Selectors Employing a Timing Waveform,—Pulse-width selection

may be accomplished by converting the input pulse to a triangular wave-
form of constant slope but of a duration depending upon that of the input

signal. An amplitude comparator set to operate when the triangular

waveform reaches a given amplitude indicates the reception of a pulse in

excess of a predetermined width. An example of this circuit is shown in

Fig. 10*5, where a negative input pulse is applied to the grid of F2 through
diode Fi. This diode, Fi, eliminates positive overshoots of the input

signal and also prevents any positive bias from accumulating upon Ci, a

process which would displace the potential of the plate of F2 at the

moment of reception of the input pulse. The negative signal then
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generates at the plate of Fa a positive exponential waveform whose slope

is determined by iBsCa, a time constant of 2.6 /xsec. Since the grid of

Fa is biased negatively by roughly 100 volts, amplitude selection of a
portion of the triangular wave rising above this potential causes triggering

Signal input
of the blocking oscillator F4. Ad-
justment of the grid bias of Fa will

cause triggering earlier or later, as

may be desired. Termination of

the input pulse discharges 0% to a

value of several volts because of the

^'bottoming^^ of pentode F2. The
circuit is then ready to operate

again.

10*3. Switch Circuits.—Switch

circuits are much more useful for

time selection than the circuits de-

scribed in Sec. 10*2 since one may
employ a three-variable character-

(a)

Fig. 10-6.—Series diode switch for

positive pulses. The waveform diagrams
of Fig. 10*6a were obtained with the follow-

ing component values : Fi = F 2 = Western
Electric germanium crystal type D 171612,

Ri « 240, R% = 550, Rz = Ik, Ra * Ik,

Ekk — —Ov. The signal input is shown
on the top line of the waveform diagram
and the selector pulse on the second and
fourth lines. The outputs corresponding

to these two selector pulses are shown on
the third and fifth lines respectively. The
sweep duration is 12 /lisec.

istic such as that of multidiode and
multigrid switches (see Chap. 3),

and hence there is no critical de-

pendence upon the amplitude or

shape of the selector pulse. There

are, however, two other less strin-

gent requirements for the selector

pulse: it must exceed the value of

the signal voltage in multidiode

switches, or it must exceed the grid

base of a multigrid switch.

Diode-switch Circuits for Uni-
polar Signals .—The circuit of Fig.

10*6 indicates a diode-switch circuit

suitable for positive pulses.

The signal amplitudes, the cir-

cuit impedances, and the bias Ekk
are chosen so that the potential of

point a does not exceed ground in

the absence of a selector pulse.

A positive selector pulse applied to

the cathode of F i allows the positive input signal to flow through F2 which
then gives outputs as indicated in Fig. 10*6a. The only requirement for

the selector pulse is that it exceed the sum of the bias Ekk and the poten-

tial of the point a in the presence of the desired signal.
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With a switching waveform of a low impedance—^for example, 500

ohms—and a type 6AL5 diode or germanium crystal giving a value of Rd

equal to a few hundred ohms, may be as low as a few thousand ohms.

The cathode resistor of Fc should be somewhat greater than Rt to prevent

undue attenuation of the signal during the selection interval.

The diagrams of Fig. 10*6a

were obtained by using germanium

crystals and indicate on the top line

the positive signals applied to the

plates of Fi and F2 through R^.

The first three lines indicate the

time selection of the second input

signal by the selector pulse shown

on the second line. The last two

lines indicate the time selection of

the first input signal. The wave-

form diagrams indicate several

characteristics of this type of cir-

cuit: (1) the linearity is reasonably

good since the abruptly broken-line

characteristics of the germanium
crystal is used; (2) there is no

noticeable pedestal associated with

the selector signal; (3) there is very

little leakage of the anticoincident

signals caused by capacitance cou-

pling; (4) there is some reaction of

the selector pulse upon the input

signal (see the first line of Fig.

10*6a).

An example of the practical use

of this diode switch in a multiple-

coincidence circuit is given in Fig.

10-19.

A limitation of these circuits is,

of course, that they respond to uni-

polar signals only. Another diflS-

culty is the fact that the capacitance

Fig. 10-7.—Bidirectional switch. The
waveforms of Fig. lO-To wore obtained
with the following component values:

T\ «= OA18, Rt « 250 ohms, Ci * Ct «
0.1, Ri ^ Rk = 610k, Ri — 650 ohms.
The input signals are displayed on the top
line and the selector pulse on the second
and fourth lines. The outputs correspond-
ing to these two selector pulses are shown
on the third and fifth lines respectively.

The sweep duration is 12 /usee.

coupling between the input and out-

put is not balanced as it is in the four-diode-switch circuits discussed in the

next paragraph.

Diode-switch Circuits for Bipolar Signals ,—Figure 10-7 shows a series

diode switch that will accept either positive or negative input signals.

A bias developed across RiCi and RiCt from the previous selector pulses
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IS of sufficient magnitude to maintain V\ and nonconducting over the

desired excursions of the signal input voltage. Therefore, no output except
that due to stray capacitance coupling will appear at d. A selector pulse

applied by transformer Ti gives a positive and a negative voltage on the
plate of Fi and on the cathode of F2 respectively. The signal will then
be conducted through the leakage inductance of the secondary windings
of the transformer and through Fi for positive signals and F2 for negative

Q>) Selector pulse

(a)

Fig. 10-8.—Shunt diode switch—bi-
directional operation. The waveforms of
Fig. 10-8o were obtained with the following
component values: R 2 = 240 ohms, R\ =
Ik, Ti = OA18, Fi = 1^2 = Western Elec-
tric germanium crystal type D 171612.
The first and second lines represent the
signal and selector pulses. The coincident
signal and the leakage of the anticoinci-
dent signal are indicated on the third line.

The sweep duration is 12 ^isec.

tive signals is similar to that shown

signals. At the same time the ca-

pacitances Cl and C2 are recharged

to the peak value of the selector

pulse and thereby maintain discon-

nection of Fi and F2 in the absence

of the selector pulse. Thus, there

are two requirements for the selec-

tor pulse: (1) sufficient charge must
be accumulated in capacitances Ci
and C2 ,

and (2) the current through

the diodes Fi and Fe must be in

excess of the signal current through

Rz.

The waveform diagrams of Fig.

10*7a indicate on the first line the

input signals and the selector pulse

on lines 2 and 4. Outputs obtained

on coincidence of the selector pulse

with either one of the input pulses

are shown on the third and fifth

lines. Considerable distortion of

the input signal results from the

ringing of the transformer which is

excited by the selector pulse in the

position indicated by the second

line. The linearity of the circuit

is good, and the response to nega-

for positive ones.

A similar connection of this circuit for shunt or normally conducting
operation is indicated in Fig. 10-8 where, in the absence of a selector

pulse, the signal output is effectively short-circuited through Fi and F2 .

The selector waveform appears negatively at 6 and positively at c, and
hence disconnects the short circuit. The response of the circuit of

Fig. 10*8 to coincident and anticoincident pulses is shown in Fig. 10*8a.

Since the diode short circuit is not completely effective {Rd « 22i), a
portion of the anticoincident pulse appears in the output. With a
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larger value of Ri the anticoincident output would be nearly completely

attenuated.

The transformer coupling of the selector pulses is not always neces-

sary, as is indicated in Fig. 10-9, where the output signal is short-cir-

cuited to the positive and negative power supplies by the diodes V i and

72. The impedance of the diodes in the region where the signal current

does not exceed the current through either tube is approximately 500

(see Sec. 3*14). Negative selector pulse h and positive selector pulse

c disconnect the short circuit and give selected output at d.

The circuit of Fig. 10-9 has the severe limitation that the output

potential in the absence of selector

pulse is dependent upon the equality

of the positive and negative voltage

supply, the resistors Ri and and

the diodes 7i and 72. A consider-

able improvement in this respect is

obtained by the configuration of the

circuit of Fig. 10*11. In addition, a

lower resistance is obtained.

The waveforms of Figs. 10*10a

and 10*106 show the response of the

four-diode-switch circuit to positive

and negative coincident and anti-

coincident pulses. In the first line

is shown the selector pulse, in the

second and fourth lines the input

signal, and in the third and fifth lines

the coincident and anticoincident

outputs. The diagrams indicate

that pedestal is completely elimi-

nated and all that remains is ca-

pacitance coupling of the switching waveform. A more accurate balanc-

ing of the stray capacitance of the diode bridge would equalize any

residual effect. The anticoincident signals give no output except for a

small capacitance coupling.

The impedance of 200 ohms obtainable with type 6AL5 may be

reduced to approximately 100 ohms with germanium crystals. Figures

10* 10c, 10*10d, and 10*10e represent operation with selected samples of

Western Electric crystals. Figures 10*10c and lO-lOd respectively repre-

sent response to coincident and anticoincident negative signals. The

linearity of response of the switch to a triangular signal shown in the

second line of Fig. 10* 10c is indicated in the third line. Equal fidelity is

obtained for negative signals.

4l50v

Fio. 10-9.—Shunt diode switch for bi-

directional operation. Negative and posi-

tive selector pulses applied to the plate

and cathode of Vi and Vz respectively

release the short circuit at point d and give

a selected pulse in the output. Currents

of 5 to 10 ma through Vi and Vz are usually

employed. The resistor Ra includes the

source resistance of the signal. Also

Ri = Rz.
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Figure 10-11 indicates a shunt-diode switch that employs resistance-

capacitance coupling of the selector pulses. The normally conducting

diode bridge carries roughly 10 ma, and selector pulses of the appropriate

(c)

Fig. 10-10.—Four-diode switch. The waveform diagrams indicate operation with
thermionic diodes, lO-lOa and 10-106, and with germanium crystals, lO-lOc, lOd, and ICV.
The circuit values are, « 600k, Rt = 200 ohms, « Ik (for germanium crystals!
Hi = 300 ohms), T\ = 0A18, Ci ~ 0.01. In lO-lOa and 106, the top waveform represents
the selector pulse, the second and fourth the input signal, and the third and fifth the
coincident and anticoincident outputs. In waveforms 10- 10c, lOd, and 10c the top line
represents the selector pulse, the second line the signal, and the third line the output.
The waveforms are displayed on a sweep of 12-A»sec duration except for the waveform of
Fig. 10- 10c that is displayed upon a 120-/L(sec sweep.

polarity release the short circuit from i?, and permit the selected pulse
to appear in the output. As the waveform diagram of Fig. 10-1 la indi-

cates, the linearity and absence of pedestal are excellent. Similar results

are obtained from negative signals.
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The circuit of Fig. 10*11 has an advantage over that of Fig. 10*9 in

that the output potential in the absence of selector pulse is set at ground
by the diodes V2 and F4. The configuration of Fig. 10*11 is useful since

a high-impedance selector pulse may be conveniently used. The advan-
tage of a high-resistance input for

the selector pulse is not great in

wideband circuits, although it is

useful in case the amplitude of the

input wave is large. A more signi-

ficant advantage is that additional

signals occurring at the same time

may be selected by the addition of

only two diodes (duplicating Vi and

Fs) to the circuit of Fig. 10*11. If

this is attempted with the circuit of

Fig. 10*10, addition of the signals

occurs in the output.

Double-triode Switches Giving

Bidirectional Operation ,—Figures
10*12 and 10*13 give series- and

shunt-connected double-triode

switches which provide two-way

operation. These circuits resemble

those of Figs. 10*7 and 10*9, respec-

tively, except that^ advantage is

taken of the three-variable property

of the grid of the triode. In Fig.

10*12 the input waveform is nor-

mally disconnected from the output

because of the bias developed across

networks R\Ci and R2C2 by the

previous selector pulse. A positive

selector pulse h applied to the grids

of Fi and F2 causes conduction for

positive and negative signal inputs.

In this case the necessary amplitude

of the selector pulse is determined

by the grid base of Fi and F2 and

•1-150 V

(a)

Fig. 10-11.—Four-diode bidirectional
switch-shunt operation. The waveforms
were obtained using germanium crystals
with 10-ma quiescent current. For the
particular conditions of Fig. 10-1 lo, Rk «
200 ohms, Ri = Ik, Ri Ri = 16k, Ci =
C2 = 0.01. The selector pulses were gen-
erated at an impedance of roughly 200
ohms. The top line indicates the selector
pulse, the second and fourth lines signal
inputs, and the third and fifth lines coinci-
dent and anticoincident outputs. The
waveforms are displayed on a sweep of
120-/isec duration.

not, to a first approximation, by excursions of the signal input.

In order to avoid capacitance coupling between transformers Ti and
Tt, it is desirable that separate transformers be used. If, however, the
same transformer is used, the winding should be on different legs of the
common core.
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The response of the circuit of Fig. 10*12 is shown in the waveform
diagrams of Figs. 10* 12a and 10*126. The response to positive and
negative coincident and anticoincident signals is shown in the third and
fifth lines respectively. The capacitance coupling of the anticoincident
signal to the output through the pulse transformer and stray inter-

clectrode capacitances is evident in the bottom line of these two figures.

Selector

pulse

(«) (6)

Fig. 10- 12.—Double-triode bidirectional switch. The circuit values for the particular
waveforms shown are Fi = F2 = type 6SN7; Ti and T2 represent separate legs of the
same transformer, type 0A18. Rz = 200 ohms, «i = = 620k, C\ = C2 = 0 01R 4, = 5.1k. The waveform diagrams of Figs. 1012o and h show the selector pulse on the
top line, coincident and anticoincident signals on the second and fourth lines, and the out-
put on the third and fifth lines. The sweep duration is approximately 12 ^sec.

The cancellation of the switching pulse and the linearity are, however,
excellent.

A normally conducting circuit is showm in Fig. 10-13; a negative
selector pulse in excess of the excursions of the input signal is applied to
the grids of V i and V« and permits disconnection of the short-circuiting
action of these tubes and conduction of the desired signals into the output
circuit.

This circuit has a severe disadvantage compared with the transformer-
coupled circuit of Fig. 10-12. The output resistance is unequal for
positive and negative signals. With positive signals the plate resistance
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of a triode Vais obtained, and with negative signals the cathode-follower

resistance of Fi is obtained.

Although these circuits permit a high-impedance selector pulse, some
grid current (5 to 10 ma) must flow to obtain a reasonably low-impedance

switch circuit. In most cases the desired selector pulses are generated

from blocking oscillators at impedances of 100 or 200 ohms, and the

possibility of employing a high-impedance selector pulse is of little

practical advantage except, of course, for the time selection of slowly

varying waveforms.

Parallel Cathode Followers or Pentodes .—A well-known switch circuit

for time selection is indicated in Fig. 10*14. This circuit is, however,

suitable only for negative pulses which have no positive parts since the

circuit shows no time selectivity

whatsoever for positive signals.

It consists of a pair of normally

conducting cathode followers ar-

ranged in such a way that dis-

connection of one permits the

conduction of the input waveform

through to the output terminals.

Since the tubes Vi and F2 are

normally conducting, their dis-

sipation may be exceeded if 72 3

is reduced to give good response

for short pulses.

The waveform diagram of Fig.

10T4a indicates on the top line a

negative selector pulse applied to

the control grid of V2 - Two nega-

tive signals are applied to the con-

trol grid of 7i, the first anticoincident and the other coincident, and the

output is indicated on the third line. The low impedance of cathode
follower V2 maintains the output potential relatively constant in spite

of the cutoff of V

I

due to the anticoincident signals. The very small back
swing of this signal, however, does appear in the output. The slight

pedestal due to the selector pulse is also indicated. The linearity of this

circuit is excellent as the third line of the diagram indicates.

A similar connection using parallel pentodes is indicated in Fig. 10T8.
Here both pentodes are conducting with the result that a negative

selector pulse applied to the grid of 72 will not cause a change of the

output potential, unless a negative signal is simultaneously applied to

the grid of V\.

The operation of this circuit is indicated by the waveform diagram,

+150

Fig. 10-13.—Double-triode bidirectional
switch. The grids of Fi and F2 are biased
positively and draw several inilliainpcres in
the absence of a selector pulse. A negative
selector pulse applied at (6) will release the
short circuit at the point c giving a selected
pulse in the output.
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Fig. 10* 16a, the first line representing the negative selector pulse applied

to the control grid of Fa, and the second line representing coincident

and anticoincident negative pulses applied to the control grid of Fi.

The output is represented in the third line, and for the particular value

of used, appreciable selector pulse and anticoincident signal appear

(a)

Fig. 10*14.—Time-selector circuit using

parallel cathode followers. The wave-
form diagrams of Fig. 10*14o were taken
with Vi « Fa = type 6SN7, Rz =* lOk,

Cl - Cs = 0.1, Ri => R2 IM, Eg^ «
-hOO, Epp * +300. The first and second

lines indicate the inputs to the control

grids, and the third line indicates the out-

put at the cathode. The sweep duration is

approximately 1200 ^isec.

Fig. 10*15.—Time selector using parallel

pentodes. The waveforms were obtained
with Vi « Vz = 6AK5, Rz = 18k. Ci =
Cz = 0.1, i2i « = 1.6M, Eg^ « +40.

Epp s= +120. The first and second lines

represent the signals applied to the control
grids, and the third line represents the
selected output. The sweep duration is

approximately 1200 /xsec.

in the output. The rejection of pedestal and antic^cident signals can

be increased by increasing but at the expense ’bfefp^ed of response.

The tubes in Fig. 10*15 are not '^bottomed/' since this condition would

lead to nonlinear operation.

One advantage of these circuits is that high-impedance input signals

may be employed and that a number of units may be connected in parallel

for multiple-coincidence operation (see Sec. 10*4).
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Pentodes and Mulligrid Switches .—The most useful time selectors

for high-impedance signal and selector pulse employ the pentode or

multigrid switch, and the selector

pulse is applied to the suppressor

grid of a pentode or control grid,

g^y of the multigrid tube. The use

of type 6AS6, developed specifically

for this purpose, is indicated in Fig.

10*16, where a positive selector

pulse is applied to the suppressor

grid and the signals are connected

to the control grid. Because of the

characteristic of the suppressor grid

of this tube, the amplitude of the

selector pulse is not critical provid-

ing it carries the grid positive with

respect to the cathode; and under

normal operating conditions, a se-

lector pulse of 5 or 10 volts is

adequate. Some tubes require a

resistance in series with to avoid

a decrease of plate current at posi-

tive suppressor voltages. The short

grid base of this tube permits the

use of a small signal. The screen

grid is, however, conducting in the

absence of a selector pulse, and a

sizable current must be maintained

in order to have an adequate plate

current at the time of the selector

pulse. Type 6AS6 has an espe-

cially high screen-current rating^

for this purpose.

The operation of this circuit is

indicated in the waveform diagram

of Fig. 10* 16a where the top line

indicates a scaled-»tip version of the

signals applied grid of

the multigrid selector. The actual

(a)

Fig. 10’ 16.—Pentode time selector.

Signals applied to the control grid coinci>

dent with the selector waveform applied
to the suppressor grid are selected. The
waveforms of Fig. 1 0*16a were obtained
with Vi = 6AS6, Ci = Ca = 0.1, Ri ^
Ri = 47k, Ri » 16k, Epp = +120, Eg^ «
—Ov, Bg^ « —42v. The signal applied to

the control grid is shown on the second
line and that applied to the suppressor grid
is shown on the third line. The first line

indicates the signal input at a higher scale

factor. The last line represents the
selected output. The sweep duration is

approximately 1200 ftsec.

amplitudes of the input signal, the selector pulse, and the selected output are

‘ In some circuits additional screen voltage is applied before and after the occurs

rence of the selector pulse in order to achieve higher transconductance and avoid
exceeding the screen dissipation.
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shown in the second, third, and fourth lines, respectively. It is evident

that there is nearly a complete absence of leakage of the anticoincident

signal and only a small amount of pedestal from the selector pulse. The

(a)

Fig. I0‘17.—Pentode time selector with
negative feedback. The output waveform
shown on the third line of Fig. 10* 17a
indicates the improvement of linearity due
to the addition of the negative-feedback

network C 4 , JBe, R^. The first and second
lines indicate the signals applied to the

control grid and suppressor grid respec-

tively. The waveforms were obtained with

the following component values; C4 =»

0.1, Ri ^ 62k, Ri = 30k. Other con-

ditions of the circuit of Fig. 10-16 were
unchanged; the sweep duration was 1200
/usee.

of the input and output waveforms i

sented by the ratio Rq/Rs-

linearity of the circuit is poor since

Qi is biased nearly to cutoff in order

to obtain freedom from pedestal.

The triangular signal input is con-

verted into a much narrower curved

signal. Types 6AS6 and 6AC7
have a relatively sharp cutoff of ^1;

in other pentodes and multigrid

tubes—for example, types 6L7 and
6SA7—the curvature is more severe.

Greater linearity may be ob-

tained by increasing the screen cur-

rent in the absence of selector pulse.

This leads to an increase in the

pedestal and may be objectionable

in thisp time-selector circuit. On
the other hand, pedestal may be

tolerated in the double time selec-

tors used in time discrimination,

and under these circumstanees the

screen rating of the multigrid tube

is of importance.

A significant improvement of

linearity is provided by the circuit

of Fig. 10-17, where negative feed-

back between the output and input

of the time selector is obtained by
the network, C4, ^4, and Rq. The
performance of this circuit, shown
in Fig. 10* 17a, indicates the accurate

reproduction of the input wave as

represented by the strictly linear

fall of the output voltage. Thisf

circuit has the well-known propert|^

of negative-feedback circuits-^k

low but known gain—as the size

idicates. The gain is closely repre-

There is, of course, some feedthrough of the input signal to the output

circuit in the absence of a selector pulse because of the feedback network.
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This pulse is, however, of opposite sign to that obtained from coincident

signals and is therefore unlikely to cause difficulty.

Except for the necessity of maintaining a reasonable screen dissipa-

tion, these multigrid circuits give performance on a par with the four-

diode-switch circuits shown in Figs. 10*10 and 10*11.

10*4. Multiple-coincidence Circuits.—There are many ways in which

satisfactory multiple-coincidence circuits may be made by a combination

of the circuits described previously. For example, network addition and
amplitude selection are always possible—though these have numerous
difficulties. More practical circuits employ the multigrid tube as indi-

cated in Fig. 10*18, where a selector pulse has been applied to the screen

grid of type 6AS6 as well as to its

suppressor grid. Although this ar-

rangement is unsatisfactory for some
purposes since pedestal is introduced

and the output current depends upon

the amplitude of the pulse applied to

the screen, it has the advantage that

considerably higher screen voltage

may be used than when a continuous

screen current is passed.

A most efficient and satisfactory

arrangement is shown in Fig. 10*19,

which is a combination of the mul-

tigrid time selector with the simple

diode-switch of Fig. 10*6. The input

pulse and selector pulse c are short-

circuited through normally conduct-

ing diodes Vi and Fe. Pulses can

reach the control and suppressor

grids of the time selector only after positive selector pulses b and d have

been applied to the cathodes of Fi and V2 and thereby the positive wave-

forms a and c are allowed to vary the control and suppressor grid poten-

tial, respectively.

The first four lines of Fig. 10*19a give the input signals and the three

selector pulses, two of which are coincident with the desired signal, and

the third of which is anticoincident. The output contains no trace of

the signal or selector pulse. Coincident operation is indicated in Fig.

10*196, where the input wave is reproduced with high fidelity.

Operation for multiple coincidences can be obtained by the addition

of a number of diode switches in parallel with Fi and Fg in such a way
that the waveforms a and 6 cannot reach the control electrodes of Fg

until the desired number of positive waveforms have coincided.

Epp

Fio. 10- 18.—Triple-coincidence circuit

for positive pulses. Positive selector

pulses are applied to the suppressor and
screen grids of Vi, and the input signal

is connected to the control grid. The
pulse applied to the screen should be
capable of supplying 10 or 20 ma.
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Similar combinations of circuit elements can be made suitable for neg-

ative pulses by the addition of more tubes in parallel with those indicated

in Figs. 10* 14 and 10* 15. In this case, however, the average current drain

from the power supply will be large.

{a) {h)

Fig. 1019.—Quadruple-coincidence circuit for positive pulses. The output wave-
forms were obtained with the following component values; Vz = 6AS6, Vi =* F2 « )6AL5
Cl * 0.05, Ri = 47k, C2 - 0.1, Ri - 47k, Ri = 5k, Rz = 16k, Rz = Ik, Ri = 3k, Rz -
30k, Rt “ 62k, Cz “ 0.1, Epp * 130, Eg^k — — 9», Eg^k —lOv. The waveform dia-

grams indicate on the top line the signal applied at point o, on the second line the selector
pulse applied at point 5, on the third line the selector pulse applied at point d, and on the
fourth line the selector pulse applied at c. The bottom line shows the anticoincident and
coincident outputs. The sweep duration is 1200 /isec.

Figure 10-20 shows another triple-coincidence circuit. The tubes F*
and V

I

are conducting and passing a small plate current through Vi, since

its grid bias is set at the negative end of its linear range. Under these

conditions a positive pulse on the control grid of Fi will result in an
increase of current through V» and F« and a negligible change of potential
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drop in R% because of cathode-follower action. Similarly, if a negative

selector pulse is applied to the grid of either F2 or Fs, a positive pulse on

the control grid of Fi will have a negligible effect upon the output. On

4450 V

Fia. 10*20.—Triple-coincidence circuit using a pentode as load resistance for parallel

cathode followers. The waveforms were taken with the component values and voltages

indicated in the figure. The top two lines show the input signal (amplified and direct),

and the third and fourth the selector pulses. The bottom lines indicate the coincident

and anticoincident output. The sweep duration is 120 Aisec.

the other hand, if both Fs and Fs are cut off, a negative pulse is obtained

at the plate of Fi.

The waveform diagrams of Fig. 10*20a show on the second line the

actual input signal, and on the top line a scaled-up version of it. The two
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selector pulses are shown on the third and fourth lines, and a coincident

output is shown on the fifth line. The circuit has three obvious faults:

(1) the feedthrough of the anticoincident signals, (2) the portion of the

selector pulse appearing in the output, and (3) the obvious nonlinearity.

The response obtained with the second selector pulse in anticoincidence

is shown in Fig. 10-206, and the transmission of the input signals is still

visible. In view of the complexity and poor performance of this circuit

in comparison with that of the multigrid coincidence circuit, it seems

desirable to use the latter wherever possible.

10'6. Adjacent Time Selectors.—It is often desired to determine not

only whether twa^pulses coincide but the accuracy with which they coin-

cide. This is a part of the important process of time discrimination

described in Sec. 14-7. A pair of tubes supplied with adjacent selector

pulses are suitable for this purpose, and a typical example is shown in

Fig. 10-21.

This circuit consists of two multigrid time selectors identical with

those employed in Fig. 10-17. As is shown in the top line of waveform
diagram Fig. 10-21a, positive input signals are connected to the parallel-

connected grids of Vi and V^. Adjacent selector pulses shown in the

second and third lines are centered with respect to the signal, and are of

slightly greater total duration. These pulses are connected to the sup-

pressor grids of V

I

and Vz. The fourth line shows the difference of the

output obtained between the plates of Vi and F2 . The difference was
obtained by connecting the outputs of Vi and F2 to the opposite plates

of an oscilloscope, and indicates an initial response to the overlap of the

first selector pulse and the signal, and then to the second selector pulse

and the signal. For the relative timing of signal and selector pulses

shown, the sum of the areas is nearly equal to zero. The output is,

however, sensitive to a small displacement of the selector pulses with

respect to the signal. As Fig. 10-216 indicates, an increase of the delay

of the selector pulses with respect to the input signal results in an output

that is predominantly negative. Similarly an earlier occurrence of the

selector pulses gives an output that is predominantly positive. Detection

of the area of the output by the difference detectors of Sec. 14-6 gives a

sensitive indication of the relative time of occurrence of the signal and
selector pulses.

It is often desired to select the whole signal itself in addition to the

differential signal for the purposes of automatic volume control, etc.

(see Vol. 20, Sec. 8*11). The common output of the tubes Fi and F2 is

taken by summing the differential outputs in resistance networks.

A wideband version of Fig. 10-21 for selecting 0.1-/xsec pulses is

indicated in Fig. 10-22. In this case, type 6AC7 tubes are used with

suppressor control in order to obtain higher transconductance. As the
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circuit indicates, a bias of 130 volts is necessary to ensure nonconduction
of limit tubes in the absence of a selector pulse. The positive input

signal is applied to the parallel-connected control grids of pentodes and
is d-c-restored by F2 . Cathode resistors, Ri and 72e, are employed to

improve the linearity of the time selector. Especial attention is paid

(6) (c)

Fig. 10-21.—Adjacent time selectors. The waveforms indicate on the top line the
signals, on the second and third lines the selector pulses, and on the fourth line the vari-

ations of the differential output at the plates of Vi and V2 depending upon the relative

times of occurrence of the input signal and the selector pulses. These waveforms were
obtained with the following component values: Vi ^ V2 = 6AS6, /?i =* iJ 2 =* /2s = 47k,
Cl - Cs » Cs = C4 * 0.1, i24 = /2s « /26 = /27 = 62k. R% = R2 * 15k. Epp = 130,

Eg^ = —3.5, Eg^ =* —32. The sweep duration was 120 /*sec. The output waveforms

were attenuated by }.

to the series and shunt peaking of the plate circuit in order to obtain

maximum bandwidth 16 Mc/sec) and to adjust the response properly

for the capacitance of the difference-detector circuit to which the output

is usually connected (see Sec. 14*6 of this volume and Sec. 8-14 of Vol. M).

A novel^ time selector for giving current outputs is indicated in

^ F. C. Williams et al., **Linear Time Base Generators,’ Delay Generators and

Time Discriminators,^' I E.E. Convention Paper, 1945.
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Fig. 10*23. As a time selector, this circuit has no great advantages over

the previous circuits, but it has very important features for time dis-

crimination (see Vol. 20, Sec. 8*13). Although the configuration might

appear to be similar to that of Fig. 10*20, in this case, F2 and Vz are

nonconducting

f

and the current caused by a positive signal on the grid of

V

I

is carried by diode F4, which maintains the cathodes of F2 and Fa at

ground potential. If a positive signal is coincident with a selector pulse

on F2, the current set up in V\ traverses F2 and the current transformer

Fia. 10-22.—Adjacent time selectors for 0.1-/i8ec pulses. Two suppressor-gated pen-
todes giving selected outputs rising and falling in roughly 0.05 ^(sec are employed in this

circuit. The particular circuit constants in the output are adjusted to operate into the
stray capacitance of a type 6AL5 differential detector circuit. Z/i is a delay line of duration
approximately equal to that of the input selector pulse.

Tt to produce a current in Rg, Similarly conduction of Fs coincident

with Fi will give a current in the opposite direction. But conduction of

Fi while both F2 and Fs are conducting will give a cancellation of the

current in Tz. As in Fig. 10*21, a signal proportional to the amplitude

of the input signal may be obtained through current transformer Ti,

which is placed in the common supply to Fe and Fa.

The circuit above obtained reversal of the output current by means
of the transformer. A circuit which combines an amplifier and cathode

follower in a series-triode switch, is indicated in Fig. 10*24. In this case,

the selector pulses are applied to the plates of Fi and F2, and the signal

is connected to the control grids. Furthermore, only one selector pulse

is applied, and the signal, instead of the selector pulse, is split into two
portions.
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If it is assumed that a positive selector pulse is applied to the plates

of Vi and F2 in the absence of a signal input, equal currents flow in

V

I

and F2 ,
and, for similar tubes and resistances, the potential of point d

will remain constant. If, for example, a positive signal that coincides

with the selector pulse is present, at first V 1 conducts and thereby raises

the potential of point d. Three-tenths of a microsecond later, V2 con-

ducts and lowers the potential of point d. The shape of the pulses at d

are therefore related to the overlap of the signal and the selector puxse.

Fig. 10-23.—-Adjacent time selectors, V2 and Vi are normally nonconducting, and
the current through Vi is diverted through V\ unless V 2 or V 3 is conducting. The circuit
constants are adjusted for British type VR-91 but, with small adjustments of the bias
and screen voltages, satisfactory operation may be obtained with types 6AK5 or 6AC7.

If d is connected to a storage condenser, the circuit functions as a time

discriminator (see Sec. 14*7).

In certain cases it is desirable that no output for small signals or for

noise be obtained from the time selector, and, therefore, positive bias is

provided for the cathodes of Vi and Fg by pulse e, which precedes and
lasts longer than the selector pulse.

10«6. Cathode-ray-tube Displays.—Cathode-ray-tube displays are

extensively used in radar systems for visual time selection. A triangular

waveform is applied to the horizontal plates of the scope, and the pulses

to be selected are applied to the vertical plates or to the control grid. An
observer may then concentrate his attention upon any desired pulse.
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Alternatively a photocell may be placed in front of the desired signal,

and electrical signals containing the selected pulse are obtained at the

output. Although this method has not been widely used, it presents an

extremely flexible, but bulky, method of time selection—that is, a

variation of the sweep speed or the

use of a mask in front of the photo-

tube will vary the duration of the

sensitive interval. With the photo-

tube an intensity-modulated signal

is much more useful than a deflec-

tion-modulated signal.

Several practical systems have

been made that use the cathode-

ray-tube-photocell system in this

manner. In a particular case, a
type 2AP5 cathode-ray tube was

operated at 1.7 kv, and approxi-

mately unity gain from the control

grid of the cathode-ray tube to the

output of the photo-multiplier was
obtained, using a total voltage of

1 kv and an output resistor of

100,000 ohms. The sweep speed

was 0.5 in//xsec and the input pulses

had a duration of 0.3 /usee. With
the high value of load resistor, the

output pulses had a duration of

roughly 10 jusec. (For further de-

tails of a time demodulator using

this principle, see Sec. 14*9.)

A considerably more rapid re-

sponse is obtained if the output

resistor is reduced and an amplifier

is added. If the negative-capaci-

tance amplifier of App. A were em-
ployed, a reasonable reproduction

of a l-/xsec pulse may be obtained.

In another method, time selec-

tion may be obtained by the appli-

cation of a small electrode to the face of the cathode-ray tube. The
discussion of cathode-ray-tube storage devices in Chap. 21 indicates that

an electrode attached to the outer glass surface of an ordinary cathode-

ray tube gives signals of approximately 300 mv for l-Msec input signals.

Fig. 10'24,—Adjacent selectors using

series pentodes. Positive selector pulses

and positive signal inputs applied to the

plates and grids of V\ and Vz respectively

give at the output d the difference of the

overlap between the selector and signal

input- The latter is split by a delay line

equal to the duration of the input signal.

A bias pulse which controls the amount
of conduction of V\ and F2 in the absence
of signal input is applied to their cathodes

by waveform e which starts before, and
lasts longer than, the selector pulse. For
operation as a difference detector (see

Chap. 14), point / is returned to a slightly

negative potential and a condenser is con-

nected to d.



CHAPTER 11

ELECTRICAL AMPLITUDE MODULATION

By Bkitton Chance

11*1. Introduction.—This chapter makes no attempt to survey the

field of amplitude modulation as used in communication but presents a

number of methods especially suited to certain requirements of circuit

design and electronic instrumentation. Information on processes of

importance in communication, such as the conversion of audio or video

signals to suitable bands for radio transmission, is found in a number of

standard texts. ^

The usual definition of amplitude modulation, a process by which the

amplitude of a waveform is varied in accordance with a signal, includes

modulation in response to both electrical and mechanical signals. The
modulation of electrical waves with electrical signals is the subject of

this chapter, and modulation with mechanical signals is the subject of

Chap. 12.

Demodulation methods giving electrical outputs are presented in

Chap. 14, and those giving mechanical outputs are discussed in consider-

able detail in Vol. 22 of this series. Part II.

An important use of electrical amplitude modulators is in the con-

version of low-frequency signals to modulated carriers, with a-c amplifica-

tion and subsequent demodulation as a more stable substitute for d-c

amplifiers. Other important applications use electrical modulation for

obtaining lower output impedance or transformer-isolated d-c signals

through carrier amplification, transformer coupling, and demodulation.

For the latter two applications, the level of the input signal is so high

that the thermionic-vacuum-tube modulator may be employed without

difficulties due to drift. But for low-level signals numerous experimental

data indicate that most modulator circuits represent a relatively small

increase in stability over a carefully designed d-c amplifier. In fact,

experimental tests have indicated that the relative drift rate of a diode

modulator using type 6AL5 is only about one fourth that of a differential

amplifier using type 6SU7 (see Chap. 9). Although there is, therefore,

no major reason for replacing a stable d-c amplifier by an electrical

amplitude modulator, other requirements of the circuit design may make

1 F. E. Terman, Radio Engineers* Handbookj McGraw-Hill, New York, 1943,

Sec. 7; M.I.T. E. E. Staff, Applied Electronics, The Technology Press, 1943, Chap. 7.

389
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this desirable; for example, stabilized supply voltages may not be avail-

able, or an a-c output may be desirable—for example, to operate a two-

phase servomechanism. Also greater flexibility is permitted in the

design of the modulator stage since its voltage gain is not important and

specialized conditions favoring high input resistance are feasible. Once
the modulated signal is obtained, the remaining amplifier stages are of

simple design.

A significant gain of stability is obtained from amplitude modulators

which employ mechanical devices giving capacitance, inductance, or

resistance variation. A well-known example of this class is the mechan-

ical-switch (Brown Converter); its drift is a few tenths of a microvolt

over a long peridJfof time and the carrier level (hum) is about a microvolt.

These devices are of such ^eat importance in circuit design that a con-

siderable portion of the chapter is devoted to their characteristics.

Electrical amplitude^modulation is often used for modulation of

rapidly varying waveforms used in PPI or type B cathode-ray-tube dis-

plays (see Vol. 22 of this series) or for the simulation of amplitude-modu-

lated echoes observed in scanning-radar systems. In these circuits the

waveform of the carrier is nonsinusoidal.

In most of the examples of this chapter the carrier waveform is

not reproduced in the output, but a few examples are given of circuits

that preserve a sinusoidal carrier. The latter circuits, which usually

depend upon the curvature of the characteristic of a vacuum tube, are

often of low precision. Those giving accurate operation and still preserv-

ing the carrier waveform may be more precisely described as multiplying

circuits and are therefore discussed in Chap. 19.

The frequency spectrum of the modulated wave is not discussed in

detail since many data are already available in textbooks.^ Also this

approach is of less value in the modulation of complex waveforms. The
various methods of frequency selection used to remove the modulating

signal or carrier from the output of a modulator are not discussed in this

chapter since complete information on electric filters is also obtainable

in standard texts. Some very useful frequency selectors employing the

twin-T are described in Vol. 18, Chap. 10, of this series.

Applications of amplitude modulation and demodulation for obtaining

large current outputs or transformer-isolated signals will not be discussed

separately because the methods of modulation and demodulation pre-

sented in this and the following chapters may be combined with a suitable

transformer to make a satisfactory system.

11*2. Signal-controlled Amplitude Selectors. Unbalanced Half-wave

Circuits .—The possibility of amplitude modulation by amplitude selection

has already been mentioned in Sec. 3*7. A typical example is indicated

^ Terman, loc. cit.
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in Fig. IM, where a diode amplitude selector is used to select portions

of a sinusoidal carrier that exceed its cathode potential and thus to

give an amplitude-modulated wave. Alternatively the load impedance

Ri can be put in the plate circuit; the modulated output would then

represent portions of the carrier that were less than the cathode potential.

Thus in the first case, the negative excursions of the carrier would be

modulated, whereas in the second case the positive excursions of the

carrier would be modulated.

The circuit of Fig. 11 T illustrates some important features of modu-

lators employing amplitude selection. First, the amplitude of the

modulated wave is linearly related

to the amplitude of the modulating

signal, provided that the carrier

voltage is much greater than the

slope discontinuity of the broken-

line characteristic of the diode.

Linear modulation is therefore ob-

tained with 20- or 30-volt carriers

for thermionic diodes, and some-

what smaller values may be used

with contact rectifiers. The line-

arity of modulation is, however,

of little importance in modulation-

demodulation systems employing

negative feedback. Second, the

range of linear modulation is ap-

proximately equal to the peak-to-

peak value of the carrier, although

this higher range is rarely used

with low-level modulating signals.

Third, the stability is entirely de-

pendent upon the characteristics

of the diode as an amplitude selector, and these have been discussed in

detail in Secs. 3*14 and 9*3. For highest stability one would, of course,

apply a signal voltage roughly equal to the carrier, but this is not possible

in low-level applications.

The waveform diagram of Fig. 11*1 clearly indicates the weaknesses

of this modulator circuit, since there is no cancellation of the signal or

carrier. In addition, the circuit is not responsive to bidirectional signals,

as is often required in amplitude discrimination.

Carrier-balanced Half-wave Circuits ,—A circuit of the type shown in

Fig. 11*2 permits the use of a push-pull signal and a single-ended carrier

and gives a considerable increase in usefulness.

(a)

Fig. 11*1.—Half-wave diode amplitude
selector. For the particular waveform shown

:

R\ = 4.3 k, V\ = 6AG7 diode-connected,
carrier == 22 kc /sec. The carrier is sinusoidal

;

the signal is a positive sawtooth waveform.
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The waveform diagram (a) indicates the individual outputs at the

cathodes of Fi and F2. Subtraction of these outputs by means of a

push-pull or differential amplifier gives the balanced output waveform
(6). In the strict sense of the word this output is not push-pull since

the output waveforms are neither symmetrical nor of equal amplitudes.

Since both outputs must be connected to a push-pull or differential

amplifier in order to obtain balanced operation, the designation differ-

ential^^ will be used consistently throughout this chapter.

Fiq. 11-2.—Carrier-balanced half-wave diode modulator. The waveforms are dis-

played on an oscilloscope the vertical plates of which are connected between the output
terminals; the circuit employs values of R\ = Ri 4.3 k; Rz = Ra = 500 ohms; Vi =
1^2= 6AG7 diode-connected. Carrier = 22 kc/sec. The carrier waveform is sinusoidal;

the signal is a push-pull sawtooth waveform.

For equal tubes and resistors, Ri and /?2, the carrier gives equal

voltages in these resistors when the signal is zero. The carrier is there-

fore suppressed in the differential output. The resulting circuit is a

carrier-balanced modulator.

Another important property of this modulator is indicated by the

waveform diagrams of Fig. 11-2. As in Fig. IM, the output voltage

at the cathodes of Vi and 72 contains portions of the carrier which exceed

the reference voltages ei and 62. The separate waveforms at points a and

b are clearly indicated in Fig. 11 •2a. Subtraction of these waveforms is

shown in Fig. 11-26, which clearly indicates that the phase of the output

voltage depends upon the sign of ei — 62. At equality, the phase of the
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output shifts 180®. This is an extremely important characteristic of

amplitude modulators that accept push-pull or differential input signals

and is termed ^^bidirectional modulation.^' Operation of this type is, of

course, not restricted to modulators employing amplitude selection but is

also characteristic of other types to be described.

Signal-balanced Circuits .—In Fig. 1T3 is indicated a modulator

employing a single-ended signal and a push-pull carrier with the output

taken differentially between the cathodes of Vi and V^. The operation

Fig. 11-3.—SiRnal-balanced diode modulator. The signal and carrier are superim-
posed in (a). The separate outputs at the cathodes of V\ and Vi are shown in (6) and the
differential output in (c). The component values are R\ = Ri = 4.3 k, /2s = 7^4 = 600
ohms; V\ = Vi = 6AG7 diode-connected. Carrier = 22 kc/sec.

of the circuit is depicted by the waveform diagrams. In Fig. lT3a are

shown the carrier and signal waveform superimposed, and in Fig. 11-Sb

are shown the separate outputs from the cathodes of V i and F2 ,
each tube

operating similarly to the circuit of Fig. ITl on alternate half cycles

of the carrier wave. Subtraction of these outputs gives the modulated

wave shown in Fig. lT3c, which represents modulation in a full-wave

fashion—that is, both negative and positive excursions of the carrier are

modulated by the signal. In contrast to the previous example, the modu-
lated output does not reverse phase since the signal is single-ended. Also

carrier is not balanced out. Bidirectional modulation is obtained with the

full-wave version of this circuit (see Fig. 11*5),
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Signal’’ and Carrier-balanced Circuits ,—Figure 11*4 indicates the third

possible combination of signal, carrier, and output connections. Here a

push-pull carrier and signal are used, but the output is taken in a single-

ended fashion. The effects of neither the signal nor the carrier voltage

appear across the output resistor i?B, provided balanced components are

used. But the sidebands of the modulated carrier are obtained. In

addition, the output contains a considerable amount of second harmonic

k
(«)

Fig. 11-4.—Signal and carrier-balanced half-wave modulator. The signal and carrier

are superimposed in (a). The separate outputs at the cathodes of Vi and V 2 are shown in

(6), and the sum of the two waves appearing across Rb is indicated in (c). The waveforms
were obtained with the following component values: Ri = /?2 = Rs = Rt =» 600 ohms,
iJ# = 1 M. Carrier = 22 kc/sec, Vi = Vz — diode connected 6AG7.

of the signal and carrier (shown in the waveform diagram) since the

circuit is a full-wave rectifier for either signal or carrier. In most cases

it is relatively simple to remove the double-frequency component.

In waveform diagram. Fig. 11 •4a, the push-pull signal voltages applied

to the cathodes of Vi and V2 are shown superimposed upon the carrier.

Amplitude selection occurs in Vi and F2 on alternate half cycles of the

carrier wave and gives the two outputs at their cathodes shown at

Fig. 11*46. Addition of these two waveforms across the cathode resistor

Rif indicated in waveform diagram Fig. 1 l*4c, gives the signal- and carrier-
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balanced output waveform, and the phase of the modulated output

reverses with a reversal of the sign of the difference of the input signals.

Circuits employing push-pull carrier, signal, and output combine the

features of the previous examples and give balanced operation for signal

and carrier and, in addition, full-wave modulation. As indicated in

Fig. 11*5, the outputs from Vi and Va and from V2 and Vz are added

together and then the sums are subtracted to give the differential output.

The phase of the output wave reverses when the sign of the input signals

reverses, and modulation occurs for

both polarities of the carrier. Thus

this modulator has the advantages

of being balanced for both signal

and carrier, and, in addition, gives

bidirectional modulation. The sec-

ond harmonic content of the out-

put of the modulator of Fig. 1T5 is

small.

The circuit of Fig. 11-6 repre-

sents a simplification that is possible

provided the push-pull input does

not reverse. As is evident from

Sec. 9.3, this circuit represents

amplitude selection between two

bounds, the bounds in this case

being set by the push-pull signal

inputs. The operation of this cir-

cuit is restricted to signal voltages

62 > ei, since modulation ceases as

these two voltages become equal,

as is indicated by the waveform

diagram. The upward deflection

of the base line of the waveform

diagram is due to the unbalance be-

tween the source impedances for

the positive and negative signals.

Except for the limitation to the polarity of the signal voltages, this

modulator has all the advantages of the much more complicated circuit

of Fig. 11-6.

Summary .—The preceding circuit arrangements indicate the use of

amplitude selection in certain types of modulation and some balanced

circuits for suppression of the signal and carrier. A number of combina-

tions of connections exist, but the useful ones employ a differential out-

put to eliminate a single-ended input. In the circuits using four diodeS;

Push-pull

carrier input

(o)

Fig. 11-6.—Signal and carrier-balanced

full-wave modulator. For the particular

waveforms shown: Vi, V2 , Vs, V4 6AG7
diode-connected. Ru Ri> Riy Ri =* 4.3 k,

iJe, Rjf Ri =* 56 k. Carrier * 12.2 kc/
sec.
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push-pull inputs do not appear in the differential output. Thus outputs
containing only the sidebands of the modulated carrier and harmonics
of the signal and carrier are obtained. These relations may be derived
mathematically for modulators employing curvature.^ The results of

this analysis do not apply to these modulator circuits that employ
amplitude selection, and for this reason the explanation of their circuit

operation has relied heavily upon the waveform diagrams.

Few detailed data on the performance of these modulator circuits

in the conversion of low-level d-c

voltages to modulated carriers are

available. The data on the sta-

bility of amplitude selectors given
in Sec. 3T4 and 9*3 apply to these

circuits, and there is no reason
why excellent stability may not be
obtained.

11*3. Carrier-controlled
Switches.—Amplitude modulation
may be carried out by interrupting

the signal waveform with a series

switch or by short-circuiting it with
a parallel switch at the carrier fre-

quency. In each case high accu-
racy may be achieved if complete
disconnection or complete short-

circuiting is accomplished. Suit-

able vacuum-tube switches for these
purposes have been described in

detail in Secs. 3-6, 9-3, and 10-3.

A typical example of the employ-
ment of a half-wave diode is

indicated in Fig. 11-7 and shows
modulation of a sinusoidal- and tri-

angular-signal waveform diagram. Figure 11 -To indicates the sinusoidal
signal applied to Fi and the rectangular carrier applied to 72 . Alternate
half cycles of the signal wave are short-circuited by diode Fi and give
the interrupted waveform of Fig, 11-76. In Fig. 11 -70 a negative-going
sawtooth waveform is applied to the plate of Fi, and linear modulation
is observed for positive values of the signal. Capacitance feed-through
of diode Fi gives a visible differentiation of the carrier waveform at low
signal levels.

^ See M.I.T. E. E. Staff, Applied Electronics, The Technology Press, 1943
,
Chap.

(o)

Fig. 11*6.—Signal- and carrier-balanced
full-wave modulator for ez > eu For
waveforms indicated, Ri = 39 k, Rz =
Rs = 500 ohms, Vi - Vz = 6AG7 diode-
connected. Carrier =* 22 kc/sec.
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Although this example should not be regarded as a practical modulator
circuit, it indicates some limitations of a circuit of this type. The carrier

amplitude must be in excess of the signal amplitude in order to ensure

nonconduction of Vi during positive excursions of the carrier. On
negative excursions of the carrier, the signal is attenuated by the factor

{R 2 + Rd)/{Ri + + Rd)- Therefore, R 2 and Rd must be small com-
pared with Ri. Reasonably accurate operation is obtained if the value
of Ri is several hundred thousand ohms and if that of R 2 is a few thousand

Fig. 11*7.—Half-wave diode-switch modulator. Waveforms (a) and {h) indicate
modulation in accordance with a sinusoidal signal, whereas (c) indicates modulation in
accordance with a triangular waveform. The effect of diode capacitance is especially
noticeable in (c). For these waveforms, component values are: Ri = 60 k, R 2 = 500 ohms,
Fi = V 2 = 6AG7 diode-connected. Carrier = 22 kc/sec.

ohms, but the modulation of rapidly varying waveforms may require

values of 1000 and 100 ohms respectively. The effect of plate-cathode

capacitance of Fi is clearly shown in the waveform of Fig. 117c.

The single-diode circuits are of little practical importance since they
operate with signals of only one polarity and, in addition, give half-wave
operation. There are, however, a number of important circuits that

operate with signals of both polarities and give some cancellation of

capacitance-coupling of the carrier.

Half-wave-switch Modulators-Bidirectional Operation ,—Figure 11-8

indicates a carefully tested diode modulator circuit, the ‘^Diamod.’’
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Operation for both polarities of the signal voltage is obtained by a com-

bination of two of the elements shown in Fig. 11*7, and bidirectional

modulation is achieved by the methods shown in the waveforms of

Fig. 11-8.

On a particular half-cycle of the carrier, the output of the transformer

T\ gives a negative signal at the cathode of y 2 and a positive signal on the

plate of Fs and prevents conduction of Vi and Va. Under these condi-

tions the value of the output rises to

the peak value of the input. On
the opposite half-cycle of the car-

rier, current will flow to ground
through V\ or VAy depending upon
the polarity of the signal. As be-

fore, the signal is attenuated by the

factor (R2 + Rd)/{R\ + R2 H" R^^
The carrier voltage does not appear

in the output and bidirectional

modulation is obtained, but the

signal voltage is not cancelled.

A spurious signal equal to one
half the difference of the contact

potentials of Fi and V

a

appears at

the output. If the heater voltage

of the tube having the higher con-

tact potential is reduced, the poten-

tials may be equalized. It appears

that this equalization has the ad-

ditional benefit of considerably re-

ducing the differential effects of

heater-voltage variation.

Residual unbalance due to dif-

ferent stray or tube capacitances is

equalized by a variation of Ci or C 2 .

If the stray capacitances from the

secondary winding of Ti to ground are not troublesome, one of the

diodes, F2 or Fs, may be removed and the other inserted between the two
parts of a split secondary winding for Ti. Better results are, however,

usually obtained from the arrangement shown in Fig. 11*8.

Figure 11*9 indicates the excellent reproducibility and stability of

this circuit. From the curves it is seen that 90 per cent of the thirteen

tubes tested gave a shift of the zero point of less than 30 mv on changing

tubes, less than 12 mv on varying the heater voltage from 5 to 7 volts,

and less than 3 ^volt/min drift at reduced heater voltage. The error

Fio. ll'S.—Half-wave-switch modulator
for positive and negative input signals,

“The Diamod.” For the waveform
illustrated, » 2 k, i?i » 24 k, Fi,

Fj, F», F4 *= 6AG7 diode-connected. Car-
rier s* 12 kc/sec. A value of R\ of 200,000

ohms or more is desirable to minimize the
effects of differences of Fi and F4.
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due to changing tubes and varying heater voltage is comparable to that

obtainable with the best type of direct-coupled amplifier using type 6SU7.

The drift rate is roughly one quarter that obtainable with such direct-

Fiq. 11-9.—Performance of diode modulator of Fig. 11-8 using type 6AL5 double

diode, (a) Indicates the millivolts change of the aero pmnt for 13 samples of Hytron

6AL6, (6) the effect of heater-voltage variation from 6 to 7 volts, (c) the drift rate at 10 hr

after inserting the tubes {Ef « 6.0 volts).

coupled amplifiers. Even better stability has been obtained with a

germanium-crystal modulator circuit as shown in Fig. 11’19.

A more economical but less stable diode modulator circuit is shown in

Fig. IMO. In this circuit a particular half-cycle of the carrier at the

output of Ti makes the voltage supplied to the plate of V i and to the
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cathode of V 2 negative and positive respectively. Under these conditions

the output voltage will assume the full value of the signal. With the

opposite half-cycle of the carrier waveform, the signal voltage will be
reduced by roughly one third its value with the components indicated.

But the potential of point a will depend upon the accuracy of the resistive

center tap of Ti, the actual values of and and the .shapes of the

waves applied to Vi and F2.

The large ''swamping'^ resistors, R^ and Rz, minimize the effects

of differences in the conductance of diodes Vi and F2. These resistances

are, however, so large compared
with the input resistor Ri that the

amplitude of the modulated output

is much smaller than the input

voltage—smaller than is desirable.

The potential of point a during

closure of the switch depends upon
many more factors than in the cir-

cuit of Fig. 1T8. In that circuit

the emission potential of the diodes

themselves was used to close the

switch and, hence, did not depend
upon an external waveform. In
this circuit the switching wave is

used to close the diode switch, and
therefore the balance depends upon
the circuit components and the
shape of the carrier wave.

With proper adjustment of point

6, the residual from a G.3-volt car-

rier voltage for zero signal input
can be reduced to approximately

50 /4V. Smaller values would be
obtained by capacitance-balancing

such as is indicated in Fig. 11-8.

In this circuit and in the previous one, operation has been indicated
for a single input, and in both cases the point b has been grounded.
But disconnection of the ground gives satisfactory operation for differ-

ential signals. These circuits are therefore extremely useful for ampli-
tude discriminators since the level of the input signals is not critical.

Figure 11*11 gives the circuit of another half-wave diode-switch
modulator which represents some improvement over the previous circuit

for modulating rapidly varying waveforms. The signal is short-circuited

by diode bridge Fi to F4, whichjcarries several milliamperes because of the

(a)

Fig. 11-10.—Half-wave-switch modu-
lator. For the particular waveform indi-

cated, R\ — 24 k, R 2 = Ri = 4.3 k, V\ =
Fj = 6AG7 diode-connected. Carrier =
12 kc/sec. The higher values indicated
in the circuit diagram are desirable to
reduce dependence on the characteristics

of Vi and Vz.
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fixed potentials applied to the plates of Vi and V 2 and to the cathodes

of V 3 and Va. The junction of the plate and cathode of V 2 and V4 is

connected to ground, and the potential of point a is substantially zero.

A push-pull carrier is applied at the points h and c, and negative and
positive excursions respectively cut off the diodes and allow the output

to assume the full value of signal.

The effect of the diode capacitance is balanced by the two diodes Vi

and Fs. This particular circuit

has two additional advantages.

First, a high-impedance switching

voltage may be used, since the

potential of point a in the absence

of switching voltage is accurately

established at ground by diodes V2

and V A. Secondly, this circuit has

the advantage of the circuit shown

in Fig. 1T8 for modulating a num-
ber of electrical signals in that the

diodes V2 and Va need not be

duplicated for additional signal

inputs.

These three half-wave-switch

modulator circuits are representa-

tive examples of a number of com-

binations of diode switch circuits

that give similar effects. That of

Fig. 11TO is the simplest and re-

quires fewer tubes than the others.

Its operation, however, depends to

a large extent upon the many as-

sociated resistors and differences in

the shape of the switching wave- (a)

forms. The circuit of Fig. 1T8 Diode-switch modulator for

- _ . . rapidly varying wa\eform8. The waveform
represents a definite improvement was taken with s, = lOk, Sj = fl, = soo

in stability over the direct-coupled ohms; Vi, V2 , Vs. V4 = 6AG7 diode-con-

amplifier and may be used where a

factor of 4 is of critical importance. The third circuit, that of Fig. 11-11

is, as has already been stated, specialized for the modulation of rapidly

varying waveforms.

A significant gain in stability is achieved by employing a mechanical-

switch modulator. Since nearly all the available types of mechanical

switches have single-pole, double-throw contacts, they are suitable for

full-wave modulation and will, therefore, be discussed in the next section.
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FuU-wave-smtch Modulators .—There are several manufacturers of

mechanical switches for precision modulation. The Brown Instrument

Company makes a 60-cps ‘‘Converter'^ on which performance data are

available. This device is illustrated in Fig. 11-12. The commercially

available unit has a resonant frequency of approximately 90 cps and is

designed to operate from 50 to 60 cps at 6.3 volts excitation. Both the

outer contacts are connected to the reed for 7 per cent of the operating

cycle, but the convenient adjusting screws permit alteration of the posi-

tion of the contacts to give non-short-circuiting operation. The life

of the contacts of a particular converter is indicated in the table immedi-

ately below. this experiment the given potential was applied to a

pair of contacts of the coqyerter through a 10-K resistor. The times

given represent the interval re-

quired for the duty ratio of the

contact to alter appreciably.

Supply potential Hours
6.4 »2100

17 1500

45 40

In low-impedance circuits the

stability of the Brown Converter

is known to be better than 1 juv

over a period of several weeks.

The amount of carrier voltage

picked up by the signal circuit

depends to some extent upon the

impedances used. For low-im-

pedance circuits, the pickup is

about 1 /iV. Considerable reduc-

tion of pickup in high-impedance circuits is obtained by grounding an

adjustable center tap across the exciting voltage for the electromagnet of

the converter, and values of the order of magnitude of 1 |zv are obtainable

in circuit impedances of J megohm. In addition, it has been found

desirable to modify the converter so that the excitation for the elec-

tromagnet is brought out through the top of the case in shielded leads.

Satisfactory measurements have been made in circuits having a resistance

of 3 or more megohms, although the pickup may set a limitation under

these conditions.

If hum is present in the converter output at null, the constancy of the

duty ratio or ^Mwell time'" of the contacts is of importance in circuits

where narrow-band amplification at the carrier frequency is employed.

No detailed data are available on such variations, but wideband ampli-

Fiq. 11 '12.—Brown Converter for 60-cps

operation.
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fication and switch detection (Sec. 14*5) within the limits of the dwell

time give independence of duty-ratio variations over reasonable limits.

A second converter designed for frequencies of 400 cps and resonant

at 600 to 700 cps has been made in experimental quantities by the

Minneapolis-Honeywell Company. It is illustrated in Fig. 11*13. Con-
siderably fewer performance data are available for this modulator, but
with similar contact materials, the properties should be equal to those

of the Brown Instrument Converter.

The Western Electric mercury relay D 168479, although not spe-

cifically designed for low-level operation, has been used satisfactorily

for these purposes. The limita-

tion to the signal level is set by
the carrier pickup.

Other types of mechanical

switches for low-level signals have

employed rotating machinery to

operate the contacts. An experi-

mental model constructed by
British-Thompson-Houston for

Telecommunications Research Es-

tablishment has a bank of more
than ten modulate-demodulate

switches for an application requir-

ing a large number of channels.

A cam-operated contactor of ex-

tremely high performance in low-

resistance circuits has been re-

cently described.^ The measured

noise level with an input resist-

ance of 5 ohms and a bandwidth

of roughly 1 cps is 3 X 10“® volts

peak to peak and may be compared with a theoretical value of

roughly 3 X 10“^° volts rms. The stability with time is outstanding,

and the drift over a 4-hour period is only 4 X 10“® volts corresponding to

1 X 10~®Mv/min—a factor of roughly one million better than that obtain-

able with the thermionic vacuum tube. Operation at levels as low as

this requires especial precaution to eliminate spurious thermal and mag-

netic effects in the input circuit and in the mechanical switch. In

addition, microphonics, flicker effect, and other noises associated with the

first amplifier tube may set a limit to the obtainable noise level. In the

^ M. D. Liston et al; “A Contact Modulated Amplifier to Replace Sensitive Sus-

pension Galvanometers,” Rev. Sci. Instruments^ 17 , 194 (1946).

Vibrating

reed

Vibrating

reed

Fig. 1113.— Minneapolis-Honeywell vibra-

tor.
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particular circuit, the effect of tube noises was considerably reduced by a
320~to-l stepup transformer.

{A)

Half wave
switch -

shunt

connection

{B)

Half wave
switch -

series

connection

(O

Full wave
switch -

single ended

to differential

output

{D)

Full wave
switch -

differential

to single

ended output

(“) (fc)

°if
"ipdulators. A and B represent shunt and seriesconnections of a half-wave switch and C and D represent connections for full-wave switches

giving respectively single-ended-to-differential operation and differential -to-single-onded
operation. Waveform diagram (a) indicates the operation of circuit configurations Aand 5 and the sign^ is connected to the output for only J the switching period. Wave-form diagram (6) indicates the operation of circuit configuration D. One or the other

is connected to the output over the entire period of switch operationexcept for the brief transient indicated by the dot on the horizontal axis. The waveforms

Ho^ne^eU^dbrator
^ carrier frequency of 720 cps, using the Minneapolis-

Figure 11-14 gives four typical circuit connections for mechanical-
switeh modulators. A and B represent shunt and series connections
similar to those already indicated by the half-wave thermionic-switch mod-
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ulators of the previous section. Since single-pole, double-throw contacts

are available for all the modulators mentioned above, connections C and
D are preferred, the first for operation with single-ended signals where
differential output is desired and the second where push-pull signals are

available but single-ended output is desired. Since most of the a-c ampli-

fiers for the modulated carrier are single-ended, circuit D is highly desirable

because it accomplishes the conversion from differential to single-ended

operation. The operation of these circuits is explained by the waveform
and the circuit diagrams. The contact resistance of these modulators is

very low, and correspondingly small values of Ri may be used.

A typical input circuit for the use of this mechanical switch in thermo-

electric measurements is indicated in Fig. 1115, where Ri and R 2 may
represent the resistances of a reference and a measuring thermocouple.

Since these are of low resistance,

advantage may be taken of. trans-

former coupling to the amplifier, and

stepup ratios in Ti of several hundred

are desirable. The single-ended out-

put is desirable for economical a-c

amplification.

Two precautions should be ob-

served with these modulators. First,

the resistance of both signal inputs of

circuit type D should be equal lest

variations of the grid current of the amplifier be measured. Second,

when large by-pass condensers are shunted across the contacts, non-

short-circuiting operation should be used or a large loss of signal voltage

will occur. In low-level circuits where the maximum excursions of

the signal are not likely to exceed the grid base of the amplifier tube, there

is no objection to direct coupling to the grid provided later stages are

ftC-coupled in order to avoid the effect of slow drifts of the input tube.

Another important laboratory use of this mechanical switch is as

part of a visual null indicator for potentiometric measurements. If, for

example, it is desired to compare the linearity^ of two potentiometers

with a high degree of accuracy, the mechanical switch is connected as

indicated in Fig. 11T6; the output of the converter is connected to the

high-gain amplifier of an oscilloscope. When a sweep synchronized with

the carrier frequency is used, the null may be detected with considerable

accuracy. It is found convenient to build one of these converters into

a commercially available oscilloscope.

^ In this case an alternating wave could be connected directly to the two potenti-

ometers and, providing inductive effects were negligible, the same measurement proce-

dure would be satisfactory without the use of the modulator.

Fig. 11 ‘IS.—Typical transformer input
circuit for a low-impedance signal.



ELECTRICAL AMPLITUDE MODULATION [Sec. 11-3

A very stable recording millivoltmeter is shown in Fig. 11*17. Al-

though this circuit does not represent a completely engineered design, it

has been used for experimental purposes in the laboratory for measuring

the drift of a number of vacuum-tube circuits. The input circuit cor-

responds to that of Z), Fig. 11*14, and a calibrated attenuator is provided

Standard
’ potentiometer

Unknown
"potentiometer

"converter’ T

^ Carrier

Fig. 11 16.—Use of converter as null indicator.

for gain control. A twin-T selective circuit is inserted between T

\

and

T% in order to eliminate unwanted harmonics. The output of ^2 is

coupled to a conventional half-wave phase-sensitive demodulator Tz and

Ta (see Sec. 14.4) and then to a differential amplifier and Tz suitable

for driving the movement of an Esterline-Angus recorder (1 ma). The
gain is sufficient to give a full-scale deflection in response to a differential

Calibrated
attenuator

40 -p Brown
converter

v6SL7/±\ Recording]

Fig. 11-17.—Millivoltmeter circuit using Brown Converter.

signal of 3 mv, and the stability is such that no measurable shift of the

baseline occurs over long periods of time. The contacts of the converter

are usually readjusted for this service so that nonshort-circuiting opera-

tion is obtained.

More satisfactory operation and simpler construction are possible
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if the bandwidth of the carrier amplifier is maintained relatively wide

(1 kc/sec) and the bandwidth is controlled after phase detection. No
less signal-to-noise ratio results from this procedure since phase-sensitive

detection resembles frequency conversion from the noise standpoint. A
microvoltmeter for precision meas-

urements of the difference of two ^output***

photocurrents has been constructed

and employs 0.5-megohm resistors

at the input to the Brown Con-

verter followed by an a-c amplifier

of a gain of 10®. Phase-sensitive

detection is accomplished by an-

other Brown Converter whose con-

tacts are adjusted to operate within

the interval of the original modula-

tion in order to avoid any error due

to small variations in dwell time.

The output voltage, after being

amplified and passed through sev-

eral simple /2C-filter sections (see

Sec. 8-11), is connected to an Ester-

line-Angus recorder having a band-

\vidth of roughly 0.5 cps. The hum
level of the carrier at the input was
of the order of several microvolts,

provided the balance of the exciting

voltage was correctly adjusted.

The noise output corresponded

closely to the thermal agitation

noise in the input resistors, and the

drift over a period of 5 hr corre-

sponded to 0.02 Mv/min.

Similar, but much less stable,

operation may be obtained over a

much wider range of carrier fre-

quencies by a combination of the

half-wave diode modulator circuits

of the previous section. For ex-

ample, Fig. 11-18 shows two units of

(o)

Fio. 11-18.—Full-wave diode-switch
modulator. This circuit represents a com-
bination of two units of the circuit of Fig.
11-8 connected according to D of Fig. 11*14.

In a practical circuit, T\ may be eliminated.
For the particular waveform shown,
Ri * «i' = 24 k; JB 2 « Rt' » - Rz> «
3.9 k. All the tubes are 6AG7 diode-con-
nected. The source impedance for the
carrier is 500 ohms. Carrier =12 kc/sec.
It is usually desiral^^le to employ values of

Ri and R\' of 200 k. The carrier voltages
from Ti and Ti* are phased at 180®.

the circuit of Fig. 11*8 combined according to C, Fig. 11*14.

Another full-wave circuit based on two elements of Fig. 11*10 is

shown in Fig. 11*19. This circuit illustrates the application of ger-

manium crystals to modulator circuits. The long time stability of the
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circuit is indicated by the accompanying graph. A drift rate of approxi-

mately 1 /xvolt/min is obtained after a relatively short operating period,

and hence represents an improvement of a factor of 2 or 3 over the

average 6AL5 performance shown in Fig. 11*9. In addition, there is no

effect o heate -vo tage variation. A serious disadvantage of the ger-

manium crystal is the fact that, since the rms noise voltage of the order

of 150 MV is observed over a bandwidth of roughly 60 Kc/sec, the circuit

is rendered unsuited for low-level measurements. Another drawback

is low back resistance of the crystals, which prevented the use of input

Differential

Fig. 11 -IQ.—Full-wave modulator using germanium crystals. The potentiometers
are for obtaining satisfactory balance with zero signal inputs. The performance data
were obtained with experimental samples of germanium crystals having characteristics

similar to those commercially available from Western Electric or Sylvania.

resistors much larger than those shown in the circuit diagram. But

some recent samples have a back resistance in excess of 1 megohm at a

voltage of —40. Forward resistances of less than 200 ohms are usually

obtainable. Crystals of poorer quality give considerably higher drift

rates (several /tvolts per minute) and noise voltages up to 1 mv. These

tests were made with selected experimental samples of germanium

crystals obtained from Purdue University, and it is believed that the

performance is representative of units currently available from Western

Electric^ or Sylvania. Some especially selected crystals obtained from

Bell Telephone Laboratories gave considerably smaller noise voltages.

The effect of temperature upon the back resistance of germanium
crystals may amount to a factor of 3 to 10 over a range of 100®C, and the

1 J. H. Scaff and H. C. Theurer, Final Report on Preparation of High Back
Voltage Germanium Rectifiers,” NDRO 14-655, Bell Telephone Laboratories.
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operation of this modulator circuit should therefore be restricted to

low-impedance input signals.

Similar bridge-modulator circuits have employed thermionic diodes,

and the signal resistance could, of course, be raised to the order of ^ meg-
ohm or greater. However, a variation of heater voltage of 10 per cent

gave an equivalent d-c unbalance of 1.2 mv. The unbalance at the null

point for a carrier voltage of several volts could easily be reduced to an
equivalent of 100 ixv direct current.

The full-wave diode circuits are not frequently used in circuit design

because the large number of elements makes them somewhat cumber-

some and they shoAV no great advantage over the half-wave circuits.

The availability of push-pull input affords no practical advantage over the

half-wave circuits having transformer-coupled carrier since the whole

modulator may ^
^ float between the terminals of a differential input

signal.

Copper-oxide Modulators ,—By way of contrast, a distinctly different

use of similar modulator configurations is presented. These depend upon
the copper-oxide rectifier or varistor and are widely used for modulation

and demodulation in telephone communication circuits. Here the objec-

tives of the design are different, and the efficiency of signal-power con-

version, the modulator bandwidth, and frequency spectrum are of

importance. The latter is of especial importance in multiple-channel

communication systems where the harmonics of the modulated output

frequencies from several systems may cause mutual interference. These

requirements lead to a different approach to the design and performance

criteria for modulator operation, and many data are available on the

relation between signal and carrier power and the power appearing at

various unwanted harmonics. Thus, in the data that follow, the results

are expressed in terms of decibels below the carrier power. These data

may be converted into voltage, since the effective resistance of the

modulating elements is roughly 200 ohms. Although the use of copper

oxide elements and low-impedance input and output circuits leads to

high-power conversion, the operation of these circuits is extremely

sensitive to both temperature and carrier levels.^ Much has been done,

however, to control the quality of varistor modulator elements in order

that a consistent, although not high, ratio of signal to carrier power may
be obtained at the output of balanced-modulator circuits.

The modulator configurations used in these circuits closely resemble

the diode switches previously described, and three configurations of

diode bridge, double-balanced, or ring circuits are in common use and are

illustrated in Fig. 11*20. The illustration shows in (a) a bridge circuit

^ R. S. Caruthers, “Copper Oxide Modulators in Carrier Telephone Systems,"

Elec. Engr., 58, 253 (1939).



410 ELECTRICAL AMPLITUDE MODULATION [Sec. 11*3

used as a shunt switch and in (6) a bridge circuit used as a series switch.

Configuration (o) is clarified by the schematic switch of (d). This

diagram indicates the correspondence of (c) to modulation obtainable

Signal

input

Modulated
carrier

output

noCtnoV
n^Ctn^V 'M

noC±ngV
•ii.C±n„V

1

1

»oC±n«V
\ngC±ngVi' (a)

Carrl9^upp(y

Signal

input

earner^ output

%C±noV
n^CtuoV n^CtnoV

noCtneV
{iigCtUg V 1

(6)

Carrier supply

j

n^CtnfV
j

ngC±ngV

Carrier supply

Modulated
carrier

output

(C)

(d)

Output of lower sideband C“V
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(e)

Fig. 11*20.—Copper-oxide bridge modulators, (o) Indicates a shunt switch, (6) a series

switch, and (c) a single-pole double-throw reversing switch as explained by schematic
diagram (d). The components of the signal frequency (F) and carrier frequency (C)

appearing at the input and output are indicated in the appropriate places; rio represents

an odd number, and ntt represents an even number. The frequency spectrum of the output
for particular values of harmonics is given in the graph (e).

with a pair of synchronous single-pole, double-throw switches based upoQ
circuit D of Fig. 11-14. The configuration (c) of this figure gives there^^

fore a push-pull output from a push-pull input signal.



Sec. 11-3] CARRIER-CONTROLLED SWITCHES 411

As seen from Fig. 11-20, the carrier power in the output is roughly

3D db below that at the input. This is a desirable property in these

modulating elements since it determines the minimum necessary signal

power. Typical production units give an output balance of 20 to 30 db
with reference to a 1-mw carrier input. Experimental circuits have been

balanced to a much better precision—in a particular case, to 110 db.^

70 75 80 85 90 95 100 105 110 115 120 125 130

Temperature in degrees F.

Fig. 11*21.—Variation of carrier leak balance with change of temperature. Original
balance adjustment of 71°F left unchanged as temperature varied.

This high value of balance in the copper-oxide modulator was obtained

only with the proper values of resistance in series and capacitance in

shunt with one of the bridge arms. If these values are converted to

volts, it is seen that the optimum performance of the balanced copper

oxide bridge -compares favorably with that obtainable from the other

circuits—the unbalanced carrier voltage is approximately several micro-

volts, but the following effects make this value impractical to obtain

* R. S. Caruthers, Bell Telephone Laboratories, personal communication on these

tests of varistors.
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under reasonable operating conditions. The effect of temperature and

carrier voltage upon this high value of balance is extremely large—a tem-

perature change of 2°F reduced the balance from 110 to 72 db. Similarly

a slight deviation of carrier power, 2 db, from that giving an optimal bal-

ance (in this case 80 db) reduces the balance to roughly 60 db. These

data are amplified by Figs. 11-21 and 11-22.

Variation in line supplying carrier in db

Fig. 11*22.—Variation of carrier leak with variation of carrier input for several circuit

conditions.

Other factors of importance in determining the stability of the balance

are time, harmonics in the carrier waveform, variations in impedance

of the carrier supply, and a slight heating of the varistor units on applica-

tion of the carrier voltage.

Although the stability of the nonlinearity in copper oxide is not so

high as that of the circuit elements discussed previously in the chapter,

greater stability against variations due to the variables mentioned above

may be obtained by inserting resistors in series with the nonlinear circuit

elements as indicated in some of the previous circuit diagrams. In
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applications where the efficiency of the modulator must be represented

in terms of signal power, this will represent no improvement since the

signal power corresponding to carrier unbalance is similarly increased.

For the usual applications of the conversion of direct current to alternat-

ing current for precision measure-

ment, the signal output power is

not usually of any importance.

Figure 11-206 also represents a

typical example of the frequency

spectrum of the output of the cir-

cuit of (c) employing i^in.-diameter

disks in each bridge arm. The fre-

quency components due to the sig-

nal frequencies V and the carrier

frequency C are indicated at the

appropriate place in (a), (6), and

(c); Uo is any odd number— 1, 3, 5,

etc., and n« is any even number

—

0, 2, 4, 6, etc. It is observed that

a decrease of the signal power for

constant carrier input gives a con-

siderable improvement in the ratio

of the output of the lower sideband

to components 2F, C -f- 37, and

C + 2V. The rejection of the cir-

cuit to V is, of course, independent

of the signal voltage. This diagram

emphasizes the desirability of oper-

ating these modulators with small

signals if these sidebands are to be

avoided. Sidebands are, however,

rarely of importance in the simple

conversion of direct current to al-

ternating current where a single

channel is employed.

11*4. Balanced TriodeSi Tet-

rodes, and Multigrid Tubes.—The
following section contains several

(a)

Fig. 11*23.—Balanced triode modu-
lator. The bias provided by RiCi permits
the input signal to be balanced with
respect to ground. The waveforms repre-

sent the performance obtained with Ri =
R 2 = 16k ; Vi *= ^2 = 6SN7; carrier source
impedance ~ 500 ohms; carrier frequency
= 15 kc/sec. The carrier waveform is

sinusoidal.

examples of balanced modulator circuits in which the signal and carrier

are connected to high-impedance electrodes, and some gain may be

obtained in the modulator. These circuits are not so stable as those of

the previous section which employ diodes or mechanical switches, and

they represent, in general, no improvement in stability over that obtain-
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able with the direct-coupled amplifier. They are, however, of consider-

able use where high stability is not required but where gain and
high-impedance input are des rable.

Balanced-triode Modulator,—The circuit of Fig. 11 *23 is a balanced-

triode modulator patterned after the circuit of Fig. 11-2. A push-pull

signal is connected to the grids and a single-ended carrier to the cathode.

A differential output may be taken from the plate circuit. A circuit of

this form is particularly satisfactory where the carrier employed is at the

4l0v

(a) (?>)

Fig. 11*24.—Tetrode modulator circuit for electrometer application. Manufacturer’s
data indicate that stability of i mv and a grid current in the signal electrode of 10“ amp
are obtainable. The perspective view indicates the small size of the electrometer tubes.
For the particular circuit constants, the signal input should be balanced with respect to
ground.

power-supply frequency, and a low-impedance drive for the cathodes is

available.

The waveform diagram indicates the bidirectional modulation
obtained with this circuit. The carrier amplitude was made so large

that switching operation was obtained with consequent grid current.

Smaller carrier amplitudes, though giving less grid current, would give

modulation by curvature with attendant nonlinearity.

Tetrode Modulator for Electrometer Application,—A very high input

impedance for the signal is obtained by the connections of Fig. 11-24.

Low-grid-current Victoreen tetrodes (VW-41) (Fig. 11-246) are used in a

balanced modulator circuit by employing ^2 for the signal and gi for

the carrier. These particular ^ubes have, in addition to a high input
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impedance, a low filament current—between 10 and 15 ma—permitting

accurate electronic stabilization of the filament voltage to minimize drift

and pickup.

The circuit design of Fig. 11-24 is supplied by the tube manufacturers.^

When a rectangular carrier of 6

volts is applied to the normally cut-

off gfi of the two tetrodes, approxi-

mately 250 /Lia flow in each one from

Qi to cathode. This causes switch

operation of the two tetrodes in a

manner similar to that indicated

in the previous figure. Most of the

carrier voltage is canceled from the

differential output, and more com-

plete rej ection is obtained by a plate-

circuit-balancing control which
compensates for inequalities in the

tubes and components. Either a

push-pull or single-ended input may
be used, and in the latter case one

of the input leads is grounded.

The output of this modulator may
be connected in a feedback circuit

as shown in Sec. 11-6.

The manufacturers^ data on the

performance of the circuit give a

stability of i mv at the input ter-

minals over a period of 24 hr (0.3

/xv/min). The grid current of the

single electrode is less than 10“

amp. A switch is included in the

carrier circuit as a result of the

manufacturers’ tests, which indicate

that the stability of the cathode is

impaired by current flow before the

operating temperature is reached.

This unusually high stability was

not observed in preliminary tests

at Radiation Laboratory.

These tubes (VW-41) have excessive microphonics for applications

requiring rapid response: when the tube is gently tapped, fluctuations

1 Victoreen Instrument Co., Cleveland, 0. A low-microphonic tube is now being

advertised (1948).

Fig. 11-25.—Carrier-balanced modu-
lator using multigrid tubes and supplied

with a single-ended carrier and a push-pull

signal. The circuit constants used to

obtain the waveform diagram are: Ri =»

= 7 k, Rz 10 k; Cl - 4 ixf; Vi -
Fs =» 6SA7. The bias for gi was set at

—5.6 volts, and for gz at —3.8 volts. The
carrier frequency is 16 kc/sec. Epp * 260
volts.



416 ELECTRICAL AMPLITUDE MODULATION [Sec. 11*4

equivalent to values from 0.3 to 1 volt amplitude at the grid lasting

several seconds have been observed.

Balanced-multigrid Modulator,—Convenient forms of balanced modu-
lators giving high-impedance inputs for both signal and carrier are

indicated in Figs. 11-25 and 11-26. In the type shown in Fig. 11-25, the

application of a push-pull signal gives carrier-balanced operation and a

differential output. As the wave-

form diagram shows, the carrier

amplitude is sufficient to cause the

multigrid tubes to act as carrier-

controlled switches. In Fig. 11-26,

signal- and carrier-balanced opera-

tion is obtained, and j^the output

waveform is seen to resemble closely

that shown in Fig. 11-4.

These circuits also make satis-

factory curvature modulators since

type 6SA7 tubes act as approximate

multipliers (see Sec. 19-3), and the

value of the signal voltage deter-

mines the carrier amplitude. Oper-

ation of this type is indicated in Fig.

1T27, where typical waveforms are

sho\\Ti for the two circuits. One
advantage of this type of operation

is, of course, that the distortion of

the carrier waveform is minimized

and a simpler filter may be used to

remove unwanted harmonics. A
more satisfactory circuit for ob-

taining small carrier distortion is,

however,- given in the next section.

Full-wave Balanced-triode Modu-
lator Giving Small Carrier Distortion,

The operation of this circuit is substantially the same as that of Fig. 11*5

with the important exception that there is continuous conduction of

V I to Vi throughout positive and negative excursions of the carrier.

The modulation depends upon the variation of the plate resistance of the

triodes with grid bias. This feature is of considerable advantage as far

as carrier distortion is concerned, although the linearity of modulation

is not so good as that obtainable with amplitude selection. In this

particular case, the amplitude modulator is designed for use as an ele-

ment in the negative-feedback ^system, and linearity is of considerably

(a)

Fiq. 11*26.—Signal- and carrier-bal-

anced mpdiilator using multigrid tubes and
supplied with a push-pull signal and carrier.

The waveform diagram corresponds to

component values, R\ = Ri = 13k, Rz =
Ri = 18 k; carrier and signal are biased at

—5 and —4 volts, respectively. Rh « 15

k; Cl * 0.1, Vi = 6SA7. Epp « 260 volts;

carrier frequency, 15 kc/sec.
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Fio. 11*27.—Output waveforms for balanced curvature modulator. These wave-
forms indicate, in (a) and (h) respectively, the operation of Figs. 11*25 and 11*26 for smaller

values of the carrier. Modulation depends upon variation of the transfer characteristic

in response to the signal amplitude.

I
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less importance than carrier distortion and phase shift. The cathode

resistor for the modulator tubes is so large that a single-ended signal may
be satisfactorily inverted; in fact, the input waveform shown in Fig.

11 •28a is single-ended and gives the push-pull output waveform of

Fig. 11-286, as distinct from the previous modulator circuits which require

a push-pull input and give a differential output.

The output of this modulator contains some second harmonic com-

ponents, and in a particular application it was found necessary to employ

a twin-T selector circuit to reject the second harmonic component and

to give a wave with negligible phase shift (see Vol. 20, Sec. 11*7).

11-6. VariqJ^e-capacitance Modulators.—Just as the mechanical-

switch modulator appears to be outstanding for the potential meas-

urement in low- and medium-resistance circuits (to 10® ohms), the

variable-capacitance modulator appears to be ideally suited to the poten-

tial measurement in high-resistance circuits (10® to 10'^ ohms). These

modulators are, however, not of the switch type, since the variation

of the amplitude of the input signal by capacitance variation rarely

approaches 100 per cent. These modulators are nonlinear and are,

therefore, nearly always used in negative-feedback systems.

A particular design has been highly developed for electrometer

applications.^ The variable-capacitance modulator is isolated from the

current source by a high value of input resistor (around 10^^ ohms). The
variable capacitance itself is roughly 40 and has a conversion efficiency

(rms voltage out)/(d-c voltage in) of approximately 0.2. In one type of

construction the input plate of the variable capacitance is fixed and the

other plate is vibrated at 60 cycles by an electromagnetically driven reed.

The input plate of the variable capacitance is, however, shielded from the

electromagnet. For optimum stability the vibrating reed and the input

plate of the condenser are made of hardened steel, are optically polished

on one face, and are gold-plated and gold-evaporated in pairs. The
entire assembly is then sealed and filled with argon at atmospheric

pressure. This treatment is required to obtain the high stability men-

tioned below.

In a particular application, type 954 was used as a first-stage amplifier

because of its low input capacitance,^ low grid current, and freedom from

microphonics. The output of this amplifier is connected directly to the

.

standard a-c amplifier and two-phase servomotor of the Brown Instru-

^ H. Palevsky, R. K. Shwank, and R. Grenshik, ‘‘Design of Dynamic Condenser

Electrometer,'' Report No. CP3440, Metallurgical Laboratories, University of

Chicago.

* Advantage may be taken of a positive-feedback circuit for nullifying the stray

capacitance of the input circuit and for greatly increasing the effectiveness of the

capacitance variation (see Appendix A).
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ment recorder. The output potentiometer of the servomechanism

balances the input, in order to achieve high linearity and freedom from
gain variation in the amplifier.

The performance of this electrometer is excellent, the input resistance

being in excess of 10^*" ohms and the background current less than 10“^®

amps. The drift over a period of 24 hrs is less than 100 /iV corresponding

to 0.07 /iv/min. With a time constant of roughly 1 sec, over a bandwidth
of roughly 1 cps, the short-period fluctuations appear to be somewhat less

than 50 mv. Since the input capacitance of the present instrument is

40 /i/xf, the time constant is 4 sec. With a modified design, the input

capacitance may be made as low as 10 /u/xf. The stability of this instru-

ment appears to be much better than that obtainable with thermionic

vacuum tubes, and the associated circuits are simple and compact.

Carrier

Fiq. 11*29.—Block diagram of a negative-feedback modulator-demodulator system.

Another variable-capacitance modulator was developed by RCA. In

this unit, operation at the high carrier frequency (2615 cps) is obtained

by a loudspeaker voice coil which drives a diaphragm. There is capaci-

tance variation between this diaphragm and four pickup electrodes or

probes. Each probe is mounted in a shielded compartment which

contains the series resistor for the signal voltage and the coupling

capacitor for the a-c output. In actual usage, the amplitude of oscillation

of the diaphragm is maintained by a feedback circuit which is controlled

from the output of one of the four probes and which adjusts the exciting

current in the voice coil to maintain a constant amplitude.

A similar modulator employs a tuning fork for the vibrating ele-

ment and therefore also serves as a frequency standard. In this case,

long and narrow probes parallel to the tines of the tuning fork are employed

to give a sizable area and a higher sensitivity.

In contrast with the first example, these variable-capacitance modu-

lators were used with signal voltages in excess of 100 volts. An a-c output

of only 0.6 volt is obtained, but the linearity of modulation is extremely
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high—better than 0.1 per cent. Thus this modulator serves as a pre-

cision multiplier.

11‘6. Negative-feedback Diode Modulator.—It is often desirable to

use modulation-demodulation systems for precise measurements of small

voltages. Although the linearity of the diode-switch modulators of

Sec. 11*3 is excellent, the use of negative feedback over the whole modu-

Fio. 11-30.—Negative-feedback modulator employing the circuit of Fig. 11-8 for

modulation and demodulation. The particular circuit was designed for operation with a

lO-kc/sec carrier. Adjustments Co and Cb and Ra and Rb are provided to equalize stray

capacitance and contact-potential differences respectively. C 2 and Ci are chosen to give

the desired response speed. The bias networks for Vs, Ve, and Vi are suitable for British

type VR-91, but a small adjustment will give satisfactory operation with type 6SJ7, etc.

lator-demodulator system is used to ensure constancy of gain in spite of

wide variations of the characteristics of the carrier amplifier. The block

diagram of Fig. 11*29 illustrates the use of phase-sensitive demodulation

for this purpose. The output of the modulator is amplified, filtered, and

detected. The output of the direct-coupled amplifier following the

detector is fed back and subtracted from the input signal ensuring

constancy of gain and linearity. The demodulator circuits for these

purposes are discussed in detail in Sec. 14*6.
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Figure 11*30 shows a practical circuit employing a pair of diode

switches for modulation and demodulation. The modulator short-

circuits the input voltage at the carrier frequency. The modulated
output is connected to a two-stage 10-kc/sec amplifier of gain of 10®.

The output is connected to a phase-sensitive demodulator (see Sec. 14*5)

which converts the carrier to direct current by synchronously switching

it to ground. A negative-feedback memory circuit (integrator) (see

Sec. 14*6 and 18*7) is used to remove the carrier voltage and give a low-

impedance output suitable for feeding back to the input stage. The
feedback ratio is set by the setting of the gain-control potentiometer

and the ratio of + Ri)^ provided the signal input is of negligible

impedance. Thus a gain of roughly 50 to 100 is obtainable with excellent

stability and linearity. For higher-impedance signals a resistor between

point a and ground would be desirable to fix the feedback ratio. The
stability and the effect of tube and heater voltage change are given in

Fig. 11*9.

Although this particular system was designed for a specialized applica-

tion, wide use of this principle has been made for precision measurements.

The over-all stability is, of course, set by that of the phase-sensitive

modulator, especially and F 4 ,
and complete characteristics of this

modulator were given in Sec. 11*3.

11«7. Modulation with Nonlinear Magnetic Circuits.—Nonlinear

magnetic circuits^ may be used in negative-feedback modulation systems

and give a high stability and linearity in the measurement of potentials

obtained from low-resistance sources. The transformers used have a

ferromagnetic core and are operated near saturation for greater sensitivity

and stability. The hysteresis loop should have a very steep slope as,

for instance, in the case of Mo-permalloy, mu-metal, etc. Whenever a

pure sine wave of angular frequency, co, is applied to the primary of such a

transformer, the potential on the secondary will contain the same fre-

quency and odd harmonics. This is true for any magnitude of the input

potential as long as the hysteresis loop is symmetrical with respect to the

origin. If, however, this symmetry is disturbed by superimposing a

d-c magnetic field and thus displacing the hysteresis loop along the

/f-axis, then even harmonics will appear in the output. The amplitude

of these even harmonics will, to a first approximation, be proportional

to the superimposed d-c magnetic field. This d-c magnetic field can be

produced by a direct current passing through a separate coil wound on

this transformer or, in the case of the magnesyn (see Sec. 12*6), by a

rotatable permanent magnet.

In order to separate the even harmonics—for instance, the second

harmonic—from the fundamental and odd harmonics, it is customary

^ H. S. Sack et al„ ** Magnetic Amplifier,” NDRC 14-437, Cornell University.



422 ELECTRICAL AMPLITUDE MODULATION [Sec. 11-7

to use two identical transformers and to connect them as indicated in

Fig. 11*31. In this figure it is assumed that all the windings are wound
in the same sense; Wp is the primary winding and and S2 the d-c input

and second harmonic output windings. Under these conditions the

Carrier input

Fiq. 11*31.—Nonlinear tran^rmer for amplitude modulation. The two transformers
form a balanced circuit eliminating the carrier frequency from the secondaries S\ and S 2 .

fundamental component cancels out across the two output secondaries,

whereas the second harmonic component due to the direct current adds

up in the two transformers. This is true, of course, only if the two trans-

formers are ideally matched.

Since the rela ion between d-c and a-c amplitude is nonlinear, linearity

and constancy of gain are obtained by the use of negative feedback as

Fig. 11*32.—Block diagram of negative-feedback modulator using nonlinear transformer.

As many as five independent windings may be wound on the same pair of cores.

shown in Fig. 11*32. The transformers are provided with another set of

windings Sz similar to the output windings /S2 . The second harmonic

appearing on the output winding is amplified, phase-detected, and gives

a direct current which is fed into the compensation or feedback windings

Sf in such a way that it opposes the effect of the input direct current.
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If the amplification is sufficiently high, the compensation current will

then be proportional to the bias current with very high precision.

Let us denote h the bias current, Ic the compensating current, and A
the over-all amplification of the system. The latter is defined as the

ratio of the output current of the amplifier system to the bias current

if the compensating coils are not connected. If, furthermore, the number

250 Reg.

Fig. 11-33.—Typical circuit suitable for use with negative-feedback modulator. V\ is a
lOOO-cps oscillator, V2 and Fa, a phase detector, and F4 a pair of cathode followers.

of turns on the bias winding is Ni, and that on the compensation winding

is Ncj then the following relation holds:

I - -

' i 4.
A'^ Ni

Ni
If A is very large, /« will be equal to I\.

J\ e

It is evident that such a

system does not require a strictly linear relation in the* transformer or

a very high stability of the gain of the amplifying system.

Figure 11-33 gives a practical circuit design employing amplitude

modulation of this type. Numerous modifications of this circuit may
be made for specialized applications, but for most uses this particular

design is satisfactory and economical. The oscillator circuit consisting of

V

I

and inductor Li operates at approximately 1000 cps. This particular
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circuit satisfies the requirements of the magnetic circuit since it gives

low second-harmonic output (roughly 0.07 per cent). But the second-

harmonic signal, later needed for phase detection, is readily available

from its cathode circuit. The coil Li is Western Electric No. 645,

modified by the addition of a 250-turn secondary which is of satisfactory

impedance for driving the magnetic circuit to saturation.

The nonlinear transformers were obtained from Bell Telephone

Laboratories and, in a particular case, consisted of 250 turns of No. 32

Formex wire for the primaries and five windings of 800 turns each of

No. 36 Formex wire for the secondaries. The resistance of the 800-turn

windings is 90 sjipns. These were all wound on a core made of 0.002 by
0.25 in. of Mo-Permalloy ^trip and having inner and outer diameters of

roughly 1 and 1.5 in. The sensitivity is roughly 35 mv rms//xa with no

load. Each transformer is adjusted for optimum cancellation of the

fundamental. For practical applications magnetic shielding and shock

mounting are desirable.

The output of the windings ^84 is connected to circuit L2C4 which is

tuned to 2000 cps and then to the phase-sensitive detector consisting of

F2 and Vz. If a pair of type 6SJ7 is used, a gain of 70 is obtainable

(the gain is represented in terms of the ratio of the d-c output potential

to the input rms potential). A gain of 120 may be obtained with a pair

of type 6AS6. A 40-voH 2000-cps signal is satisfactory for the suppressor

grids of type 6SJ7, and 10 volts may be employed for type 6AS6. Any
of the other types of phase-sensitive detectors discussed in Sec. 14*4

are applicable here.

The output of the phase detector is connected to the compensating

coils by means of the cathode follower F4.

The open loop gain A of the circuit of Fig. 11*33 is roughly 5000.

This results in excellent input-output linearity, and the over-all gain is

set by Ni/Ncy a current gain of 1. The corresponding voltage gain is

1000. In fact, experimental tests indicate that there are no measurable

deviations from linearity and that the limitation is set by short-period

fluctuations. For A = 5000, the mean deviation between input and

output is 0.026 Ata (2 /xv) or 0.0025 per cent of a maximum current of

1.1 ma. Tests extended over a period of a week (at room temperature)

indicate a drift of the order of magnitude of 0.1 jua (1 X 10~* /xv/min).

As a potential-measuring device the performance of this circuit is poor

since the short-period fluctuations correspond to a voltage of 30 mv
through an impedance of 1 megohm. This is large compared with that

expected from well-stabilized direct-coupled amplifiers employing high-

quality vacuum tubes—for example, type 6SU7. On the other hand,

the long-time stability surpasses that obtainable with direct-coupled

amplifiers. Its extremely good linearity and stability recommend its
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use where signals from the required source resistance are available.

Because of the availability of several independent transformer windings,

the flexibility of this circuit makes it a very important device for the

addition of voltages and currents of considerably different d-c levels.

This circuit has also been used for precision differentiation and integration

(see Vol. 21, Secs. 4-4 and 4-8).

11*8. Summary.—In view of the foregoing discussion, certain recom-

mendations may be made. Few modulating circuits employing thermi-

onic vacuum tubes give stabilities which are greatly in excess of those

obtainable with carefully designed direct-coupled amplifiers. But the

important advantage of the modulation system is that reasonable stability

may be obtained with very few precautions since not much can go wrong
with a simple diode modulator circuit and its associated a-c amplifier.

This is not the case with direct-coupled amplifier circuits Table IIT
summarizes the characteristics of the modulators which have been dis-

cussed. In most cases the performance data were obtained at Radiation

Laboratory. In other cases the source of the data was given in the circuit

discussion.

Where high stability in voltage measurement in low- to medium-
resistance circuits is required and rapid response is not needed, the

mechanical-switch modulator is unconditionally recommended, and wher-

ever possible this device should be used in computing and measuring

circuits.

For measurements in high-resistance circuits, the variable-capaci-

tance modulator appears to be superior to thermionic electrometer tubes.

In connection with the measurement of small photocurrents, it should be

remembered that the photocell itself is an excellent switch modulator

when supplied with the proper waveform (see Sec. 3*16).

Although the saturable magnetic transformers have no great advan-

tage of sensitivity, they are very convenient for summing a large number
of input currents with excellent long-time stability. They also permit a

higher carrier frequency and have no moving parts.

Negative feedback in modulation-demodulation systems offers the

important advantage of gain stabilization. In addition, negative feed-

back will correct for nonlinearity in a modulator or a demodulator.

Negative feedback should, therefore, be used wherever practicable.

Balanced operation is directly obtainable in modulation circuits

employing switches and can also be achieved by cancellation schemes in

modulators employing amplitude selection or curvature. In addition to

the advantage of eliminating the signal and carrier, balanced operation

gives greater stability since the drift of one tube tends to cancel that of the

other.

In the various applications of modulation to impedance-changing or
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Table ll*!.—

S

ummary of Performance of Modulation Circuits
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Drift,

/Liv/min

1

Input ro-

sistance,

ohms

Fluctua-

tion, fjLV

(noise or

carrier

level)

Band-

width,

cps

carrier

fr(v

quency,

cps

High-resistance circuits

Balanced-triode modulator

(6SU7)

Balanced-tetrode modulator

.

Variable-cap^igitance modula-

tor

3

0.3

7 X 10-*

O
0
o

o

1i

100 0.04

< 10^

< 10*

Medium-resistance circuits

Diode-switch modulator i to 3 ^2 X 10*^ > 50 '^lOO < 10^

Germanium-crystal modula-

tor 0.2 to 1 ~1 X 10< -^150 10< < 10«

Mechanical switch (Brown) .

.

2 X 10"* -^5 X 10*^ 0.2 -- 0.5 < 10*

Low-resistance circuits

Saturable magnetic circuits. . 1 X 10-* 90" 2 < 10*

Mechanical switch (G.M.). . . 1 X 10-® 5 .003 '^1 < 10*

Mechanical switch (Brown) . . 1 X 10-*^ '^5 < 10*

level-shifting, nearly any modulator will be found to be satisfactory

and may be chosen in the interests of economy rather than in view of the

requirements mentioned above. In this connection, gain is often desir-

able in the modulator stage, and some of the simple double-triode

modulators will be found to be of advantage.

Some preliminary data are available on an important use of thermi-

onic switch modulators for multiple-channel data transmission, com-
munication, and computation. In an experimental TRE computer, it

was desired to modulate electromechanically a number of different

quantities representing range, velocity, etc. by the same element. It

was also desired to pass voltages representing these quantities through

the same amplifiers. Instead of employing multiple frequencies as in

communication practice where phase shift, pickup, and unwanted modu-
lation frequencies may cause difficulties, a train of amplitude-modulated

pulses was generated by switch circuits. These pulses were later separ-

ated by time selection (see Chap. 10). Modulation and demodulation

techniques accurate to better than i per cent are readily available by the

methods presented in this chapter and in Chap. 14. By employing

appropriate time selection in demodulation, errors due to pulse distortion

may be avoided by demodulating after the effects of transients have



CHAPTER 12

ELECTROMECHANICAL MODULATORS

By F. B. Berger and E. F. MacNichol, Jr.

12*1, Introduction.—Mechanical amplitude modulation is the process

of converting a mechanical displacement into a variation of electrical

potential or current. The elements used in the conversion are known as

‘^electromechanical transducers.^^ The conversion is accomplished

Variable condenser

Fiq. 12-1.—Electromechanical modulators.

Photo multiplier

through photoelectric, piezo-electric, magneto-strictive, or other proper-

ties of materials, or by change in the electrical capacitance, magnetic

flux, or resistance produced by a change in the mechanical configuration

of the system. Devices for converting very small mechanical motion

into electrical variations such as microphones, phonograph pickups, and
strain gauges are well covered in the existing literature. This chapter

will confine itself to devices in which the input signal is the rotation of a

shaft and the maximum angle of rotation is unlimited or is at least a few
427
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degrees. Unlike most types of microphones, the devices discussed are

capable of sustained output at zero frequency of the input data, high

accuracy, and a wide range of modulation. Devices with the above

characteristics are suitable for use in remote data transmission (Vol. 20,

Chap. 10; Vol. 22, Chap. 5), torque amplification (Vol. 21, Part II), and

in computing devices (Vol. 21, Part I). Four types of conversion device

are considered here:

1. Potentiometers, that is, devices in which a contact is moved over

a resistance element.

2. Transformers with variable coupling between windings.

3. Variable fikpacitances.

4. Photoelectric device® in which a beam of light is mechanically

modulated and the light variation converted into an electrical

modulation.

The relative merits of these devices are summarized in Table 12-1.

Typical examples are shown in Fig. 12-1.

POTENTIOMETERS

12*2. Fundamental Characteristics.—A potentiometer^ is a variable-

resistive voltage divider. Practically all precision potentiometers are

constructed by winding wire around a supporting form with the variable

contact sliding along the form at right angles to the wire direction at all

points. Because of this method of construction, the voltage appearing

on the movable arm when a fixed potential is applied across the ends of

the potentiometer winding will not vary continuously as the arm is

moved, but will change by discrete amounts corresponding to the poten-

tial drop across one turn. Some of the undesirable effects resulting

from the step nature of the output voltage of a moving potentiometer

arm are eliminated or reduced by filtering the output voltage. Figure

12*2 shows the effects of filtering the output of a potentiometer as con-

trasted with the effects of filtering and demodulation of the output of a

transducer employing an a-c carrier.

Another and sometimes serious problem which is encountered with

potentiometers is the “noise” or spurious electrical signals arising from

fluctuations in brush-to-wire contact resistance, dust on the contacts, or

other causes that will be discussed later.

Linear Potentiometers .—A potentiometer in which the variation in

resistance between a sliding contact and an end is proportional to the

displacement of the sliding contact is said to be a linear potentiometer.

1 Considerable information on construction and available types of potentiometers

will be found in Vol. 17, Chap. 8. Applications of potentiometers are discussed in

Vol. 21, and Vol. 22.
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This is the most familiar type of potentiometer and the one made in the

greatest variety of forms. Almost all of the composition-type and a

majority of the wire-wound ones are designed for uses in which the

linearity need be only approximate. Sometimes because of restricted

rotation, and more often because of the accuracy required, these potenti-

ometers are unsuited for many applications as modulators. There are,

however, a few linear potentiometers that are designed for precision

applications.

Sinusoidal Potentiometers ,—For some applications, particularly as

resolvers, potentiometers in which the output voltage varies as the sine

(a) (6)

Fia. 12-2.—Comparison of filtered and unfiltered waveforms, (a) Illustrates the peak
detected output of an amplitude-modulated sinusoidal carrier, {b) Illustrates the output
of a Gibbs micropot before and after filtering.

of the angle of rotation of the brush arm are required. Special potenti-

ometers have been designed for such applications and several models
are in production. The cards for such devices are wound similarly to

those for linear potentiometers, the output being sinusoidal because of

the way the brush is constrained to move over the card.

Nonlinear Potentiometers ,—A nonlinear potentiometer is one for which
the output voltage is a nonlinear function of brush displacement. Many
cheap nonlinear potentiometers for low-precision applications are avail-

able but, as is the case with linear potentiometers, they are unsuited to

most applications as modulators. Units of very high precision for use

primarily in computing circuits have been produced. Nonlinear output
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voltage as a function of shaft rotation is achieved in eight ways: specially

shaped mandrel, controlled wire spacing, control of wire size, special

contact arrangement,^ cam control to shift the contact with respect to

the shaft, electrical loading of the output, step potentiometers (contacts

plus fixed resistors), and tapped winding with shunts. (Volume 17,

Chap. 8.)

Accuracy .—By the accuracy of a potentiometer is meant the accuracy

with which the observed output signal follows the desired or ideal varia-

tion with displacement of the movable arm; for a linear potentiometer

the ideal output signal varies linearly with the shaft rotation; any
departure from this behavior constitutes an error or inaccuracy. The
over-all accuracy depends on a multitude of factors. In the construction

of the potentiometer itself, consideration must be given to the extent

and nature of the brush contacts, nonuniformity in the resistivity and
spacing of the wire and tolerances of mechanical components, to name a

few of the most important factors. Some electrical considerations are

those pertaining to noise, filtering, loading, and driving. An accurate

output demands also that the voltage level of the output be appropriate.

^^Zero-setting” or establishing this level is accomplished either mechan-

ically by adjusting the relative position of brush and winding or elec-

trically by adjusting the voltages at one or both ends of the winding.

For a well-built potentiometer, the accuracy often approaches the

resolution.

In most of the applications of linear potentiometers as modulators a

fixed potential is applied across the winding, and the output is a slowly

varying (with shaft rotation) d-c signal. The potentiometer used in this

way is an electromechanical modulating device in which the ‘‘carrier

wave” is a d-c potential.

12*3. Linear Potentiometers, Applicability .—When a voltage pro-

portional to a shaft rotation is desired, a linear potentiometer is generally

the most satisfactory electromechanical modulating device to use.

An examination of the specifications on available types of potentiom-

eters shows that they can be used if the speed of rotation does not exceed

1 rps and if a life of the order of 10® cycles and a resolution of the order

are adequate (see Table 12-1).

Linear potentiometers can be used in circuits in such a way as to give

an output voltage that varies other than linearly with the shaft rotation.

Such applications will be discussed under nonlinear potentiometers.

The Carrier .—In high-resistance potentiometers such as the Helipot,

^ An example is the sine potentiometer, which is being considered here as a separate

type.
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Micropot, or in the RL270 series, phase shifts due to inductance and

capacitance effects in the windings would appear to make operation

unreliable above 1000 cps.^

The reader is referred to Vol. 17, Chap. 8 for a discussion of the

manufacture of potentiometers and a listing of available types. In

Vol. 21, Chap. 6 will be found a discussion of potentiometers as elements

in computing circuits. Other pertinent material will be found in Vol. 22,

Chap. 3.

Many linear potentiometers, particularly the Beckman Helipot and

Gibbs Micropot 2, have been used in computers. The use of a carrier of

*“300 V regulated

Fig. 12*0. Fig. 12-4.

Fig. 12*3.-—The Gibba Micropot. The Beckmann Helipot is an equivalent device.
Fig. 12-4.

—

A linear potentiometer designed for data transmission in a radar sot. The
following data specify the operating conditions: Maximum rate 1 cps, linearity of middle
60®, ±1 per cent; linearity of re.st of winding, ±3 per cent; life, 0.5 X 10® cycles; 505
turns of 0.00275-in. nichrome wire; 130 wires/in.; resolution 0.37°; size, 2^*^ iii* long X 3|J
in. diameter; brush force 80 ± 10; torque 5 in.; brushes are lubricated.

400 to 500 cps with potentiometers having a resistance of the order of

20,000 ohms is satisfactory. The lower inductance and distributed capaci-

tance of a lower-resistance potentiometer would permit the use of higher-

frequency carriers.^

Simple Potentiometer Modulator ,—An example of a potentiometer

especially designed for use in data transmission in a radar system is

shown in Fig. 12*4. The mechanical signal is a shaft rotating back and
forth in a sector of 180® or less. The information obtained from the

potentiometer is a d-c voltage that varies linearly with the angle

of rotation of the potentiometer shaft. The greatest accuracy is

i An experimental device has been constructed in which a rapid sawtooth waveform
has been applied directly to a precision potentiometer. (See Vol. 22.)

* See Vol. 17, Chap. 8 for description.

* A helical potentiometer of 40 ohms resistance made by Minneapolis-Honeywell

should be ideal for high frequency use.
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obtained in the central 60° section of the winding. The rheostats are

provided to adjust the sensitivity (volts/degree) and the d-c level of the

output.

Potentiometer Modulator with Feedback Amplifier .—A second example

of an application of a linear potentiometer to a data-transmission system

requiring a linear output is shown in Fig. 12*5.

The potentiometer, type RL 255, is a General Radio 433A^ 5-in. unit

modified to turn continuously through 360° and is supplied with special

contactors and slip rings. In this particular application half a 6SN7 is

used as a cathode follower to afford a low-impedance output and the

+ 300 V regulated

Output +100v

Fig. 12-5.

—

A potentiometer modulator with a feedback amplifier. The following

data apply to the potentiometer: type IlL 255; rate 18 rpm; linearity fV per cent; rotation,

continuous; winding, 250 turns/in. of number 41 nichrome wire extending over 322°, total

resistance 10,000 ohms; power, 25 watts; life, 10’ rotations at 60 rpm.

output is utilized only when it exceeds 60 volts. To compensate for the

nonlinearity of the cathode follower, ^ the potentiometer is driven not

from a fixed-potential source but from the plate of the triode. As

the potentiometer output goes more positive with respect to ground

the grid volts/degree decreases correcting for the increasing cathode-

follower gain. This principle of driving the potentiometer from a source

whose voltage is a function of the output can be extended, of course, to

introduce a desired departure from linearity. The data are smoothed

and the little noise present is reduced by use of the RC-filter section on

the potentiometer output. This particular potentiometer is designed

to operate without lubrication on the sliding electrical contacts since the

electrical noise is thereby reduced. Both the resolution and the linear-

ity of the potentiometer are about 0.1°.

* The Muter Co. makes an almost identical potentiometer.

* Discussed in Vol. 22, Chap. 4.
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The linear potentiometer is very well suited to what is known as

“multiple-scale modulation.''^ Figure 12*6 illustrates such a modulator.

The total input resistance is AR. An output voltage anywhere from

zero up to Cin can be obtained by proper positions of the potentiometer

shaft and the switch Swi If the fixed resistors are precise, then the

system has the advantage of a resolution as great as would be obtained

with a potentiometer with a winding extending over four times the angle

of the present one. In general, a multiple-scale system has definite

advantages as far as accuracy is concerned; it does, however, require some
type of synchronizing element to tell

which cycle of the high-speed scale is

being used. In Vol. 20, Chap. 6,

such a system is discussed.

Several types of ingenious mecha-

nisms for coordinating the “fine”

and “coarse” scales of the two-scale

system have been made with the

result that a single control will give

a continuous potential variation over

the entire range. Such mechanisms
operate, in general, by employing for

the fine scale a potentiometer that

covers very nearly 360°—perhaps

350|r°. As the potentiometer nears

the 359^° point, a switch is arranged

which moves the taps of the coarse

scale to the next pair of contacts.

The potentiometer continues to move
through 360°, starts over again, and

gives substantially continuous motion except for the ^° gap.

Numerous examples of multiple-scale systems are available in labora-

tory potentiometers and bridges. In these, however, there is no coordina-

tion of the two scales.

12*4. Sinusoidal Potentiometers.—The primary function of these

potentiometers^ is to provide from one to four d-c potentials which vary

sinusoidally with the angle of rotation of the shaft of the potentiometer.

When there are four outputs, they have the same amplitude and are

phased at 90° intervals with each other. Most of these potentiometers

function continuously through more than 360 degrees of rotation in either

* Multiple-scale modulation is discussed in Chap. 13, and in Vol. 20, Chaps. 3

and 6.

* The reader is referred to Vol. 17, Chap. 8 for a more detailed discussion of the

construction of these units.

Fio. 12-6.—A multiple-scale potenti-

ometer modulator.
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direction. Although sinusoidal potentiometers were originally designed

for use as sine-cosine resolvers in radar systems having plan-position

indicators, they have found other applications, particularly in computers.

A midget^’ potentiometer that had a card 1^ in. wide was developed,

and a giant unit using a 6-in. card was developed for high accuracy and
high resolution applications. One of the most widely used of the sinu-

soidal potentiometers, RL 14 (Fig. 12*7), will be described in some detail.

The sinusoidal variation of the output voltage of the potentiometer is

obtained by moving an essentially point-contact brush in a circle upon a

f’lG. 12*7.—Sinusoidal potentiometer type RL-14. The performance is indicated by
the following data: angular resolution ±i®; life 5 X 10® revolutions at speeds up to 120
rpm; weight 1 lb, 6 oz; diameter 4i in.; length 4^ in.; winding resistance 32,000 ohms;
applied voltage 300 volts or less; 305 turns/in. of 0.0025-in. diameter nichrome wire;

formex insulation; brush force 30; resolution 0.3 per cent of peak voltage.

family of straight parallel wires which lie approximately in a single plane

and which have a constant potential gradient. Four brush contacts

rotate in the same circle and are always 90° separated from each other.

Among the more important features of design of the potentiometer

are: the cambered wire-wound resistance card; the material, size and

shape, and method of mounting of the four brushes that contact the

wire-wound card; the almost point contact obtained with a relatively

wide brush; and the absence of lubrication. Also since the card is

rotated against the brushes rather than vice versa, fewer slip rings are

required.

The resolution expressed in terms of rotation angle varies from 0.17°,

when the brush is moving at right angles to the turns of wire, to 4°, when
the brush is moving parallel to the wire. The resolution that is generally
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of interest, however, is the angular resolution of the rotation of the vector

whose components constitute the outputs, that is, the angle of the small

but finite step with which the vector rotates. This angle varies from
0.17°, when two of the brushes are moving normally to the wires, to

0.24°, when all four are at 45° with respect to the wires. (See Vol. 20,

Chap. 5.)

One circuit in which this potentiometer was used is shown in Fig. 12*8.

Sinusoidal potentiometer Filter Output load

Fig. 12*8.—Sine potentiometer with filtered output.

A simple single-section J?C-filter is included in series with each output
lead as shown. The filter, of course, introduces a delay between the

shaft rotation and the rotating-output vector. For the values of R and
C shown in Fig. 12*8 (60 k and 0.1 ^i) at 10 rpm the lag is 0.36°.

12-6. Nonlinear Potentiometers. Nonlinear Output Signals Obtained

by Use of Inherently Linear Potentiometers,—In the discussion of Fig. 12*5

in the section on linear potentiometers, a means was indicated in which,

by driving a physically linear potentiometer from a source whose voltage

is a function of the output signal, this output signal can be made to

depart from linearity in a prescribed fashion. Another approach to

obtaining a nonlinear output is illustrated in Fig. 12.9 where two linear
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potentiometers are ganged, the output of one being the input to the other.

If /?2 ^ or if an isolating linear amplifier is inserted between the output

of the first potentiometer and the input of the second, then the output

is proportional to the square of the common shaft displacement.

In Fig. 12- 10 is shown a method of obtaining a resistance variation

proportional to the square of the rotation of the shaft of a single linear

potentiometer. Let the rotation 6 be measured from the center of the

Fig. 12-9.—A means of obtaining an
output voltage proportional to the square
of a shaft rotation with a dual linear

potentiometer.

C

Fig. 1210.—

a

method of

obtaining a resistance variation
proportional to the square of the
rotation of the shaft of a single

linear potentiometer.

winding of resistance R,

given by

The resistance between points A and B will be

== J_ + _L.,
Rab Racb Radb ( 1 )

where Racb^ the resistance above the sliding contact, is equal to

and Radb^ the resistance below the brush, is R{1 + d/do)/2; and where

is the maximum angle, which corresponds to R/2, Expressed as a

function of 6 then

An application of this ^‘quadratic potentiometer^^ to approximating

the secant function is shown in Fig. 12-11. A simple calculation shows

that

Bout ^ r 1

'E^ ^ ri + u
secin

2r*

ri + r*'
(3)

The approximation is in error by only of the fourth power of the

argument. If the maximum angle A is 1 radian ( ± 57“) and if ri = rt, the
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circuit in Fig. 12- 11 gives an approximation to the secant of the shaft

rotation good to 1 per cent or better in the range ± 40°.

Figure 12*12 shows another useful circuit using a linear potentiometer,

this one giving an output voltage proportional to the reciprocal of the

shaft displacement as measured from the proper zero.^

R2
out ^in

/jj2 + r

Rz

Fig. 1211.—An application of linear

potentiometer to ajjproximate the secant
function.

in R2+ k$

Fig. 12- 12.—Use of a linear

potentiometer to obtain a voltage

inversely proportional to the shaft

displacement. R 2 corresponds to an
angle of {Ri/k)°.

It can be shown that if

Another circuit, shown in Fig. 12*13, is an example of a loaded output.

li 1

oTD "T— ^ equals i, the output approximates
Z/v “T Vo Uq

tangent 6 to within 0^/45 + * •
*

•

If 00 = 1 radian, for example, this

condition is satisfied for ro = R.

By the methods illustrated and

by combinations of these tech-

niques, a great variety of nonlinear

outputs can be derived by employing
inherently linear potentiometers.

Nonlinearly Wound Potentiome-

ters .—Potentiometers are available

in which the resistance between the

sliding contact and one end of the

winding is a nonlinear function of

the displacement of the sliding con-

tact.^ They are made in various

Fig. 12*13.—Use of linear potentiometer
to obtain an output approximating the
tangent function.

ways enumerated in Sec. 12*2. One example of the application of such

a potentiometer will now be discussed.

‘ The proper zero is {Ri/kY less than 0*0.
* See Vol. 17, Chap. 8.
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In one type of CRT display, it is desirable that the electron beam be

displaced linearly with a potentiometer shaft rotation. A direct drive

of the CRT deflection coil is employed in the present case, which is

illustrated in Fig. 12T4. The load, represented by Rlj “turns through’^

an angle ^ of ± 75®. It can be shown that if the current through Rl is to

be proportional to dj the potentiometer must be wound so that

If R/Rl is chosen to be large, for example = 1, the width of a card that

would satisfy Eq. (4) would change by a factor of 7 over a 90® range.

Not only is such a tapered card difficult to wind, but it is also more
difficult to approximate with several linear sections (stepped card) than

if R/Rl were smaller. From, these

considerations and from consideration

of power drain and power dissipation,

the value of ^ for R/Rl was chosen

as being optimum. A composition

resistance element is not suitable for

the present use because manufacturing

tolerances are too broad, humidity

and temperature would affect it

unduly, and it would wear too rapidly.

The potentiometer as manufactured

is wound with a single size and type of

wire with uniform spacing on a toroidal

frame (see Fig. 12T5) which is stepped to give a number of linear resist-

ance sections. These different linear sections afford a sufficiently close

approximation to the required resistance taper. The production unit

has four linear sections in each 90® segment. The potentiometer resist-

ance R was chosen to be 100 ohms. The load, which should be 200 ohms,

is not too critical; the current in departing by an amount equivalent to

1.2® at 0 45® if Rl is 220 ohms. The brush contacts three or four wires

at one time.

Low-torque Potentiometers .—A special low-torque potentiometer is

shown in Fig. 12T6. The small diameter of the winding and slip ring at

the points of contact, the small brush area and pressure, and the very small

bearings reduce the torque sufficiently to permit the potentiometer to be

used as a data take off from a sensitive aircraft instrument. (Giannini

Microtorque Potentiometer.)

12*6. Synchros.—Synchros are rotary-variable transformers which

generally have two or three windings on the stator and one, two, or three

I

Fia. 12-14.—A nonlinear potentiometer.
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Fio. 12*16.—The Giannini Microtorque Potentiometer, a 360® type requiring extremely
lo^ torque.
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windings on the rotor. When synchros are used as electromechanical

modulators, the rotor winding is generally the primary of the transformer

and the stator windings the secondary.

Available Types.— Synchro” is a generic term applying to a multi-

tude of similar devices manufactured by several companies, many of

Fiq. 12‘17.—Miniature precision synchros 2-phase stator 2-phase rotor, (a) Bendix
AY 120D accuracy ±0.25°. (6) Special highly accurate resolver (Bendix) accuracy

± 0 , 1 °.

which have trade names for their products: for example, the General

Electric ^^Selsyn,” the Kollsman Instrument Teletorque,” and the

Pioneer-Bendix ^‘Autosyn.” Chapter 10 in Vol. 17 of this series dis-

cusses the available types in detail. Synchros considered as elements in

data-transmission systems are dis-

cussed in Vol. 20, Chap. 10 and

Vol. 22, Chap. 5. Typical small

synchro resolvers are shown in

Fig. 12- 17.

If a sinusoidalwaveform of fixed

amplitude, is applied to the rotor

winding of a synchro, the wave-

form observed on the stator or

output terminals (open circuit)

will, ideally, be a sinusoid of the

same frequency as the input wave-

form, but with an amplitude which varies as the sine of the displacement

angle between rotor and stator (see Fig. 12-18). If the stator has a

second winding 90® displaced from the first winding, a second sinusoidal-

waveform output whose amplitude varies as the cosine of the shaft

displacement may be obtained. The modulation envelopes of two output

waveforms may be said to differ in phase by 90® with respect to the posi-

primary secondary

Fia. 12-18.—A 2-pha8e synchro used as an
electromechanical modulator.
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tion of the shaft. It is to be pointed out that the electrical phase of the

two outputs and of the input or carrier are all the same;^ they differ only

in amplitude. For some rotor positions, of course, one or both output

amplitudes will be negative, and this is equivalent to a 180° shift in

electrical phase.

Physical Characteristics ,—The life of most synchros is limited only by

wear of the bearings and slip rings. Most of the available types will stand

the standard Navy shock and vibration tests, ^ they will operate satis-

factorily from —65° to +95°C, and, when the windings are properly

impregnated, they will Avithstand moisture. Synchros vary considerably

in size and weigJjjt, The Bendix Autosyn AY-100, for example, weighs

5 oz., whereas Navy synchro 7DG weighs 18 lb.

Angular Accuracy .—There are several factors to be considered in

specifying the accuracy of^a synchro. As has been mentioned, the output

amplitude should be, ideally, a constant times the sine of the angle of

rotation of the rotor shaft. The actual departure from such an ideal out-

put gives a measure of the inaccuracy of the device. The accuracy'^so

measured depends not only on the synchro itself but also on the impedance

loading the stator ^vindings, the output impedance of the source, and

upon the amplitude of the input. Since synchros have both leakage

inductance and stray capacitance, which in general depend on shaft

position, the frequency chosen for the carrier or the Fourier components

of a complex-waveform carrier will have a determining effect on the

nccuracy. The inaccuracy is sometimes stated as an angular error;

namely, the difference between an actual shaft displacement and the

displacement that would ideally give the observed output. In all

statements concerning angular accuracy some normalization procedure

is, of course, implied. The angular errors observed in practical applica-

tions frequently show a tendency to vary periodically with shaft rotation.

For example, the error is a maximum at 60° intervals for most 3-phase

synchros. The absolute accuracy obtainable varies widely, being con-

fined to less than 0.1° in the case of the Bendix AY-400 Autosyn and

being as large as 7° for an Army Mark XVII synchro. If the device is

improperly used, much larger errors will sometime result. The nature

and magnitude of the angular error, inasmuch as they are determined by
the synchro itself, are dependent on numerous design factors. Some of

the most important of these factors are: the number of poles on the stator

and rotor; whether or not the slots are diagonal; the uniformity of the

stator to rotor air gap
;
the method in which the coils are wound and the

degree to which they are matched; and the degree of magnetic isotropy

1 There is a small quadrature component caused by leakage inductance and stray

capacitance (see Vol. 22, Chap. 5).

* See Vol. 17, Chap. 10.
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of the iron. When the rotor is turned to null output there are residual

components left that cannot be completely eliminated. These are induced

by electrostatic coupling, and consist of harmonics and a fundamental

component in quadrature with the exciting signal. The harmonics may
be removed by filtering and the quadrature component disappears in the

process of phase detection. The angular accuracy of a synchro modulator

used in practical systems depends upon two factors: (1) the intrinsic

accuracy of the synchro itself expressed in degrees, and (2) the number of

degrees of rotation corresponding to full scale. In single-scale systems

the full scale is, of course, 360^^. Multiple-scale systems employing two

synchros geared together so that they operate at different speeds may
be used in which the fine scale may cover any reasonable number of

degrees desired. For example, two-speed systems at 36 to 1 are employed

as standard Army-Navy data-transmission systems. In this way, a

36-fold increase of accuracy is achieved. Not only does the use of two

synchros permit the great increase of accuracy, but it often enables a

decrease in the tolerance of the synchro and the use of a cheaper or more
readily available design. A drawback of the multiple-scale system is, of

course, the need for synchronization to indicate which sector of the slow-

speed shaft is being represented by the high-speed shaft.

Generator Effect .—A synchro is not essentially different from an a-c

generator. In view of this, it is readily seen that if the primary current

has a d-c component, there will be a component of the output voltage

that is proportional in magnitude and frequency to the speed of rotation

superimposed on the desired modulated output.

Waveform Distortion .—The above paragraphs discuss errors that are

characteristic of synchros used as rotating devices. The performance of

synchros considered as transformers must also be borne in mind, that is,

the output waveform differs in several respects other than amplitude from

the input waveform, frequently in ways that are independent of rotor-

stator displacement. Because of the leakage inductance between rotor

and stator and because of distributed capacitances, an induced sinusoid

will, in general, be shifted in phase with respect to the primary sinusoid.

This is a consequence of importance in some applications. Complex
waveforms, such as a triangular wave, will be distorted on passing through

a synchro in a way dependent on the frequency-response characteristics

of the device and on the amplitude of the waveform. Waveform dis-

tortion is, of course, dependent upon output loading and driver character-

istics as well as upon the synchro itself.

Applicability .—Because of their essential sinusoidal nature, synchros

as modulating or as data-transmission devices are particularly adapted
to the role of sine-cosine resolvers, that is, to obtaining outputs propor-

tional to the sine and cosine of the shaft displacement. Synchros can
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be used and have been used as modulators where the required electrical

signal is some function other than the sine or cosine of the mechanical

displacement. One approach is to use a nonlinear mechanical link

preceding the synchro, for example, a suitable cam arrangement on the

synchro shaft. The other approach is to synthesize the required electrical

signal by using additional available electrical signals such as the sines

and cosines of angles that are multiples of the primary rotation angle.

In this way outputs that vary approximately as the tangent of the angle,

etc. can be obtained.^ Another method for obtaining other than a

sinusoidal output and which is possible for certain applications is to

distribute the r<ii;>r and stator windings in such a way that the synchro

output is the desired function of shaft rotation.

Frequently when a synchro is used as a resolver, the output informa-

tion is desired in the fogpi of two orthogonal components. When the

S3mchro secondary has a 2-phase winding,

^ ^
the intelligence is in this form (see Fig.

12T8). Many of the available synchros

have 3-phase windings, however, and

although 3-phase information can fre-

quently be utilized, 2-phase output signals

are often required. Figure 12T9 shows

one method in which the desired outputs

can be obtained. The center tap (C in

Fig. 12T9) is not brought out on any of

the standard synchros. If the tap P is

made adjustable, the cosine output can be

rotated a few degrees while retaining prac-

tically constant amplitude. This proce-

dure is of value as an alternative to a mechanical zero-set adjustment if

only one component is needed. Another way of accomplishing this

phase transformation is by the use of ‘‘Scott connected” transformers.^

The most convenient way to classify synchros for further discussion is

on the basis of the nature of the carrier waveform. The following three

sections will discuss the use of synchros with sinusoidal carriers, their

use as complex voltage-waveform modulators, and their use as complex-

current-waveform modulators.

12*7. Use With Sinusoidal Carriers.—Sinusoidal waveforms are

usually used when wave shape is not a characteristic of primary impor-

Fio. 12-19.—Conversion of 3-phase
output to 2-phase output.

1 See Vol. 22, Chap. 5.

* A transformer with a center-tapped primary is connected between two windings.

A second transformer is connected between the center tap and the third winding.

The sine and cosine components are taken from the secondaries of the transformers.
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tance since sinusoids are easily generated and are the waveforms passed

with minimum distortion by synchros.

Applicability »—Synchros have been employed in applications using a

carrier frequency as low as 30 cps and as high as 20 kc/sec; most applica-

tions, however, employ carrier frequencies of 60, 400, or 1000 cps. The

20 kc/sec oscillator Synchro Peak detector

Waveform at A Waveform at B and C Waveform at D
Fiq. 2*20.—A simple data-transmission system designed to operate in one quadrant only.

angular velocities occurring in various applications range from zero

(hand set) up to more than 360°/sec, and angular accelerations as high as

16,000®/sec per sec have been normal in some systems.

Driving and Demodulating ,—Synchros have been driven with their

primaries as plate load, cathode load, or as part of the tank circuit of the

oscillator. The examples will illustrate several different circuits that

have been used. Practically every type of detector discussed in Chap. 14

has been employed in conjunction with synchro modulators.

S3aichros with sinusoidal carriers are very widely used as sine-cosine
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resolvers. In such applications, it is also common practice to rotate

the coordinate system by interposing a differential synchro.

Synchro Modulator Employing a Peak Detector .—A simple data-trans-

mission system designed to operate in one quadrant only (0° to 30°

actually used) is shown in Fig. 12-20. The synchro stator winding forms

part of the 20-kc oscillator tank circuit. The leads to and from the

synchro were 50 ft long in the system from which this example is taken.

Both the Autosyn (at maximum coupling) and the U.T.C. 0-6 are

roughly 1-to-l transformers. The 50 condenser across the trans-

former secondary tunes the transformer to approximately 20 kc to pro-

duce a better waveform and somewhat more amplitude than is obtained

without the condenser; the amplitude is observed to be only very slightly

dependent on frequency over a useful operating range.

At an angular velocity of the rotor of 150°/sec the time constant of the

detector^ gives a maximum peak-to-peak ripple in the demodulator out-

put of i volt.

A Synchro Modulator and a Phase-sensitive Detector .—Figure 12-21

shows a somewhat more complicated example from a radar set in which a

synchro^ turns continuously at 4 rpm. The synchro primary forms part

of the tank circuit of the 1500-cps driving oscillator.

‘ Chap. 14 and Vol. 22, Chap. 5.

* The 5G in Fig. 12-21 is a Navy,,«ynchro designed for 60-cycle operation at 116
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The secondary output is not utilized directly, but is fed into a second

synchro^ which serves as a sector selector, that is, it serves to select a

sector out of the complete 360° which is represented by the output

data. The phase (with respect to the mechanical data) of the output

is the sum of the angles of the two synchros. For any fixed shaft

position, this synchro may be regarded as a transformer. A fraction of

the output of the second synchro is put onto the grid of the cathode

follower F2 . This fraction is chosen by the ^^scale expand’’ potentiom-

eter to give the desired volts output per degree of rotation. The reference

d-c level of the output is determined by the setting of the ^‘bias” poten-

tiometer. The switch detector composed of Fa and associated compo-

nents is a type described in Chap. 14, Sec. 14*4. The 5G synchro, which

is geared to the radar scanner, turns continuously in one direction, and

the output information is utilized only during a time corresponding to 50®

each side of the zero at which the output voltage is increasing.

During the remainder of the cycle the video signals are not sent to

the cathode-ray tube on which the information is displayed. The input

power to the 5G synchro is sufficient to drive as many as eight selector

synchros and outputs.

12«8. Complex-voltage-waveform Modulation—The Problem.—It is

frequently desirable to control the amplitude of a complex waveform in

accordance with a mechanical signal as, for example, in a fixed-coil PPL
This can be done by supplying a d-c control signal obtained from a

potentiometer, for example, to an appropriate waveform generator (Fig.

12-22) or to an electronic modulator following the waveform generator.

For many applications, it is preferable to generate the desired com-

plex waveform initially and then pass it through an electromechanical

modulator; the output is then the required waveform of an amplitude

determined by the mechanical signal (Fig. 12-23).

In radar applications, the complex waveform is nearly always a time

base and generally a linear time base. In those applications in which the

time base is modulated by means of a synchro, it is generally from about

20 /xsec up to 2500 iusec in duration. If the windings of the synchro have

extremely low inductance, it is feasible to pass even faster sawtooth

waveforms. Longer-duration waveforms can be transmitted if the time

constant of the input circuit (effective L/Ii) is made very long. It is not

feasible with present techniques, however, to make any one synchro

volts input and 90 volts output. The primary can dissipate 6 watts, weight 5 lb;

average angular error, 0.2°; peak angular error, 0.6°.

' This synchro is a GE Mark IV Model 2 size ICT instrument designed for 60 cps

operation. With 90 volts on the primary (stator) the maximum rotor voltage will be

55 volts. This Selsyn is rated at 1.5-watt dissipation, it weighs 1.5 lb and has average

and maximum errors of 0.2° and 0.6° respectively.
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suitable at both extremes. A block diagram of such a system as that

under discussion is shown in Fig. 12*24. The time-base generator is of

no particular concern for the present discussion. The synchro driver is

Time base*
generator

Ficj. 12-22.—Generation of an amplitude-modulated sawtooth waveform with a poten-
tiometer modulatinK a d-c carrier. The modulated carrier in turn controls the sawtooth
waveform amplitude.

Time base generator
I

I

I

Modulator

Fio. 12*23.—Generation of an amplitude-modulated sawtooth waveform by passing a
constant-amplitude sawtooth waveform through a synchro.

generally distinct from the time-base generator, but sometimes the

fimctions of both the generator and the driver are performed by one

circuit. Its function, in any case, is either to impress the proper voltage

waveform across the synchro primary or to force the proper current

waveform through it. In some |ipplications the synchro output may be
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SyrtcTiro

utilized directly; more often amplifiers are used. In a majority of the

applications the synchro is used as a resolver, that is, components propor-

tional to the sine and to the cosine of the shaft rotation are both utilized.

Delay .—In passing sweep'' or time-base waveforms through syn-

chros and associated circuit elements, some delay in the start of the output

waveform is observed. This delay is due largely to the fact that the

synchros, transformers, and deflection coils are not purely inductive

elements, but they have resistance losses, distributed capacitance, and
leakage inductance. In some applications employing fast-sweep wave-

forms, for example, a sawtooth waveform of 50-jusec duration the com-

monly encountered delay of 3 or 4 /xsec is excessive.^ In such cases it is

customary to prestart the sweep waveform generator with respect to the

basic timing signal to compensate for the delay, that is, to start the saw-

tooth waveform generator some 3 or 4 Msec earlier than would otherwise

be done.

Voltage-waveform Drivers .—The remainder of this section will be

devoted to applications in which the voltage waveform is of primary

interest. The following section

(12-9) will discuss those applica-

tions in which the current wave-

form is the foremost consideration.

Radar has made considerable use

of both current and voltage-wave-

form synchro modulators. Vol-

ume 22, Chaps. 5 and 10 discuss

such applications in considerable detail. Methods of obtaining the

desired waveforms are discussed in Chaps. 2 and 8.

If the desired synchro output is a voltage waveform similar to the

output of the time-base generator, it is necessary that the voltage wave-
form across the synchro primary have this same shape. The simplest

form of driver circuit for accomplishing this is illustrated in Fig. 12-25a.

It is essentially a cathode follower with the (primarily) inductive load

of the synchro as the cathode impedance. The cathode waveform is

approximately the grid waveform but attenuated somewhat. If the

synchro-secondary load impedance is high, the induced or output voltage

will be of nearly the same waveform as*that across the primary, but of an

amplitude proportional to the sine of the synchro shaft rotation. Figure

12*256 shows a similar method of drive in which preceding the synchro

is a transformer used as an impedance matcher. Figure 12*25c shows a

simple plate-drive circuit Avith voltage feedback. The voltage gain from

Fio. 12-24.—Use of synchros to modulate
triangular waveforms.

^ The term delay is somewhat misleading as used here. Due to the reactance

of the synchro system the sawtooth starts out with zero slope. The delay is the time
required for the slope to become nearly constant.
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input to plate is R^/Rv A transformer could be used in this circuit to

drive the synchro analogously to the circuit shown in 12-256. Voltage-

feedback~amplifiers are discussed in Chap. 2, in Vol. 22, Chap. 10, and in

Vol. 18, Chap. 6.

Figure 12*26 shows the circuit for a plan-position indicator used in

radar. It makes use of a linear-time-base voltage waveform which is

modulated by a synchro. The functions of most of the circuit elements

Push-pull

cosine output

(c)

Fig. 12-25.— (a) Cathode synchro drive. Voltage waveforms are shown for a given

shaft position. (6) Cathode drive with transformer. A 3-phase synchro is illustrated,

(c) Plate-drive amplifier with voltage feedback. Push-pull synchro output shown.

are indicated on the diagram. The circuit is an elaboration of that shown

in Fig. 12*25a together with auxiliary timing circuits and circuits for

establishing the level of the current in the deflection coil.

12‘9. Complex-current-waveform Modulation.—It is often necessary

to force a certain current waveform to flow in a given load. (See Chap. 8.)

One very commonly encountered requirement of this type is that presented

by the deflection coil for a magnetic-deflection cathode-ray tube. The
waveform, like the voltage waveform previously discussed, is used as a

time base. If such a current waveform need be controlled in amplitude
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by a mechanical signal, a current-feedback driving amplifier can be used

with an appropriately controlled voltage waveform. An alternative to

this procedure is to drive the deflection coil or other load directly from the

synchro output, in which case the synchro acts as a power transformer

and not, as above, simply as a voltage transformer. Figure 12*27a shows

Fio. 12*27.—(a) Simple direct synchro drive for magnetic cathode-ray tube deflection coil.

(6) Direct synchro drive with current-feedback amplifier and transformer.

a very simple driver of this type. Figure 12*276 illustrates a somewhat
more complicated system using a three-stage current-feedback amplifier

and transformer coupling. In a circuit of this type the load presented to

the driver tube is not simply the synchro or transformer primary but it is

this primary shunted by the transformed impedances of the rotor and the

load. The problem of direct s;^chro drive is much the same as that of
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deflection-coil drive. The latter, together with coil-design information

that is pertinent to the present problem, is discussed in Chap. 2 of Vol. 22.

D-c Level .—When amplifiers are used to drive the load following a

synchro modulator, the proper d-c reference for the driving waveform is

established by clamps or restorers (see Chaps. 3 and 14) ;
in the present

case, however, there are no amplifiers through which the waveform passes,

and other methods of establishing the reference level must be employed.

This problem is considered in Chap. 8, and Vol. 22, Chap. 10.

An Example .—An example from a radar set in which the deflection

coil controlling the CRT beam is driven directly from a synchro is shown
in Fig. 12*28.

The method is an elaboration

of the one illustrated in Fig.

12*296 in which a second current-

feedback amplifier (Fn to Fie in-

clusive) generates a rectangular

current \vaveform of area equal

to that of the triangular sweep

waveform. The rectangular and

the triangular waveforms are

mixed in the transformer. The
synchro resolver is a Diehl

FJE-44-1 which was designed for

this application in which "sweep

waveforms between 60- and 2400-

/isec duration are modulated. F

i

and F2 comprise the sawtooth-

voltage-waveform generator, and

F3 through Fs constitute the cur-

rent-feedback synchro-driver am-
plifier. The balancing waveform

amplitude is made proportional to

the triangular-waveform area by switching the grid of Fn with Fio alter-

nately to ground and to the output of the sawtooth-averaging filter R 2C 1 ,

Further discussion of this same example will be found in Vol. 22, Chaps.

5 and 13, and Vol. 17, Chap. 10.

Modulator Requiring Very Low Torque .—Ordinary synchro devices

are not suitable in applications in which very small torque is available

since slip rings must be used to make electrical connection to the rotor

and these introduce considerable friction. The Magnesyn is a device

in which the rotor is a bar magnet, and consequently the jewel bearings

provide the only friction. The stator consists of a laminated ring made
of eajsily saturable magnetic maf;grial, on which is wound a toroidal coil^

Fig. 12-29.—Triangular current wave-
forms illustrating ways of establishing a

reference level.
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tapped at the 120® points. The permanent magnet is pivoted con-

centrically with the core and rotates inside the coil as shown schematically

in Fig. 12-30. The coil is excited by an alternating current producing a

magnetization that completely saturates the core. The permanent

magnet produces a magnetic bias which causes even harmonic compon-

ents to appear across the windings. (The core functions exactly as in

the magnetic amplifier of Chap. 11.) The relative magnitude of these

components in each 120° sector is proportional to the sine of the direction

of the bar magnet with respect to the center of the sector. The output

from each tap contains both the fundamental and the even harmonic

components. The fundamental is removed by adding an equal and

Balancing transformer

120° components
of shaft

position

Fia, 12-30.—Magnesyii and energizing circuit.

opposite component to each output from a transformer. The outputs

of the transformer windings in series with the Magnesyn windings con-

tain only the harmonic components. Thus, the Magnesyn not only

modulates the signal but also doubles the frequency of the carrier. The

smallest synchros (Bendix Autosyn) require a torque of 0.04 in.-oz

whereas the Magnesyn requires only about as much.

Other devices that require very small torque are Microsyns and

Telegons. For details see Vol. 21, Part II.

12*10. Variable Condensers.— variable condenser, used generally

as part of a voltage-divider circuit, serves as a modulator that changes a

mechanical signal into an electrical signal. The simplest and most

common case is illustrated in Fig. 12-31a. If an alternating-voltage signal

ei, for example, a sinusoid, is applied across Ci and C2 in series and the

output e% taken across C2 ,
then

e* _ Cl

61
“ Cl + Ce*

(11 )
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The desired output as a function of the shaft rotation 6 of the variable

condenser is expressed by

e2^[A+ kfiS)] (a)
where A and k are constants. Equation (11) shows that this output

^ _ will be obtained if

““T, fy — p A kf(6)

^^-^^A~+~kKey
(a )

^^2

The way in which C depends

J_ on 6 is determined by the shape
~ and size of the condenser rotor
~ and stator plates. In designing a

condenser for a precision applica-

tion, edge effects must be taken

into consideration, and particular

care must be given to the me-

chanical design. Chapter 9 of

Vol. 17 discusses the design pro-

blems in detail.

Applicability ,—The variable

condenser as an electromechanical

modulator has certain advantages

and certain limitations compared

with other electromechanical de-

vices. For applications involving

high shaft speeds condensers are

decidedly better than potentiom-

eters and are better than most

synchros since friction can be

made smaller. The condensers,

o j 1 . j which in most precision applica-
Iio. 12-31.—(a) Condenser-voltage divider.

, i i .

(6) Phase-shifting condenser. tions have been designed specifi-

cally for the job in question, are built to stand high accelerations. They
withstand shock, vibration, humidity and long use very well. Unlike

synchros, condensers can readily be designed to give almost any desired

variation of output as a function of shaft rotation.

A variable condenser, if it is to be kept a reasonable size and is to

be a good mechanical design, cannot have a maximum capacitance

greater than a few hundred micromicrofarads. Because of the small

capacity of the device, considerable care must be exercised in the wiring,

and the use of short leads to and from the condenser is almost imperative.
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Stray and lead capacitances may cause undesirable variations in output

with angle and will result in attenuation of the output signal.

12-11. Use with Sinusoidal Carrier.—It is possible with condensers,

as with synchros, to use any a-c waveform as the input or carrier to be
amplitude-modulated. For example, to obtain a variable-speed linear

time base, a variable condenser may be used as the control device in

either of two ways. A constant-amplitude sinusoidal carrier may be

used as the input and the demodulated output may be used to control the

time-base generator. In the al-

ternative method, a sawtooth or

other time-base waveform may be

attenuated directly by the con-

denser divider. Either the first

method or a combination of the

two methods is generally used be-;

cause any practicable condenser

divider presents a very high imped-

ance to the lower frequencies that are present in most time-base waveforms.

Figure 12-32 shows a block diagram of a data-transmission system

employing a sinusoidal carrier wave and a variable-condenser divider.

If the condenser is driven directly by the oscillator (e.g.. Fig. 12-36)

the frequency shifts somewhat as is varied, but if the circuit has a

fairly high Q the amplitude will remain constant. The slight frequency

sliift is of no consequence in most applications.

Fio. 12-32.—Block diagram of a con'
donser-divider data transmission system
including oscillator, modulator, and detector.

Cl.

C2]

eio—

4

- -
-C{ Cij1 3

—0^2 ' —•62 ea*—^

'

1
Cl ^

~ -

(o) (6)

Fig. 12-33.—Push-puU condenser-voltage dividers.

Push-pull Network.—Two push-pull condenser networks are shown in

Fig. 12-33 in which the total capacitance, and hence the frequency, does

not change. The capacitances are designed to follow the relationships

_ B 4- kf{B)
* A - km’
, _ fy

B - km
* ^^A + km’

(14)

( 15)
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where A and B are constants. The outputs for Fig. 12'33a are

-M (ir.)

e,-[A+ «=/(.)] (^).
For Fig. 12-336 A and B in Eq. (16) are interchanged. The total capaci-

tance,

^ (7
A' 2B

^ C\ + C2 Ci + c' ^A+ B'
(17)

is seen to be dSistant. The analysis shows that Eq. (17) holds for both

networks of Fig. 12*33a ^lid 6. The network of Fig. 12-336 is generally

preferred in practice because cable and other stray capacitances from the

angle
0“ 0“ 0» 18® «
‘ J UiiiLj

0-

C +C1+C2

C=Oto 220 /i/if

Cl =54 /i/if

) 50 go 10M2° 14M6® 18° C2 =198 /i/if

Shaft angle

73.5 147.0 220.5

Capacity (C) in /i/if

Fig. 12-34.—Capacitance network for nonlinear function.

outputs to ground are generally much larger than stray capacitance

between input and output. Strays across the outputs of Fig. 12-336

may be considered a part of Ci. Work with a push-pull network of this

type led to the conclusion that in practice it is not capable of the accuracy

obtainable with a single divider, primarily because of the great difficulty

of accurate alignment.

Another Network .—The condenser network shown in Fig. 12*34 has

been found useful in producing output voltages that are certain nonlinear

functions of condenser shaft rotation. For this network

Oia C + Cl + Ct
( 18 )
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i,

continuous

rotation.
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from which €out as a function of S may be determined when C as a func-

tion of $ is specified. A condenser,^ for which C = A + kS, has been

used in this way to produce a desired nonlinear output. In one such

radar application Ci = 122 piMf, C2 = 194 ju/xf, and C varies linearly with

6 from nearly 0 to 1 10 jjLjjLf, Other condenser networks with still different

characteristics can, of course, be used. A condenser for which f{d) in

Eqs. (14) and (15) is sine 6 has been designed but was not put into

production.^

+300V

Example .—Two condensers have been designed that yield an output

for which /(^) in Eq. (12) is linear in d, that is,

62 = A + ke. (19)

One is the Bendix OAR 971-30-1; the other is the Rauland CV-11.

They are constructed (see Fig. 12*35) of 17 fixed stator plates and one

adjustable stator plate which are 0.160 in. ±0.001 in. apart, and of 17

rotor plates, each plate being 0.04 in. thick. The capacitance varies

from 50 to 200 /xMf in the usable 320® of rotation.

A Circuit .—In Fig. 12*36 a circuit (SCR-598)^ is shown which makes

use of a condenser divider such that Eq. (19) is satisfied. The condenser

divider forms part of the tank circuit of a 1-Mc/sec Hartley oscillator

(Fi). The peak-to-peak output of 575 volts does not change appreciably

as the heater supply varies from 4 to 8 volts. The tank circuit and all

‘ Bendix condenser No. 74747-1.

* See Vol. 17, Chap. 9.

* Fire Control Radar MPG-1. H. A. Strauss et al.j Electronics^ 92 (December

1945).
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radiating components are shielded in copper, and the entire oscillator is

mounted only a few inches from the variable condenser and is connected

to it by a shielded cable. The trimmer condenser Ci is adjusted so that

Cl plus C2 is equal to C3 for 6 = 0°. The proper adjustment is ascer-

tained by comparing the observed output vs. angle curve with the calcu-

lated curve. The 6SL7, 72, serves as a peak detector (see Chap. 14).

Tube F3 is a cathode follower which affords the low output impedance

necessary in this case to drive several feet of cable. Both the detector

and the cathode follower are mounted very close to the slip rings of the

variable condenser to minimize the stray capacity. When the Rauland

condenser is used, the output is from 0 to 55 volts for a variation in shaft

rotation from —160° to +160°. The calculated peak-to-peak carrier

ripple in the output is less than 0.05 volt, and the calculated phase shift

for 10 rps is about 4°. Replacing Ri by a 0.25-mh choke reduces the

phase shift to 0.02°,

12*12. Complex-waveform Modulation.—If a time-base waveform is

to be attenuated by a condenser divider, frequencies as low as the PRF
of the time base must be passed. With available condensers with PRF^s
of a few hundred pps this means that the divider has an impedance of

approximately one megohm for the low-frequency components. At
this level, leakage resistance becomes troublesome. Consequently,

variable condensers are not used for most such applications, synchros

being most often employed. Laboratory models that perform satisfact-

orily, however, have been constructed. Another laboratory system was
tried which used a synchro and a sinusoidal condenser in parallel as a

modulator for a linear time base. The system operates satisfactorily,

but it appears that switching to a lower-inductance synchro when fast

sawtooth waveforms are used is a better procedure.

Use of High-frequency Carriers.—Modulated-time-base systems that

employ high-frequency carriers have been built in the laboratory and have

performed satisfactorily. Two such systems will be briefly described.

Figure 12*37a shows the block diagram and Fig. 12*375 the circuit of one

such system using Cardwell sinusoidal condensers. Section Ci is the

cosine condenser, and is the sine condenser. Its rotor is 90° out of

phase with that of Ci. The condenser Ci, together with C3 and C4,

constitutes a push-pull voltage-divider network similar to that shown
in Fig. 12*33. For the Cardwell condenser Ci = A + A; sin ^ and

= A — sin 6. Making use of Eq. (11) it is seen that the difference

in the outputs

C3 — €2
2kCi sin 6

(C, + Ay - sin* 6
(20)

If Cl is about 10 times as large as k (as in Figs. 12-35a and b), the
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sin^ B term introduces a departure from true sinusoidal push-pull output

of less than 1 per cent. Condensers Cb and Ca are made adjustable

so that balanced output can be obtained. The input waveform is

a modulated sinusoid of about 2-Mc/sec frequency. The envelope

of the waveform is a sawtooth waveform, and the modulation is accom-

plished by applying a triangular wave to the screen of the

Deflection

system of a

cathode
ray tube

(a)

Fig. 12 -37.—
ib)

(a) Block diagram of a variable-condenser time-base waveform modulator

employing a carrier of high frequency, (b) Circuit diagram.

oscillator.^ An automatic-amplitude-control circuit has been used suc-

cessfully with this oscillator, the control voltage being applied to the

suppressor grid. The detectors are bypassed cathode followers which

are described in Chap. 14. The outputs are push-pull sawtooth wave-

forms varying in amplitude as the sine and cosine of the condenser-shaft

^ A linear electrical modulator is required. See Chap. 11 for a discussion of

appropriate circuits.
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displacement. The circuit shown (Fig. 12*376) was operated satis-

factorily with shaft rotations as high as 30 rps. Additional intelligence

can be transmitted by frequency modulation of the carrier.

A System Using Frequency Modulation .—Figure 12*38 is the block

diagram of another system for amplitude-modulating a time base that

employs a carrier—in this case, a carrier that is amplitude-modulated by

a sawtooth waveform as in the above example is also frequency-modulated

by the variable condenser. A frequency-sensitive detector gives push-

pull sawtooth waveforms of amplitude proportional to the frequency

deviation; hence, the frequency

varies linearly with Ci, which is

proportional to sine 6. Since the

output is proportional to the input

amplitude also, the wave envelope

is preserved. If such a circuit is

used with no amplitude modula-

tion of the carrier, the system

reduces to one in which the car-

rier is frequency-modulated only.

Both the examples are best suited for use as resolvers since, in the form

described, the outputs vary as sine and cosine of the input.

12*13. Variacs.—Variacs are variable autotransformers in which a

single layer of wire is wound on a toroidal iron core. A slider makes
contact with a single turn as in a potentiometer. Since variacs are

reactive devices, they may be used to transform power without loss. In

potentiometers most of the input power must be dissipated in the wind-

ings. Most variacs are designed as line-voltage compensators and are

not precision devices. The British Admiralty Mark I potentiometer,

however, is a device designed for use in a computer. It is 6 in. in diam-

eter and operates at 50 cps with a linearity of ±0.1 per cent. Variacs

are discussed in detail in Vol. 17, Chap. 10.

12*14. Photomechanical Modulators.—Photoelectric devices offer

particular advantages when extremely low torque is available or for

operation at very high speeds. In operation, a shutter is actuated by
the mechanical data to modulate the amount of light falling on a photo-

cell. The light is supplied from a constant-intensity source. The
shutter may be made from very light-weight material and can be cut to

provide nearly any mathematical function. Very sharply discontinuous

functions may be produced by photoelectric devices. Angle marks for

PPI displays are produced by a slotted disk rotated between a light source

and a photocell as shown in Fig. 12*39.

The 6AC7 is normally conducting so that the cathode rises to about

+50 volts and thereby provides bias for the phototube. The plate is at

Push-pull sawtooth
waveform with

Sawtooth waveform amplitude pro*

Sinusoidal condenser
varies /from

2.9 to 3.1 Mc/sec

Fig. 12-38.—Fm-am time-base modulator.
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bottom” with most of the space current flowing to the screen. Illumi-

nation of the phototube causes the grid to go negative and thus cuts off

the 6AC7 and causes an abrupt rise in plate voltage. The 0.05-Aif

cathode-bypass condenser steepens the edge of the marker pulse by pre-

+ 250V

Fig. 12-39.—Photomechanical azimuth-mark generator.

venting degeneration at high frequencies. (See Vol. 22, Chaps. 6 and 15,

Radiation Laboratory Series.)

In the above circuit abrupt pulses that are limited in amplitude are

produced. When it is desired to obtain an output accurately propor-

tional to the area of illumination, accurately linear amplifiers must be

Cam Slit

Fig. 12*40.—Circuit for producing a potential accurately proportional to the area of an
aperture.

used. Refer to Fig. 12-40. Errors may arise from changes in the output

of the light source or from drift in the amplifier. The light source may
be stabilized by operation from a regulated power supply, or better, an
auxiliary photocell may be used to measure the light intensity and correct
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the output of the light source. Alternatively the auxiliary photocell

may be used to vary the gain of the amplifier in accordance with changes

in light intensity. With a light source of fixed intensity the gain of the

amplifier should be stabilized by means of inverse feedback. Since d«c

amplifiers are subject to drift, a-c amplifiers may be used when greatest

stability is desired. To provide the a-c carrier, the light source may be

modulated, the potential supply to the photocell may be an a-c carrier,

or a mechanical vibrator-modulator may be used to modulate the output

of a photocell operated on DC.
Photomechanical devices are frequently used as null indicators in

torque-amplifying systems. A beam of light is made to subtend equal

areas on two adjacent photocells by amplifying the difference between

their outputs and applying it to a servomechanism that moves the beam.^

^ For details of typical devices see: Strong, J., Procedures in Experimental Physics^

Prentice-Hall, New York, Chap., 10; Chance, B., Electronics Engineering Manual,

McGraw-Hill, New York.



CHAPTER 13

TIME MODULATION

By D. Sayre

13‘1. Introductory Remarks.—Waveforms define time intervals

—

that is, a value can be assigned to the time that elapses between the

occurrence of an identifiable portion of a waveform and the occurrence of

(a)

ib)

(c)
1

(d)

Fia. 13- 1
.—Typical time-modulated

waveforms: (a) rectangle, trailing edge
variable with respect to the leading edge;

(h) triangle, trailing edge variable with

respect to the start; (c) pulse, variable with
respect to a reference pulse; (d) triangle

whose start is variable with respect to a

reference pulse; (e) continuous sine wave,

capable of being phase-shifted with respect

to a reference sine wave; (/) pulsed sine

wave, capable of being phase-shifted with

respect to the initiating pulse; {g) arbitrary

waveform, output of an ideal variable delay

device, variable with respect to the input.

another identifiable portion of the

same or a different waveform.

This chapter is concerned with the

important class of circuits that can

alter, or modulate, this time inter-

val in accordance with a signal. If

the time interval is T and the

value of the signal is x, then a

time-modulation (t-m) circuit es-

tablishes the relationship T = F(x).

The function F is called the trans-

fer function of the t-m circuit.

GENERAL PROPERTIES OF T-M
waveforms;

13-2. Examples of T-m Wave-
forms.—Figure 13*1 gives several

typical examples of t-m waveforms.

They may occur either periodically

or sporadically; their recurrence

frequency may be anything up to

several hundred kilocycles per

second. In several cases there are

two waveforms involved at different

points of the circuit—a reference

pulse to mark the beginning of the

time interval and the movable

waveform itself.

Waveforms with rise and fall times less than 0.01 to 0.06 /nsec are

difficult to obtain. For this reason the time intervals involved in TM
at present are not likely to be much less than 1 /usee. Under such circum-

• m
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stances the recurrence frequency cannot exceed the few hundred kilo-

cycles per second mentioned above.

More common, at least in radar applications, are time intervals from

1 /zsec to 1000 Msec—that is, times that correspond to target ranges from

about 100 yd to 100 miles. Recurrence frequencies seldom exceed

2500 cps, and then, of course, only when the time interval is less than

400 Msec.

Finally, time intervals from 0.001 sec to 1 sec or even to 100 sec are

perfectly possible, with very low recurrence frequencies.

The recurrence frequency is of importance in setting an upper limit

to the frequency at which the time interval may be usefully modulated.

Generally speaking, the modulating frequency should be less than one

half the recurrence frequency. This is equivalent to the situation in

AM, where the carrier frequency must be high compared with the signal

frequency.

Often it is desired to transform one t-m waveform into a similarly

t-m waveform of different shape. For instance, waveform (a) can be

converted into (c) by differentiation, (c) can be used to trigger a triangle

generator to obtain (rf), etc.

13 ‘3 . Fundamental T-m Methods.—Figure 13*2 illustrates, in highly

compressed form, the three most useful methods for TM. Considera-

tions concerning the accuracy of these methods will be given in Sec. 13-7.

In Method (a), called TM with a voltage-sawtooth waveform, the

time interval is the time necessary for the sawtooth waveform to rise

from its initial voltage to the comparison voltage. The comparison

voltage is the signal, since varying it changes the time interval.

Method (6) is really time modulation by phase modulation. The
pulse generators are arranged to fire on some definite portion of the sine

waves, probably the point of greatest slope, since that can be most
accurately defined. The phase-shifting device is usually either a synchro

or a special phase-shifting condenser; these devices require a shaft-

rotation input as a signal.

Method (c) is usually carried out either with sonic waves in a liquid

or solid medium, or with an artificial electrical line. Variation in the

time interval is obtained by moving the pickoff element along the medium
of propagation; some mechanical means for altering the path length is

thus the signal.

These are the principal methods that have been used. They vdll be

described in detail in later portions of this chapter. Also Vol. 20, Chaps.

5 and 6 of the Radiation Laboratory Series presents a number of practical

t-m circuits of all the basic types, together with a discussion of the

problems of incorporating these circuits into more complicated systems.

There are a few other methods that might sometimes be useful, such
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as frequency modulation of a sine-wave oscillator to vary the interval

between successive zeros of the wave, but these are mostly of insufficient

importance to merit discussion. One curious method involving storage

tubes permits a type of operation upon arbitrary waveforms which can

be performed, for all practical purposes, in no other manner; this matter

is accordingly discussed in the final section of this chapter.

Two simple t-m circuits can be combined to form a multiple-scale

circuit. In such an arrangement one circuit provides a sort of coarse

Comparison voltage

(c)

Fio. 13*2.—Three basic methods for TM: (a) TM with a voltage sawtooth; (6) TM by phase
modulation of a sine wave; (c) TM by propagation velocity.

scale and is used to establish the time interval approximately, the other

one being the fine scale and determining the time interval more exactly.

For example, the phase modulation circuit of Fig. 13*26 together with a
coarse circuit to select just one of the train of t-m pulses would comprise a
double-scale t-m circuit. The usefulness of such a system is that TM
over long time intervals (corresponding to the length of the coarse scale)

can be carried out with the same absolute accuracy as TM over a much
shorter time interval (that of the fine scale), resulting in very small

fractional errors. If desired, three or even more scales can be used.

The subject of multiple-scale systems is treated in detail in Vol. 20,

Chaps. 3 and 6 of the Series.
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All t-m devices may be classified as externally or internally synchro-

nized, according to whether they accept or establish the initial instant of the

time interval. The externally synchronized circuit accepts a trigger or

other initiating waveform and after a certain length of time is free to

accept another. This sort of circuit is useful for use with randomly
occurring events that cannot be initiated at will. An internally syn-

chronized circuit sets its own initial instant, simultaneously delivering a

pulse that can be used to synchronize other circuits.

Unknown
time interval

(Synchro-

nizing

pulse)

Signal to be_^

transmitted

Time modulator

Output

scale or

indicating

computer

Time
discriminator

Servo (Human
or automatic)

(a) Control signal

Time modulator

Time-modulated
waveform

Transmitter

Recovered

signal

Time
demodulator

Trigger
Time modulator

A
Receiver

(c)

Integrator

D-c voltage

proportional

to (signal)
2

Signal

Fig. 13-3.—Several applications of TM; (a) to measure unknown time intervals; (6) to

transmit intelligence; (c) to obtain a voltage proportional to the square of a signal.

13 '4 . Applications.—It has already been stated that TM permits the

establishment of a time interval T as a definite function of x, the value

of the control signal. By the techniques of TM, therefore, a new prop-

erty of waveforms is brought under the control of the designer. Several

important applications result, among them being

—

1. Measurement of unknown time intervals—for instance, the meas-

urement of radar range. One method, shown in block form in

Fig. 13 -Sa, consists of the following: synchronizing in a t-m wave-

form; adjusting it, by means of a time discriminator and a servo

loop, until its time interval is equal to the unknown time interval;

and finally reading off the value of the control signal thus obtained,

from which can be determined the value of the time interval if the
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function F{x) is known. (This and other methods of time-interval

measurement are discussed in Chap. 14).

2. Transmission of intelligence—that is, the reproduction, at a dis-

tance, of a signal. One possible method is to use the signal as the

control signal for a t-m device; transmit the t-m waveform at a

recurrence frequency high in comparison with the highest fre-

quency component in the signal; and finally recover the original

signal by means of a time-demodulation device (see Chap. 14).

Figure 13-36 represents this schematically. The well-known pulse-

width modulation is an example of this method.

3. Control ofe^displays. The usefulness of a cathode-ray-tube dis-

play can often be greatly enhanced by the use of t-m circuits in

conjunction with the sweep-generating circuits (see Vol. 22 of

this series). For instance, if the waveform shown in Fig. 13 -Id is

applied to the horizontal deflecting plates of a cathode-ray tube, a

^Melayed A-sweep^^ or ^^R-sweep’^ is obtained.

4. Computing. Time-modulation circuits are often important com-

ponents in complex computing networks. A simple example may
illustrate this. Suppose it is desired to obtain a d-c voltage pro-

portional to the square of a signal, for instance, to convert slant

range (from an aircraft to a ground target) to ground range. One
method, illustrated in Fig. 13*3c, is to use the signal to time-modu-

late a sawtooth waveform as in Fig. 13*16 and then integrate. The
peak output of the integrator will be the desired voltage, since the

area under the sawtooth waveform increases as the square of

the duration of the sawtooth waveform.

5. Simulation of more complex time-varying waveforms. Many test

and training equipments use t-m circuits to simulate more complex

waveforms which vary with time—for example, the waveform of

Fig. 13* Ic might be used to simulate the radar echo of a moving
target.

13'6. Transfer Functions—Linear and Nonlinear.—Thus far it has

been tacitly assumed that F{x) is linear, but this need not be so. Expo-
nential, hyperbolic, parabolic, and other kinds of special transfer functions

can be obtained with the voltage sawtooth method simply by generating

the proper shape of sawtooth waveform (see Chap. 8), the exponential

being obtained with particular simplicity and accuracy. Alternatively,

special potentiometers, gears, cams, etc. can be used to derive any desired

transfer function from any of the three basic t-m methods.

Linear TM offers many obvious advantages and is, in fact, the most
genen ly used. In the measurement of time intervals it supplies the

answer in what is usually the most useful form. It is used in the trans-
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mission of intelligence when distortion must be kept small. An example
has been given of its usefulness in automatic computation.

Nonlinear TM is especially useful for automatic computation. An
example will make this clear. It is possible to construct a t-m circuit

with a hyperbolic transfer function—that is, with where
h is an adjustable parameter. Such a circuit is obviously useful in the

solution of the slant-range ground-range problem with an airborne radar.

13 «6 . Control Signals.—Regarding the control signal the following

remarks are pertinent.

1. Some t-m circuits require a mechanical signal, usually either a
linear or angular displacement; others require an electrical signal,

which may be a circuit parameter such as resistance, capacitance,

or inductance, but which is most commonly a voltage.

2. If a given control signal is of the wrong kind to be used with a

certain t-m circuit, it can usually be converted to the proper kind

by some sort of electromechanical device. A potentiometer volt-

age divider, for instance, converts a shaft rotation to a voltage.

A great many such interconversions are known
;
the properties of

some of the more important of these are given in Chap. 12.

3. The electromechanical device can be used to alter the transfer

function of the t-m circuit in some desired way. Thus an expo-

nential potentiometer with an exponential sawtooth waveform
gives r as a linear function of the input shaft rotation, or a sine

potentiometer may be used with a linear sawtooth waveform to

give r as a sine function of shaft rotation. Similarly, special cams
or gears can be used with any of the methods to give any desired

transfer function.

4. Errors may be introduced by these electromechanical devices

either because they are not perfectly linear, exponential, sinu-

soidal, etc., or because their inertia prevents them from following

rapid changes in the input signal. Errors of the former type can

sometimes be made unimportant by placing the device within a

servo loop (like that of Fig. 13-3a), because the gain around the

loop is effective as negative feedback.

5. Mechanical signals have the advantage of being subject to direct

manual control, of providing force or torque for a visible scale or

counter, and of having good long-time stability. This last prop-

erty makes them especially useful for conveying very slowly vary-

ing quantities, but obvious mechanical limitations usually impose

rather severe restrictions on the upper end of their useful frequency

spectrum.

6. Voltage signals can easily be transmitted over considerable dis-
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tances and have virtually no upper-frequency limit, but the diffi-

culty of designing direct-coupled networks with adequate stability

tends to make electrical signals inferior to mechanical at very low

frequencies, unless the signal is modulated on a carrier.

7. For good accuracy and stability, the signal should vary over as

large a range as other considerations will permit. It may be

desired to multiply or divide the signal by some appropriate con-

stant. This can be done for mechanical signals with gears.

Electrical signals can be divided by impedance dividers, but

multiplication (amplification) is not accurate unless feedback is

employed, mm
8. Signals should preferably be delivered at an impedance low com-

pared with the input impedance of the t-m circuit. Cathode

followers are useful^^low-distortion impedance transformers for

electrical signals; for a mechanical signal a servomechanism capable

of delivering sufficient power might be used.

13*7. Errors—General Accuracy Considerations.—The purpose of a

t-m circuit is to set up a desired relationship = F{x). Any deviation

from this desired characteristic is an error. These errors will be

of two sorts: (a) original errors, which will exist even immediately after

calibration and which arise from some fundamental inability of the circuit

to generate exactly the required waveform (this inability may be due to

the nonlinearity of some important component, or to an approximation

—

for example, the approximation that a cathode follower has unity gain)

;

and (6) drift errors, which are removed by each calibration but which

thereafter begin to appear again, arising from the inevitable instability

of the circuit elements. Drift errors are accentuated by large changes in

temperature and humidity, mechanical shock, etc., but will be observed

even when these factors are eliminated, since the mere existence of a

vacuum tube or a composition resistor alters its properties. One of the

most important tasks of the designer is to find circuits that will depend

for their accuracy only upon components that can be made with nearly

ideal characteristics, and upon as few of those as possible.

Freedom from original errors is called ‘^fidelity freedom from drift

errors is called stability. Definitions of the terms limiting error,

^^probable error, and ^Minearity” which are useful in describing the

performance of t-m circuits are given in Vol. 20, Chap. 5 of this series.

The bulk of this section will be devoted to an examination of the basic

t-m circuits in order to point out, in each case, which are the critical

components—that is, upon which components the responsibility of

determining the time interval rests—and to acquaint the reader with the



Sec. 13-7] GENERAL ACCURACY CONSIDERATIONS 473

approximate accuracies that may be expected from each class of com-

ponent.^ The basic facts can, however, be stated in advance.

1. The vagaries of certain elements, such as amplifiers, can be greatly

reduced by feedback.

2. By calibrating against a high-precision circuit, drift errors can be

temporarily removed.

3. There is no substitute, however, for certain standard elements

that present constant electrical or sonic characteristics. Thus,

the circuit must be so arranged that the time interval is a function

of only the high-quality components.

Propagation-velocity Method .—If the path length is d and the velocity

of propagation is y, then T = d/v. Accuracy thus depends upon the

exactness with which the position of the pickoff element can be indicated

and the constancy of the propagation velocity.

The precision with which a linear or angular position can be mechan-

ically transmitted and indicated is not one of the factors that limit the

accuracy of any t-m system. For example, the limiting error, for one

direction of rotation, in the indication of the position of the tool in a

precision lathe is less than 5 parts in 100,000 for a 10-in. range. Since

other errors are comparatively large regardless of the t-m method
employed, the ultimate accuracy of mechanical components is not

ordinarily utilized.

The question of velocity changes with temperature in supersonic

delay lines is discussed in Vol. 17, Chap. 7 of this series. The delay time

in mercury is 17.52 /usec/in. at 20°C, with a temperature coefficient of

+0.0052 jusec/in. per degree centigrade at that temperature, or about

+300 parts per million per degree. Water at room temperature shows

a temperature coefficient of sign opposite to that of mercury (and most
other liquids investigated) but at 72.5®C its coefficient is zero, the velocity

of propagation being a maximum there. By using an oven to keep the

temperature within 1® of 72.5®C, a tank can be built which is stable to

better than 1 part in 20,000. The temperature at which the velocity

coefficient is zero can be made lower than 72.5®C by mixing ethylene

glycol into the water.

Electrical delay lines have not been so carefully studied from the point

of view of their stability. Changes in temperature cause changes in both

the L’s and C’s of lumped-constant lines and, in distributed-constantdines,

cause alteration of the geometry of the structure and the dielectric

constant of the core, which bring about changes in the inductance and
capacitance per unit length. Distributed lines show a wide variation of

^ More detailed information on components will be found in Vol. 17 of this series.



474 TIME MODULATION [Sec. 13-7

temperature coefficients, the smallest being a change in delay time per

unit length of +0.02 per cent/®C (General Electric YE4B type line).

Changes with time in propagation velocity of electrical or sonic media

cause drift errors, not original errors.

Voltage Sawtooth Method .—The time interval depends upon the

shape of the sawtooth waveform, the initial level Ei at which it starts,

and the level E^ at which the amplitude comparison, or pickoff, is made.

Thus, for a linear sawtooth waveform of slope K, T = {E^ — Ei)/K.

Accuracy is therefore dependent upon a sawtooth generating circuit (K)^

a switching circuit (Ei), and an amplitude comparator (E,).

Switching cyiijuits, which are discussed in Chaps. 3 and 9, are elec-

tronic switches that lock the quiescent level of the sawtooth to some
well-defined voltage, and that can be opened when it is desired to permit

the sawtooth to start. ^The accuracy with which clamping may be

accomplished is limited by the stability of the vacuum tubes available.

Chapter 3 contains a good deal of information on this subject.

Diodes, and triodes during grid conduction, both of which may be used

as switching elements, exhibit a voltage across the switch which is small

and constant to within a few tenths of a volt.' This is probably a reason-

able figure for switching accuracies with simple circuits. More compli-

cated arrangements (described in Chap. 9), in which two tubes are used

in such a way that the effects of aging and heater-voltage change will

tend to cancel, are constant to considerably better than 0. 1 volt. Change
of tubes, however, may cause 0.1-volt changes in the initial voltage of the

sawtooth.

Recently much attention has been turned toward the possibility

of using germanium crystals instead of thermionic diodes for switching

and amplitude comparison. The hope has been that the crystals would

show better stability than diodes. To date, however, this is only partly

true, temperature changes being particularly serious. Also, it has not

yet been possible to make crystals that have a high back resistance at

voltages greater than 50 volts. A comparator circuit has been invented

(see Sec. 9*5) which obviates this difficulty, but as yet there is no

really satisfactory switching circuit.

Amplitude comparison circuits are discussed in detail in Chap. 9.

The limitations are again imposed by the instability of available non-

linear elements, and the accuracy of comparison may be considered to be

about the same as that of switching.

It may be noticed that errors in switching and comparison are drift

errors, and not original errors. This is true at any rate for linear saw-

tooth waveforms; for a nonlinear sawtooth waveform, however, Hhere

may be an original error, since the comparator must work with an input
waveform whose slope changes with the time interval.



Sec. 13-7] GENERAL ACCURACY CONSIDERATIONS 475

The shape of the sawtooth waveform is determined, in all the circuits

described in this book, primarily by a network of TE’s and C's. It is

true that the properties of the tubes employed play some role, and both
original and drift errors are found which could be removed if amplifiers

with ideal characteristics were available. These matters are discussed

in Chaps. 7 and 8. But, in most of the circuits employed, there is

enough feedback to make these errors less serious than drift errors arising

from instability of the fundamental timing resistors and condensers.

The carbon resistors and paper condensers which are common in radio

receivers are ordinarily specified to within only 5 per cent, 10 per cent, or

20 per cent, depending upon the degree of selection that is practiced.

The variation of these components with a 50°C temperature change

amounts to many per cent of the nominal values. These units may,

however, be made so that they are reliable in the sense that they do not

fail completely.

Somewhat more predictable are the values of mica-dielectric con-

densers and wire-wound resistances. The original value may be specified

as closely as 1 per cent, and the temperature coefficients may result in

only a few tenths of a per cent increment with a rise of 50°C. Moreover,

there is the possibility of matching temperature coefficients so that the

product of a resistance and a capacitance is constant even though each

varies with temperature. The coefficients themselves are not sufficiently

controllable so that the product may be fixed to closer than one part in

one thousand of the initial value with a 50°C temperature change.

Certain types of resistors are wound with very thin wire, and special

precautions against failure are necessary.

The best resistance and capacitance stability which has been obtained

utilizes control of the ambient conditions to which the units are subjected.

Hermetically sealed units are protected from humidity and any reagents

in air. Temperature control in the interior of a small container or a

complete chassis is entirely feasible. The constancy of an 72(7-product

may be made considerably better than 1 part in 1000 by such methods.

The original values of the components may be exactly set by certain

industrial control processes. The improved quality is expensive and will

presumably not be common.
Two other factors that affect the accuracy of a sawtooth t-m circuit

are the d-c power supply and the potentiometer which is used when it is

desired to control the time interval Avith a mechanical signal.

The subject of stabilized d-c power supplies is treated in great detail

in Vpl. 21, Chaps. 13 and 14 of this series. For a 250-volt supply,

stabilization to about 50 mv is about the best that can be done. In

general, however, such stability is quite unnecessary, provided the control

voltage is suitably derived from the same supply that serves the t-m
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circuits, for any change in the slope of the sawtooth waveform is accom-

panied by a compensating change in the control voltage. For this reason

it is usually unwise to regulate the negative supply unless the positive

supply is also regulated, and when both are regulated a single standard

should be used.

Among potentiometers, one of the most accurate linear types is the

RL 270 series, designed by the Radiation Laboratory. They are available

in sizes from 20 to 50,000 ohms, with departures from linearity of resist-

ance vs. shaft rotation as small as 1 to 10 parts per 10,000. The Gibbs

Micropot and the Beckman Helipot are linear to better than 1 part per

1000, and pe^it 10 complete shaft rotations to cover the full range.

Special nonlinear potentiometers are also available, with errors from

1 to 10 parts per thousand. A full discussion of potentiometer design,

with names of manufacturers and specifications of their products, is given

in Vol. 17, Chap. 8 of ^is series.

Phase-modulation Method .—If the frequency of the sine wave is /
cycles per second and the phase shift is <t> radians, then T = <^/27r/.

Usually </» is some function of an input shaft rotation. Thus, the accuracy

is dependent upon a sine-wave oscillator and a phase-shifting device.

The frequency of sine-wave oscillators, discussed in Chap. 4, can

be held constant to a few parts per million by the use of crystals, or at

lower frequencies to about 0.1 per cent by the use of J?C-oscillators with

properly stabilized timing components. Since the per cent error in T
is equal to the per cent error in /, the oscillator is not likely to become
the limiting factor in accuracy.

The best phase-shift devices are special inductances (synchros) or

condensers, which are described in Secs. 1315 and 13T6 and in Chap. 12,

and in Vol. 17, Chaps. 9 and 10 of the Series. The phase shift of both

these devices can be made linear with respect to shaft rotation to about

the synchros at present being slightly the more accurate. Out of

360°, i° amounts to 1 part in 720, but the errors due to the phase shifter

are not cumulative, since each full turn of the shaft increases T by 1//,

regardless of nonlinearities during the turn. Thus, the absolute error

due to the phase shifter is a cyclic error and is no greater for large T than

for small. Any original error resides in the phase shifter, and the sine-

wave oscillator, provided it puts out truly sinusoidal waves, can con-

tribute only to the drift error.

If a t-m pulse is to be formed from the phase-modulated sine wave, as

in Fig. 13*26, a comparator circuit is involved. It is the function of the

comparator to form a pulse when the sinewave attains some definite

value, usually zero (since that is the point where the sine wave has the

greatest slope). Circuits especially designed for this purpose, whose

drift errors can be kept lower than 0. 1 volt, are given in Chap. 9.
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VOLTAGE SAWTOOTH METHOD
13*8. Introduction.—The unique advantage of this method is that

it is voltage-controlled; there are no moving parts and very fast signals

can therefore be accepted. Simplicity, low cost, and convenience are

other advantages that have caused this method to be widely used even
when shaft-rotation control is permissible. Accuracy of 0.1 per cent or

slightly better is possible even with single-scale circuits; this is adequate
for most purposes, though not as good as is possible with the other

t-m methods. A disadvantage is that time must be wasted in permitting

the circuit to recover after each cycle. As previously stated, the method
is especially convenient for obtaining nonlinear transfer functions.

The time intervals obtainable with this type of circuit range from
about 1 Msec to many seconds. For time intervals shorter than a few
microseconds, special small tubes and low-capacitance circuits are

necessary. Very slow sweeps can be made by driving the center tap

of a potentiometer with a constant-speed motor.

It may be noticed that another way of obtaining TM with a sawtooth-

waveform method is to vary the slope of the sawtooth waveform, leaving

the pickoff voltage constant. The fact that the pickoff will occur at

slightly different levels for sawtooth waveforms with different slopes

prevents this method from having great accuracy; nevertheless, it has

often been used, especially with multivibrators, when an adjustable time

interval is required.

It is a curious fact that the t-m circuits that employ the most tubes

are the easiest to analyze. The operation of a large number of com-

ponents is not difficult to understand if each unit is performing a single

function. If, however, the same tube is used for generating the sa^vtooth

waveform, performing the amplitude comparison, and generating a step

function for the t-m output—as is the case in a multivibrator or other

internally gated circuit—the transition periods between the several modes
of operation are exceedingly difficult to represent analytically. Non-
linearities in the tube characteristics and the various stray capacities

usually become the decisive factors. The system becomes easier to

represent by simple circuits and is often more accurate if a component is

inoperative during all except a single stage of the circuit action. Thus a

diode may conduct briefly at the time of pickoff and be tolerably well

represented by an open circuit at other times. For this reason the

internally gated circuits of Sec. 13-12 are more difficult to understand

than the less compact circuits which will be treated earlier.

13-9. Representative Circuit. Switching and Comparison Methods.

A representative sawtooth t-m circuit is shown in Fig. 13*4, and sketches

of its waveforms are shown in Fig. 13*5. The circuit is a simplification
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of the circuit of Vol. 20, Sec. 5-7 of this series. A nearly linear positive-

going sawtooth waveform is generated by the compensated bootstrap

circuit (see Chap. 7) consisting of F2 ,
F3 ,

F4 ,
and their associated

components. The simple triode switch Vi is opened and initiates the
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sawtooth waveform when a negative gate is applied to its grid. The saw-

tooth waveform begins at about 1 volt above ground; its slope is about

EppJRC, where G == {CiC^)/{Ci C^)] its useful amplitude depends

upon the design but may typically be 200 volts. The diode amplitude

selector, or pickoff diode, Fs is so arranged that on its cathode appears

only that portion of the sawtooth waveform above Es volts. The diode

Vhj together with the amplifiers Fe and F7, forms an amplitude com-
parator, the output of which is a pulse marking the instant at which the

sawtooth attained the voltage Es.

Fig, 13-6.—Double diode self-stabilizdng switch.

Data presented in Vol. 20, Sec. 5-7 of this series indicate that the

most serious single cause of error, amounting to about 0.5 per cent, is tube

change or the gradual drift of tube characteristics. It may be supposed

that these errors are mainly zero errors and not slope errors—that is, that

they are due to inexact switching and comparison rather than to any

changes in the shape of the sawtooth waveform. There are several

methods for minimizing or reducing zero errors.

There are better types of switch than the gated triode; one which

shows very good freedom from drift is the self-stabilizing double-diode

circuit shown in Fig. 13*6. Here the voltage to which the sawtooth

waveform is clamped depends not upon the absolute characteristics of

Fla and Fib but upon the balance between them. Provided they drift

together, the clamping voltage is unchanged. By using diodes in a
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single envelope, the drift can be reduced to about 20 millivolts per week.

The clamping voltage is altered by only about 40 mv by a 10 per cent

change in heater voltage. Changing tubes, however, can still cause a

change of 0.1 volt or even more. A disadvantage is that the input

gating waveform must be as large as the desired amplitude of the saw-

tooth waveform.

Extremely bad definition of the initial level of the sawtooth would be

obtained if the sawtooth were taken from the cathode of Fs instead of the

grid, for in that case no amount of care in stabilizing the initial level of

the grid would prevent the cathode level from changing with time,

heater voltagofiiand tube change. The only condition under which use

of the cathode waveform is justifiable is when, for any reason, the control

voltage Es must be fed into the cathode of Vh through a cathode follower.

In this case it might be hoped that E» and the initial level of the sawtooth

would drift together.

Similarly there are more stable

comparators than the single diode.

A double-diode circuit (see Fig.

13-7), analogous to the switching

circuit just described, has the same
property of subtracting the drift

of Vha from that of^ Fsd. The
resistor across Fsa plays the same
role as that played by the com-
mon cathode resistor in the pre-

ceding circuit; it is returned to JS,

and not to some lower voltage in

order to avoid drawing any current from the source of E,. This and
other comparators are described in Chap. 9.

The fact that Fe is partly, and V^ completely, nonconducting in the

quiescent state means that there will be some slight delay between the

moment when Fs begins to conduct and the moment when the output

pulse is formed. Variation in operating conditions may cause some
change in this delay and therefore some zero error. In general it is much
better design if at least the first amplifier in the comparator is normally

on, so that full gain will be realized right from the start.

Another way to cancel out the drift in the single comparator diode

is to switch with a similar single diode (as in Fig. 13 -Sa). The effect

of an increase in cathode emission in both these diodes would be to lower

the level of the sawtooth waveform slightly and also to lower the effective

control voltage by a similar amount. A small slope error is introduced

by this method, however, since the initial current through R increases

slightly with increased cathode emission. This method requires a zero-

7L

Fig. 13*7.- -Double diode aelf-stabiliziriK

amplitude selector.
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impedance gating waveform, but an approximation to this is provided

by the cathode-follower arrangement of Fig. 13*86. The resistor Ri
should be made as small as the cathode follower will permit.

Another method for zero-error cancellation is possible when the

system can be internally synchronized. In this case the sawtooth is

initiated by some local recurrence-frequency generator and is picked off

not once but twice, the first pickoff providing the synchronizing pulse

that is delivered to the external equipment, and the second pickoff form-

ing the pulse that is time-modulated with respect to the first. Usually

the first pickoff is at a constant voltage and the second pickoff voltage is

the one that is varied. In this way the time interval depends only

upon the difference between the two pickoff voltages; the initial level

(a) (b)

Fig. 13*8.— Zero error cancellation with single diodoF: (a) ideal case with zero-impedance
gating waveform; (6) approximation with a cathode follower.

of the sawtooth waveform becomes unimportant, and the drifts in the two

pickoffs subtract. The difficulty arises from the loading that the first

pickoff imposes upon the sawtooth waveform. This difficulty can be met
by using high-impedance comparators (see Chap. 9) or by using a saw-

tooth waveform from a low-impedance point of the circuit. For such an

application therefore the sawtooth waveform from the cathode of Fa
might be used.

Probably the most satisfactory method of all is the following one,

which completely eliminates any zero error and which can be applied to a

large number of time-measurement problems, though its application to

the transmission of intelligence or automatic computation is not easy,

since the reference and t-m pulses never exist both in the same cycle. A
linear sawtooth waveform, whose initial level is not important, is picked

off by a single diode (or other simple comparator) sometimes at a voltage

and sometimes at a higher voltage i?„. The signal voltage may be

switched from to at 60 cps by a vibrating switch like the Brown
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converter; there is no need to have the switching rate bear any special

relation to the recurrence frequency of the sawtooth waveform. Now
E., corresponds to the time interval Ti, and corresponds to T2 ]

the

zero error is cancelled out so that Ti = K{Esi ^«i) and depends

only upon the stability of the slope constant K. Usually E,^ will be

held constant and control is obtained through The diagram of

Fig. 13-9 illustrates one way in which this circuit can be used to measure

unknown time intervals. The circuit is internally synchronized and

the unknown time delay device is triggered by the output pulses from the

sawtooth waveform. The output pulses and the output from the

unknown delaj^evice are displayed on the cathode-ray tube, and £*,2

is adjusted until coincideqce is obtained between the pulse from the

unknown delay corresponding to

Eti and the pulse from the saw-

tooth corresponding to E^^.

In order to make the unavoid-

able errors in switching and pick-

off as unimportant as possible, the

sawtooth waveform should be

large. If the difference between

initial and pickoff voltages can

change by as much as 0.2 volt, the

change in T can nevertheless be

held to only 0. 1 per cent by mak-
ing the sawtooth waveform 200

volts in amplitude. Some pre-

liminary work has been done on

sawtooth waveforms with ampli-

tudes of several kilovolts. The
generation of the sweep can be accomplished, but the principal need is for

clamping and pickoff diodes that can withstand the large inverse voltages

to which they will be subjected.

Earlier in this section it was assumed that most of the errors arising

from tube change in the circuit of Fig. 13-4 are zero errors and not slope

errors. Naturally this is not exactly true. A change in the initial

voltage alters the initial current through 72 and hence the slope with which

the sawtooth starts out. More important is the effect of changing Fa,

since very small changes in the gain of the bootstrap cathode follower can

cause noticeable changes in the shape of the sawtooth. Some work has

been done on the use of high-^,„ pentodes for this stage (see Chap. 7), but

in general the bootstrap sweep is abandoned in favor of the Miller sweep

when precision greater than 0.1 per cent is required.

For other details on the performance of this type of circuit see Vol. 20,

Fig. 13-9.—The use of a vibrating switch
in the measurement of time intervals without
zero error.
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Sec. 5*7 of this series. Other errors, which have not been discussed

here, are due to temperature changes, recurrence-frequency changes, and

nonlinearity of the potentiometer which may be used to derive the control

voltage.

13*10. Problems with Miller Negative-going Sweeps.—Miller nega-

tive-going sweeps can be generated with greater linearity and at lower

cost than can bootstrap positive-going sweeps. Yet their use in t-m

circuits is in some respects more difficult, when the greatest precision is

desired, because of the switching and comparison problem.

It was stated in the preceding section that in the case of a positive-

going sweep a single-diode switch and single-diode comparator would

give good freedom from drift and

heater voltage sensitivity because

the effects of the two tubes sub-

tract. The analogous Miller cir-

cuit is shown in Fig. 13TO. In

the Miller tube Vi the plate is

normally cut off by negative bias

on the suppressor and is turned

on for the duration of the sawtooth

waveform by the gating rectangle.

Tube V2 is the diode which sets

the initial level of the sawtooth;

F 3 is the pickoff diode. Now if

the cathode emission in both

and Fa increases, the level of the

sawtooth drops slightly, and pick-

off occurs at a slightly higher volt-

age. These effects add and do

not cancel, and T therefore de-

creases with increasing heater voltage. The change is a zero change.

A further source of difficulty is the Miller tube Vi itself. If its

cathode emission increases, the quiescent level of the grid drops slightly,

and when the gate is applied, the negative step on the grid, although the

same size as formerly, carries the grid to a slightly lower voltage, increas-

ing the current through U and hence through C. The slope of the saw-

tooth will therefore increase with heater voltage—that is, there will be a

decrease in the slope of T vs. the control voltage.

Fig. 13T1 shows two ways of overcoming this slope change. In a
the level of the grid is kept constant by the compensating diode F4 ,

very

much as in the self-stabilizing switch and pickoff of the preceding section.

In 6 the level of the grid is permitted to change, but the voltage to which

the timing resistor R is returned is made to change in the same way by the

Fiu. 13*10.—A t-m circuit using a Miller

negative-going sawtooth.
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diode Vi. The voltage across R is thus made independent of heater

voltage, and the slope of the sawtooth remains constant. It may be

remarked that all these methods of self-stabilization depend upon the

fact that a change in heater voltage merely alters the effective potential

of the cathode of the tube, and by the same amount, whether the tube is

a diode, triode, or pentode.

It still remains to discuss the methods for reducing the zero errors.

As in the case of the bootstrap sweep, an effective method is to pick off

twice with matched pickoff elements from the same sawtooth, and an

even more accurate method is to use a single pickoff element, switching

the control voUMge rapidly between two values. Other than these two

Fig. 13-11.—Methods of stabilizing the slope of the sawtooth against changes in heater
voltage. In (a) the level of the grid of Fi is kept constant; in (6) the voltage at the point

A changes in the same way as the grid voltage changes.

methods, the only suitable way to reduce the zero errors is to use self-

stabilizing switches and pickoffs like those of Figs. 13*6 and 13-7.

The problem of accurate zeroing is especially troublesome when the

Miller sawdooth generator includes a cathode follower to permit rapid

recovery. In this case the sawtooth waveform from the cathode of the

cathode follower is more linear and at a lower impedance than that

from the grid; its level, however, cannot be set accurately. This is no

disadvantage when the double pickoff or vibrating-switch methods can

be used, but in other cases it is a difficult problem. The best solution,

shown in Fig. 13-12, is to insert another condenser (7i, large compared

with (7
,
in the feedback loop, so that the point between C and Ci describes

an accurate sawtooth but at a completely indeterminate level. The
desired level can then be inserted by a single diode, as in the figure, or by
a self-stabilizing switch.

The methods described thus far are of no use in reducing the effects

of tube change of Vi. Changes in the size of the negative step at the
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grid are to be expected and with them both zero and slope changes. The
only way to reduce these errors is to eliminate the step. Several meth-
ods for accomplishing this are known; they are discussed in Chap. 7.

13*11. Slow and Nonlinear Sweeps—Regenerative Pickoffs.—When
very slow or highly nonlinear sweeps are used, the problem of reducing

Fio. 13- 12.—Illustrating how accurate zeroing of the sawtooth may be obtained when
cathode follower coupling is used for rapid recovery.

the lag between the instant of voltage equality (of the sweep and Eg)

and the pulse formation becomes important. Failure to solve this

problem means drift errors in the case of the linear sweeps and both

original errors and drift errors with the highly nonlinear sweeps. A sim-

ple diode comparator plus several stages of amplification is one answer;

Fio. 13-13.—Self-stabilization in a Multiar pickoff. In (a) the grid and cathode of F6
act as a diode to stabilize Fs. In (6) the control signal Eg can be introduced through Fsa
which also serves to stabilize Fs,.

a simpler answer is the use of regenerative pickoffs. These circuits are

treated in detail in Secs. 9*12 to 9*15.

Briefly, any regenerative device can be made to act as a regenerative

comparator, but the stability, depending as it does upon the cutoff

characteristics of a triode or pentode, is not very good. One circuit,

however, the Multiar pickoff, is controlled by a diode and accordingly
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shows much better stability. Several variations in the circuit arrange-

ment exist, giving different degrees of stability. If the diode can be

conductively coupled to the grid of the triode, as in Fig. 13* 13a, the

circuit is self-stabilizing and shows very good freedom from drift. If it

is desired to place the control voltage on the plate of the diode, then

capacity coupling must be used which will remove the self-stabilizing

feature. It can be regained, of course, by using two diodes, as in Fig.

13*136.

The Multiar with a stabilized Miller sweep generator probably repre-

sents the most economical method for obtaining the greatest accuracy

possible at pre^int. In Vol. 20, Sec. 5*3 of this series a circuit of this

type is described as giving, linearity of 0.05 per cent, with a 5 per cent

change in line voltage causing less than 0.04 per cent change in zero

and 0.1 per cent change^ slope.

13- 12. Internally Gated Circuits.—The circuits of the preceding sec-

tions have all required, as the gating waveform, a rectangle at least as

long as the maximum time interval desired. Since there is usually only

a pulse available, these circuits must be preceded by a monostablc multi-

vibrator or similar circuit. When a t-m circuit is operated in this way,

it is said to be externally gated. There are two other possibilities, how-
ever, which will now be treated very briefly.

If the t-m output pulse from the sawtooth waveform is fed back to the

gating multivibrator in such a way as to shut it off immediately, the

circuit yields not only a t-m pulse, but also a t-m rectangle and a t-m
triangle like those of Figs. 13* la and 6. Furthermore, all three outputs

are time-modulated in exactly the same way, a property that is often

very convenient. For this purpose an ordinary bistable multivibrator

should be used, with both the initial triggers and the t-m terminating

triggers being injected. A monostable multivibrator has the disadvan-

tage that the exponential waveform on the grid makes the circuit harder

to terminate when T is short than when T is long.

The other possibility is that of producing the gating rectangle from

the sawtooth waveform itself, thus making a separate gate generator

unnecessary. Essentially, the sawtooth waveform is differentiated to

obtain a rectangle and the rectangle is fed back to the gating electrode

of the sawtooth generator. In this way a positive-feedback loop is

obtained which makes the circuit respond to a trigger alone without any
need for an externally generated gate. In fact, the circuit has become
a monostable relaxation oscillator with a linear timing waveform. A
circuit operating in this fashion is said to be internally gated. The
important fact about these circuits is that they contain, in very compact

form, all the elements for a complete sawtooth t-m circuit: gating mech-
anism, sawtooth-waveform generator, and regenerative pickofif mech-
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anism. Circuits can be mentioned which perform all these operations

in a single envelope. Hence this class of circuits is extremely economical,

and, in accordance with the statements made in Sec. 13*8, very difficult

to analyze precisely. The present section will deal with the most
important of these circuits.

Internally Gated Bootstrap Circuits .—Chapter 7 describes how boot-

strap sweep generators can be made internally gated, and an example of

such a circuit is shown in Fig. 13T4. A small resistor Hi is inserted in

series with Ci and and differentiates the sawtooth waveform. The
rectangle appearing across the resistor is amplified and inverted in a

single-triode section and placed on the grid of Fi, the clamping triode.

The circuit is now internally gated and can be triggered with a negative

trigger on the grid of V\. The pickoff mechanism is provided by F3 ,

the bootstrap cathode follower. The grid of F 3 ,
rising linearly with the

sawtooth waveform, sooner or later begins to draw grid current. When
it does, the load on the sawtooth waveform suddenly increases, the slope

of the sawtooth waveform decreases, the amplitude of the gating rec-

tangle decreases, and very shortly afterward the entire circuit snaps

back to its initial quiescent condition.

The moment of grid-current flow in Fs is very poorly defined—further-

more, it cannot be controlled easily and linearly. Therefore, the sweep

is never permitted to terminate itself in this way, a pickoff diode or other

comparator being used. Two methods are, in fact, in use. One is to use
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a comparator in the ordinary way, in which case economy is the only

advantage in making the sawtooth-waveform generator internally gated.

The other method uses a diode to apply a sudden load to the sawtooth

waveform when it reaches thus simulating the grid-current action of

Vz but with much better accuracy. This is the method illustrated in

Fig. 13*14. A t-m rectangle and t-m triangle are the outputs.

Internally Gated Miller Circuits ,—By far the most important internally

gated circuits are those employing a Miller sweep generator. Several

types are in frequent use and have such names as ^^phantastron,''

‘^sanatron,^^ ^^sanaphant,^^ etc. They were all invented and mainly

developed in Bliigland. At their best they undoubtedly offer the highest

ratio of performance to cgst now available. The briefness of the treat-

ment here is no reflection on their importance; it simply results from the

fact that these circuits^ have already been treated in Chap. 5 of this

volume and several engineered examples will be discussed in detail in

Vol. 20, Chap. 5 of the Series.

A high-precision sanatron is described in Vol. 20, Sec. 5*G of this

series. There it is stated that the linearity of T vs. Ea is 0.05 per cent

and that the addition of a suitable inductatice in the plate circuit of the

Miller tube could improve this to O.OOOG per cent. The largest error

caused by change of any one tube is 0.2 per cent.

Screen-coupled sanatrons permit the use of heavy-current beam-

power tubes which can provide a very large integrating current and
hence very fast sweeps. Linear t-m circuits with a maximum T of 1 or

2 Msec can be built in this way.

The screen-coupled phantastron probably offers the best ratio of

performance to cost now possible. The following data apply to the

circuit shown in Fig. 5*40 of this volume: linearity, 0.05 per cent; tube

change, 0.3 per cent; T decreases 0.2 per cent for 10 per cent increase in

heater voltage; T increases 0.2 per cent for 10 per cent increase in the

positive and negative lines.

Cathode-coupled phantastrons have given accuracies somewhat better

than 1 per cent in the field.

In circuits of this sort, in which the sweep is always terminated at the

same voltage—namely the voltage at which the plate bottoms—the

control over T must be obtained by varying the initial level of the sweep.

This can be done with a simple diode switch as in Fig. 13*15a. Two
faults are apparent in this arrangement, however, and Fig. 13*155 illus-

trates the simplest methods for minimizing them.

One of the difficulties is that current will be drawn from the source

of Ea so that unless that source has zero internal impedance the effective

value of Ea will be too high. The plate resistor 72 1 can be made very

large, but this seriously increases the recovery time of the timing con-
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denser C. Various solutions have been used. One way is to introduce

Es through a cathode follower; this provides a low-impedance control

signal, but it introduces a new source of nonlinearity and drift errors.

The rather ingenious method shown in Fig. 13T56 makes use of a simple

compensating element. The resistor H 2 is made equal to Ri and the

Fig. 13-15.— (a) Simple method of introducing E». (6 ) Improved circuit, including
a correcting resistor H'l to reduce the current drawn from the source of E» and a compen-
sating diode F 3 to reduce the effects of heater voltage change.

voltage to which it is returned is chosen so that for Eg near the middle of

its range the drops across Ri and R^ are equal. Then at this point no
current is drawn from the potentiometer or other source of Eg, and the

error in Eg, as plotted in Fig. 13T6, is considerably reduced.

The other fault in the circuit of Fig. 13T5a is that no provision is

made against a slope error with heater voltage change. Two methods
were shown in Fig. 13T1 for accom-
plishing this: in the method of Fig.

13Tla the bottoming voltage is un-

changed with heater voltage change,

whereas in that of Fig. 13T16 the

bottoming voltage decreases with

increased heater voltage. The latter

method is used here because the

decrease in bottoming voltage exactly

compensates for the decrease in the

initial level of the sawtooth caused by the increased cathode emission

of Fa; if the method of Fig. 13Tla were used, a self-stabilized switch

would have to be used in place of Fa.

Multivibrators ,—Section 5T4 discussed methods of varying the dura-
tion of a multivibrator square wave—that is, of carrying out TM with a

Fiq. 13-16.—The reduction in loading
error obtained with the correcting re^

sistor Ri in Fig. 13*16?>,
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multivibrator. The only one of those methods that has been extensively

used is voltage control of the cathode-coupled monostable multivibrator.

The method is inexpensive but not very accurate. Linearity can be as

good as 0.1 or 0.2 per cent, but tube change can alter T by 10 per cent,

and a 10 per cent change in line voltage can alter 7' by 2 per cent.

PHASE-MODULATION METHOD

13*13. Introduction.—The circuits to be described in this part of the

chapter are designed to produce phase-shifted sine waves, either continu-

ous sine waves as in Fig. 13-le or pulsed sine waves as in Fig. 13*1/.

Variable phase-shifting devices for sine waves fall into two groups:

limited phase-shifting types, which are restricted to varying the phase

shift over a range of only a finite number of degrees (usually 180°)
;
and

continuous phase-shifting types, which are not so limited. The simple

networks consisting of a variable resistor with a condenser or inductance

are examples of the first class of circuits—these are discussed in Chap. 4

and will not be further described here. A synchro, in which the phase-

shifting depends upon the mechanical rotation of a pickoff element in a

rotating field, is an example of the second class of circuits, which will

form the subject of the next few pages. The importance of continuous

phase-modulators in TM stems from the fact that the phase shift can be

made very nearly linear with respect to shaft rotation, whereas with the

limited phase-shifting types this is distinctly not so.

As a method of TM, continuous phase-modulators offer the advantage

of determining T with an absolute accuracy which is virtually as good

for T large as for T small, though with an ambiguity equal to the period

of the sine wave being used. The phase-modulation method of TM is,

therefore, most often used in high-precision double-scale systems, in

which a less precise t-m circuit (usually a sawtooth and comparator)

selects the correct cycle of the phase-modulated sine wave and thereby

removes the ambiguity. In this way unknown time intervals, under

proper circumstances, can be measured with an accuracy of better than

10 parts per million. This accuracy is possible because, although the

phase-shifting element may contribute a cyclic error of 0.1 or 0.2 per

cent of the period of the sine wave, this error, being cyclic, is not cumu-
lative. The only cumulative error is the frequency error of the oscillator

that supplies the sine waves. The error in properly designed crystal-

controlled oscillators can be kept well below 10 parts per million.

The presence of the cyclic error is, however, a serious drawback for

some purposes. Circuits of this sort are commonly used in radar when
very good absolute range accuracy is required even out to large ranges.

When rapidly moving targets are tracked with such circuits, however, the
cyclic error in the phase-shifter^ makes the rate data uneven, and great
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pains must be taken to filter out the unwanted fluctuations, often with a

serious loss in ability to follow target accelerations. Both the sawtooth

and propagation velocity methods are free from this defect. The phase-

modulation method is also restricted to rather low modulating frequencies

since the control is by means of a shaft with sufficient inertia to filter out

all high frequencies.

The problem of deriving t-m pulses, if they are desired, from the phase-

modulated sine waves is essentially a problem in amplitude comparison

with special emphasis on the stability of comparison to keep the point of

the sine wave at which the pulse is formed as constant as possible. The
basic methods are given in Chap. 9. Practical examples of these methods
will be found tliroughout Chaps. 5, 6, 7, 9, and 11 of Vol. 20 of this series.

An important property of these phase-modulators, to which some
attention should be given, is their

behavior with pulsed sine waves.

The point here is that the discon-

tinuity in the envelope of the sine

wave can produce in the phase-

shifted output a very undesirable

additive [^transient. Most of the

phase-modulators to be described

below require polyphase sine-wave

inputs; the problem of designing

pulsed polyphase sources without

transients for phase-modulators is

discussed in Chap. 4, and in this

chapter it will be assumed that

such sources. In cases where the transients may arise in the phase-

modulator itself, methods for reducing them will be given in this chapter.

13 *14 . Phase-modulating Potentiometer.—An economical, though

not very accurate, method is provided by the phase-shifting potentio-

meter shown in Fig. 13T7. If the potentiometer is linear, the output in

the first quadrant is
^
A 0 sin + cos co<j. Thus the phase

angle of the output is defined in the first quadrant by

tan <!> = 26/{tt — 26).

It is therefore seen that the phase shift is not truly linear with respect to

the shaft rotation of the potentiometer. Actually, il <t> is plotted against

6y a curve like that of Fig. 13T8 will be obtained. The greatest error

will be found when 6 differs from 0®, 90®, 180®, or 270® by 21.5®, (not

22.5®) and at these points the error amounts to about 4®, or about 1.1

per cent of the full 360®. The amplitude of the output, in the first

A sin (t)t

shifting potentiometer,

the input sine waves come from
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quadrant, is 4 a/ 1 + Ae^e > If the output amplitude is plotted

against a curve like that of Fig. 13*19 will result.

From the preceding material two main disadvantages appear: the

linearity is good to only ±1.1 per cent, and the output amplitude is far

from constant. Both of these faults

can be reduced by increasing the

number of inputs (to 8, for example)

and using an 8-phase source of sine

waves. Also the nonlinearity in

the phase shift can be removed com-

pletely by deliberately inserting the

correct nonlinearity into the poten-

tiometer winding. Another dis-

advantage is the limitation on life

inherent in all sliding-contact de-

vices. The method has, however,

the great advantage of economy
because the necessary driving cir-

cuit is very simple, because it intro-

duces little attenuation, and because

Fiq. 13-18.—The departure from linear-

ity in the variation of phase shift 4> with
shaft rotation 6 in the potentiometer phase
shifter of Fig. 13-17.

it can be used with pulsed sine waves, provided that a suitable source of

pulsed polyphase inputs exists. Figure 13*20 shows a typical practical

circuit of this type. The 150 condensers and 3.3 k resistors are the

phase-splitting network to provide the 4-phase inputs.

13*16. Phase-shifting Condensers.—Considerably better accuracy

than with the phase-shifting po-

tentiometer can be obtained with
Output amp itu e

the phase-shifting condensers to

be described here, which can set

up a rotating electrostatic field

and pick off a phase-shifted signal

from it with an error as small as

Two types of condenser

have been developed, differing in

the number of inputs.

The 4-phase condenser, which

may be represented schematically

in either of the ways shown in Fig.

13*21, consists of four variable condensers, each one of which has one

plate in common with the others and one plate free to accept one phase

of the 4-phase sine wave input. Let the input to Ci be A sin o)^, that to

C® be —A cos (jitj that to Cz be —A sin and that to C4 be A cos

1

1

1

1

1

1

1

1

1 1

1
1

--

0 90 180 270 360

Q in degrees

Fig. 13-19.—The departure from constant
amplitude with shaft rotation 0 in the

potentiometer phase shifter of Fig. 13-17.
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327.8 kc/sec

Fig. 13*20.— Practical circuit using a phase-shifting potentiometer.

A

A sin <at

-A cos o)t

—A sin u)t

A cos cof

A cos (at- A cos (at

-A sinwt

Fig. 13*21.—Equivalent schematic representations for a 4-phase phase-shifting condenser.

Also suppose that the capacities are so arranged that they are sine func-

tions of some shaft rotation 6 as follows:

Cl = D + G cos 6

C2 = D + G sin $

Cs == D — G cos 6

C4 == D — (? sin dy

where D and G are positive constants (Z> > (?). Then it can be shown
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Eou^. —
2AG

sin {u3t — 6). ( 1 )

Thus the phase-shifting condenser gives constant output amplitude

and perfect linearity of phase shift.

The 3-phase condenser is shown in Fig. 13-22. If (\ — D + G cos 6,

C2 = 2) + G cos (0 + 120°), and C3 = 2) + cos {B + 240°), and if the

inputs are respectively A sin co/, A sin (co^ + 120°), and A sin {wt + 240°),

it can be shown that

^
sin (a./ - d). (2)

Constant output amplitude and perfect linearity of phase shift are again

obtained. Notice that with either type of condenser, even when Z is

infinite, the output is attenuated

from the input by a factor IDjG^

a quantity that can never be smaller

than 2, since D > G.

Phase-shifting condensers have

been constructed mainly in three

ways. (For details of construction,

see Vol. 17, Chap. 9, this series.)

The Cardwell KS-8533 resembles

very closely the ordinary variable

air condenser, except that there are

two sets of movable plates and four

sets of stationary ones, and these

plates are shaped and placed in such a way as to give the proper sinusoidal

variation in capacity with shaft rotation. Its main disadvantages are its

bulk, the lack of shielding for the output, and the large values of the

capacities, which make it difficult to drive. No 3-phase condenser of

this type is available.

A much more compact method of construction is embodied in the

Western Electric D-150734 4-phase condenser and the similar 3-phase

condenser manufactured by the P. J. Nilsen Company, Oak Park,

Illinois. Here the input plates are the sectors of a circle and the output

plate is another circle, parallel to the first and displaced from it by a small

distance. Between the two circles is a slab of dielectric (micalex),

mounted on a shaft which lies along the axis of the circles and shaped in

such a way that the capacities from the sectors of the upper circle to

the lower circle are the desired functions of d, the angular position of the

A

_JL

Fig. 13-22.—Schematic representation of a
3-phase phase-shifting condenser.
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shaft. The proper shape for the micalex rotor is given by the polar

equation = A + B cos but for reasons which will be given later,

the 4-phase condenser can use an off-center circular rotor without serious

loss in accuracy.

A third method of construction, used in both 3-phase and 4-phase

condensers now under development, uses a metal instead of a micalex

rotor, which itself serves as the output plate. This arrangement results

in an increase of the ratio of G to Z) and a consequent reduction in the

attenuation.

Finally, a fourth method that shows promise is to use two concentric

metal cylinders, the outer one of which is cut along lines parallel with the

axis to form the three or four input plates, while the inner one, which

can be rotated about its own axis, and which will serve as the output plate,

is a truncated cylinder to provide the sinusoidal variation of capacitance.

The error in phase shift cannot be held to unless considerable care

is taken to provide inputs to the condenser accurately equal in amplitude

and exactly 90® or 120® apart in phase. The 4-phase condenser thus

requires six independent adjustments; the 3-phase condenser requires

four.

One very simple method for performing the adjustment depends upon
the fact^ that, provided the condenser itself is perfectly made, the cor-

rect settings of amplitudes and phases will be those for which the ampli-

tude of the output is independent of 6. The method is to display Eont on

an oscilloscope and adjust the inputs until the envelope of Eom shows no
amplitude modulation when the rotor of the condenser is spun. This

method is apparently suitable for use with either 3- or 4-phase condensers.

Somewhat better accuracy can be obtained by another method which

can be applied only with 3-phase condensers. If the micalex rotor is

removed from the condenser, and if the amplitudes of the three inputs

have been made exactly equal with the aid of a voltmeter or oscilloscope,

then the correct phase adjustments for the inputs will clearly be those

for which there is zero output from the condenser. The possibility of

using this method is the chief advantage of the 3-phase over the 4-phase

condenser.

Of interest to the reader may be a careful theoretical study^ of the

errors in the 4-phase condenser. The errors studied arise from the follow-

ing causes: inequality of the input amplitudes; failure to have the inputs

exactly 90® apart in phase; presence of harmonics in the input signals;

transients produced in the polyphase source and in the condenser itself

when the sine waves are pulsed; and departures from a true sinusoidal

^ The author has never seen this statement proved.
* See G. R. Gamertsfelder, ** Errors in the Condenser Type Continuous Phase

Shifter,^* RL Report No. 633, Dec. 6, 1944.
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variation of the capacities with 6, In connection with this source of

error, it is shown that if the capacity is expressed in terms of B, 28, 36,

etc. by a Fourier series, then no errors will arise from the terms in 29,

4iB, 66, etc. This is not true with the 3-phase condenser; hence, an off-

center circular rotor can be used in the 4-phase condenser in place of the

special rotor which must be used in the 3-phase condenser.

In Eqs. (1) and (2) it is seen that the amplitude of the output Eout is

attenuated from the amplitude A of the input by a factor of

for the 4-phase condenser and
3G

for the 3-phase condenser.

In general, Z will be mad^ up of the output capacity (7 ' of the phase-

shifting condenser, the input capacity C of the next stage, and the input

resistance R of the next stage, all in parallel. Hence,

Z
1

^+Mc + n

and the attenuation factors can be written as

Ud + 2C + 2(7'

2G

and

(7 ' +
3G

respectively. If C were 0 and R were

00
,
then in the case of the D-150734 4-phase condenser, the attenuation

factor would be 12.5 since D = 1.5 fxfii, C' = 12.7 and G = 0.75 \x\xi.

Actually, of course, both C and R have finite values, so that the attenua-

tion is greater. The presence of the term l/j^R is especially bad at the

lower frequencies, as is clearly illustrated in Fig. 13.23, in which the

attenuation in the D-150734 4-phase condenser is plotted as a function

of frequency for R = 10^ ohms, (7 = 1 n\xi, and for R = 10® ohms,

C = 11 ind. The very rapid increase of attenuation at low frequencies

should be noted. Fortunately there is no need to extend the useful

range of frequencies below 10 to 15 kc/sec, since the synchro phase-

shifters are satisfactory below those frequencies.

Practical examples of the use of phase-shifting condensers will be

found in several chapters of Vol. 20, especially Chaps. 6 and 11. Figure

11*21 in that volume is of special interest, since it demonstrates recent

techniques for the production of pulsed sine wave for the condenser

inputs. Reference should also be made to Chap. 4 of this volume.
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13* 16. Synchro Phase-modulators.—Precision synchros probably

offer the highest accuracy possible, the errors in certain of these instru-

ments being only about 10 minutes of arc (for details see Vol. 17, Chap.

10) . They also make possible the

accurate phase-shifting of sine

waves in the frequency range be-

low 15 to 20 kc, where the phase-

shifting condenser is unsuitable.

Synchros may be used for

phase-modulating in either of two
ways. One method depends upon
the establishment of a rotating

field and is quite analogous to the

potentiometer and condenser
methods. As is shown in Fig.

13-24, two inputs of equal ampli-

tude but 90® out of phase are placed

on the stators to produce the

rotating field, which is picked off with the rotor. The voltage induced in

the rotor is M i^ -f where Mi — M cos 0, M2 = M sin 0, ii = h
sin ojty and u = h cos cot. Thus the output from the rotor is Mcalo

Fia. 13-23.—Attenuation vs. frequency
in the D-1 50734 4-phase condenser, plotted

for two input impedances to the following

stage.

Continuous: t2«/ocos

•*«•**>:** "lAA/WlT”

(Csrivative of this is:

—\/WWlA^l

E
out

Continuous: ii«/0 sin

(Derivative of this is: —*Wl/l/lAr" ^

Fig. 13-24.—Rotating field method for phase-shifting with a synchro. Notice the
form of the input current waveforms necessary for transientless operation under pulsed
conditions.

COS (cot -h and it is seen to be constant in amplitude and linearly

phase-shifted.

The problem of operating a synchro with pulsed sine waves is solved

by using pulsed current waveforms of the forms shown in the figure.
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ts/o sin <at

The voltages induced in the rotor are the derivatives of these currents

and will, as it is shown in the figure, have no transient. Reference

should be made to Sec. 4*18 for a practical circuit that can be used to

supply the stators with these cur-

rents. The rotor should be made to

work into a high impedance, espe-

cially under pulsed conditions, be-

cause the current in the rotor will

produce a transient if it is not small.

The other method is illustrated in

Fig. 13*25. Here a single sine wave
lo sin (Jit is fed into the rotor, and
across the stators appear two waves,

El = Moilo cos oit cos B and
= M(jiIo cos (Jit sin B. The R(7-

aetwork, where R(»iC = 1, simulta-

neously shifts the phases of these

Fig. 13-25.—Resolution method for phase-
shifting with a synchro.

two waves +45° and — 45° respectively and adds them, yielding as output

Mwh
V2

Thus this circuit is also seen to provide constant output amplitude and

Laxit — sin {(»it “1“ ^ “f" 45°).

Fiq. 13*26.—Practical synchro phase-shifting circuit (resolution method) for continuous
1 kc sine waves.^

linear phase shift. Figure 13-26 shows a practical circuit of this sort for

1000 cycle sine waves, using a Bendix AY 120D synchro.
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This latter method, which may be called the resolution method to

distinguish it from the rotating-field method, is very much the simpler

and more reliable of the two, since it requires only one input current of

arbitrary amplitude, whereas the rotating-field method will give errone-

ous phase-shifting unless both inputs are of equal amplitude and exactly

90° out of phase. A disadvantage, however, of the resolution method is

its behavior with pulsed sine waves. The difficulty lies not in the syn-

chro, since Ex and £'2 can be made transientless by using the proper cur-

rent waveform for the input, but in the J?(7-rietwork, which, as is shown in

Sec. 4-16, produces an additive transient with a time-constant RC = 1/co.

The transient is, therefore, rather short-lived, decaying to less than

of its initial value after one cycle of the sine wave, but for some purposes

it may still prove troublesome.^

Lining up the circuit involves, for the rotating field method, the

adjustment of one amplitude and one phase; for the resolution method,

an adjustment of either li or C to make Ro)C =1. In either case, the

rotor-spinning technique described in the preceding section is accurate

enough to make errors smaller than ± with high-quality synchros.

Because their internal impedance rises with frequency, synchros

become less useful at high frequencies very much as condensers become
less useful at low frequencies. Below about 15-20 kc/sec, iron-core

synchros are perfectly satisfactory; air-core synchros can be used at much
higher frequencies.

STORAGE-TUBE METHOD

13'17, Storage Tubes.—In a storage tube (see Chap. 21) a signal can

be stored at any instant on that point of the tube face where the electron

beam is then directed, and it can be picked up again at any later time by
bringing the electron beam back to that same point. Thus, it is clear

that the storage tube, unlike the electrical or acoustical delay line, has

no time base inherently associated with it, and that any such time base

must be applied externally by the deflection plates. This has the dis-

advantage of complexity but the advantage of permitting greater

flexibility.

Time modulation with a storage tube thus depends upon varying the

time interval between successive sweeps, and, as implied above, this in

^ It has been pointed out that the transient can be removed by negative feedback.

If the point between R and C is placed on the grid of a high-gain tube, the plate of

which is fed back to the grid, then the grid will be a virtual ground (see Chap. 2) and
at the plate will appear a transientless phase-modulated wave. The impedance

placed between the plate and grid of the tube should probably be a parallel RiCij

where R\(aC\ =» 1, since such an impedance will leave the phase of the output wave
the same (though inverted) as without feedback. It is probably necessary to drive

the rotor with a current waveform like that on stator 2 of Fig. 13-24.



500 TIME MODULATION [Sec. 1317

turn reduces to varying the time interval between twice impressing the

same waveforms on the deflecting plates or coils of the tube. Figure

Fig. 13*27.—Use of a storage tube to perform
TM upon an arbitrary waveform.

picked up from the tube face—that i:

deflecting wavefmms might, of course,

of the tube-face area.

13*27 illustrates this procedure for

a storage tube with a linear sweep.

The upper waveform is the volt-

age applied to the deflection plates,

the middle waveform is the one

that is to be stored, and the bot-

tom waveform is the one that is

5, the t-m output. More complex

be used to make more efficient use

Time modulation of a unique sort can be carried out bv varying not

the interval between sweeps but

the sweep speed. Figure 13*28

illustrates the waveforms that will

be picked up when different sweep

speeds are used. This method is

the only one available for TM of

this sort, except in the case of

Fig. 13*28.—The typo of TM obtained
with a storage tube when the sweep speed is

varied.

certain special waveforms, such as rectangles. It may, of course, be com-

bined with variations of the time interval between sweeps to give very

complex forms of TM.



CHAPTER 14

AMPLITUDE AND TIME DEMODULATION

By Britton Chance

14- 1. Introduction.—Demodulation of radio waves for communica-
tion purposes is discussed in a number of standard texts. ^ The emphasis
of this chapter is upon methods for the demodulation of pulse trains of

extremely low duty ratio (about 0.1 per cent). A number of specialized

detector circuits give extremely rapid response to the value of the input

pulse and maintain this output constant over a much longer interval

than the usual type of detector of equally rapid response. These detector

circuits are extremely efficient for demodulating pulse trains representing

distance and angular information in radar systems. Also their rapid

response makes these circuits extremely useful in the demodulation of

amplitude-modulated waves in which the signal frequency is comparable

to the carrier frequency.

The methods for the demodulation of signal information impressed

upon a pulse carrier by means of time modulation are also presented in

this chapter. Some of the methods are very similar to those used in

amplitude demodulation in that the time-modulated carriers are first

converted into amplitude-modulated carriers. In other cases a detector

responsive to the area of the input signal is employed. The discussion

of methods for converting time-modulated pulse trains into waveforms

of variable amplitude or area is given in Sec. 14*7. The most useful

methods of time demodulation depend upon negative-feedback systems

employing time modulation, time discriminators, and control. An intro-

ductory discussion is given in this chapter, and the full discussion of

practical systems is presented in Chaps. 8 and 9, Vol. 20, of this series.

In amplitude demodulation, peak detection is emphasized, whereas

in time demodulation, area detection is commonly used. Since ordinary

detector circuits are readily converted from peak to amplitude detectors

by the mere addition of a resistance, the basic circuits will be discussed

without regard to their specialization for amplitude and time demodula-

tion, although desirable properties for either purpose ^vill be pointed out

in the course of the discussion.

The demodulation of amplitude-modulated waves, obtained from

1 F. E. Terman, Radio Engineers' Handbook^ McGraw-Hill, New York, 1943,

Sec. 7.

601



502 AMPLITUDE AND TIME DEMODULATION [Sec. 14-2

bidirectional modulators, requires phase-sensitive detectors or phase

discriminators. These circuits are similar to those used for time dis-

crimination but usually are supplied with sinusoidal switching waveforms

and may have a narrow bandwidth. The phase-sensitive detection of

amplitude-modulated sinusoids obtained from the electromechanical

amplitude modulators of Chap. 12 is also treated.

In those systems where output is required as a shaft rotation, a

negative-feedback demodulator employing a servomechanism may be

used. A complete discussion of electronic servomechanisms is given in

Vol. 21, Part II, of the Series.

Often the caAode-ray-tube display is used as a part of a negative-

feedback demodulator including a manually operated tracking system.

Such use of these displays is fully presented in Vol. 20, Chap. 7, and in

Vol. 22.

14*2. Types of Amplitude Demodulation.—Depending upon the

intent, an amplitude demodulator may be made to indicate a number of

Fio. 14-1.—Illustration of various types of demodulation. Peak detection is illustrated

in (a) and is obtained, for example, by a vacuum-tube voltmeter. Detection obtained
from a short-time-constant peak detector is shown in (6). The output that would be
obtained from an average detector is shown in (c), and (d) represents the output of a long-
time-constant average detector, while (e) represents phase-sensitive demodulation by the
switch circuits of Secs. 14.4 and 14.5.

completely different values for a given modulated carrier. An example

of this is shown in Fig. 14-1 which indicates an amplitude-modulated

carrier obtained from a bidirectional modulator.

If, for example, a peak vacuum-tube voltmeter having a time constant

of several seconds is employed, an output corresponding to the peaks

of the amplitude-modulated wave is obtained as indicated by curve a.

But if the time constant of the peak detector is shorter, the envelope

of the amplitude-modulated wave is obtained as indicated by curve 6;

this is called ^^short-time-constant peak detection. If an average

detector is used, its output represents the mean value of the positive

excursions of the modulated earner as shown in curve c. The output
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of this detector smoothed over a time long compared with the amplitude

modulation gives output d, which is representative of the peak value

of the mean or unmodulated carrier.

The bulk of the important information has been missed by these

demodulators because they are not phase-sensitive and do not respond

to the change of sign of the modulating signal which occurs when the

amplitude of the modulated carrier passes through zero. The output

of a phase-sensitive demodulator gives curve c, which, instead of going

to zero and rising again, passes through zero and reverses sign in accord-

ance with the modulated signal.

Peak vacuum-tube voltmeters, audio detectors, and AGC detectors

for communication have been treated extensively elsewhere.^ No
attempt will be made to emphasize properties of detector circuits special-

ized for those purposes.

14‘3. Amplitude Selectors# Half-wave Diode Peak Detector—Uni-

directional Operation ,—The series diode peak detector (shown in Fig. 14-2)

consists of diode V\ and output circuit RiCi. The following remarks also

Fio. 14-2.—A half-wave peak detector for unidirectional operation employing a diode
amplitude selector and a resistance-capacitance output circuit. The waveform diagram
shows that the conduction interval AT of the amplitude selector is short compared with
the carrier repetition interval T, The fractional carrier content of the output voltage in

the absence of modulation is approximately T/RiCi provided {Rg + Rd)C\<^ AT,

apply to the shunt diode detector. Under ideal conditions, diode Vi is

operating essentially as an amplitude selector (see Sec. 9-3). For exam-

ple, if the diode impedance is small compared with that of the output

circuit RiCij the output potential will rapidly assume the peak value

of the input voltage. Providing the product jRiCi is long compared

with the carrier period, the output will be maintained at the peak value

of the last cycle of the modulated carrier. Because of this property, the

detector output circuits are often termed memory circuits. The oper-

ation of diode Vi on the next positive cycle of the modulated carrier

depends upon the relative potentials of the modulated carrier and the

^ F. E. Terman, Radio Engineers^ Handbook, McGraw-Hill, New York, 1943,

Sec. 7.
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voltage on the output circuit RiCi, The diode is therefore operating

essentially as an amplitude selector; it selects portions of the modulated

carrier that exceed the output potential and increases the output

potential until it equals the peak value of the modulated carrier. Thus,

the discussion of Chaps. 3 and 9 concerned with the broken-line character-

istic of thermionic vacuum tubes and contact rectifiers applies here.

Linear and stable operation is obtained only when the peak value of the

modulated carrier exceeds 10 or 20 volts and is preferably of about 100 or

200 volts. An important distinction from the discussion of Chap. 9 is,

however, that the forward resistance of the amplitude selector should be

a minimum, ancLiherefore low-resistance thermionic diodes such as type

6AL5 or germanium crystals are recommended in order that large values

of Cl may be charged rapidly. The latter, however, are not suitable for

large output voltages because of the decrease of their back resistance.

The unidirectional characteristic of the simple diode detector necessi-

tates discharging the output circuit at a rate exceeding the maximum rate

of decrease of the modulated signal in order that none of the modulating

information be lost, and thereby determines the choice of liiCi (Fig. 14-2).

If T is the carrier repetition interval and is small compared with UiCi^ the

discharge may be considered linear; its rate is A/liiCi, where A is the

modulated carrier amplitude.

A more exact formula has been derived for a sinusoidal modulating

signal:^

( 1 )
coCiKi y/l —

where w is the angular frequency of the modulating signal, T^iCi the time

constant of the detector circuit, and m the degree of modulation.

The effect of an unfortunate choice of output time constants is indi-

cated in Fig. 14*3a. A more appropriate choice of time constant is

indicated in Fig. 14*36, but considerable distortion is still apparent.

The use of a short-time-constant peak detector leads to a large ampli-

tude of the carrier in the output which, for a number of applications, is

undesirable. For an unmodulated sinusoidal carrier, the fractional

carrier content is simply expressed by the formula T/wRiCi where T is

the carrier-repetition interval. It is assumed that the conduction time

of the detector is negligible compared with T and, for diodes of reasonably

low resistance, this is a valid assumption.

The operation of the short-time-constant peak detectors may be
unsatisfactory in the presence of noise and interference. If, for exam-
ple, it is desired to demodulate the rectangular waveform of Fig. 14*4a

by means of a short-time-constant detector, the three superimposed

1 F. E. Terman, Radio Engineering, 2d ed., McGraw-Hill, New York, 1937.



Sec. 14-3] AMPLITUDE SELECTORS 606

interfering pulses will have undesired prominence in the output. More
satisfactory operation is indicated in Fig. 14*46 where sufficient resistance

is added to make the charge and discharge time constants roughly equal.

Although there is considerable delay in the response to the rectangular

pulse in the output, the effect of interference is considerably reduced.

in) (6)

Fig. 14-3.^

—

Kffoot of time constant upon detector response. Fig. 14*3a indicates the
response of a diode detector and a resistance-capacitance output circuit to a pulse train

modulated with a rapifily varying signal. The long time constant results in a nearly com-
plete loss of the signal information. Fig. 14‘3?> represents detection with a shorter time
constant and improved fidelity. The ratio of the two time constants is 3 to 1. The wave-
forms are displayed on a sweep of duration of 12 /lisec.

Thus the possibility of a large interfering signal charging the output

voltage to such a high value that much of the subsequent modulation

would be lost is avoided.^

The efficiency and simplicity of the simple peak detector under cer-

tain conditions must not be underestimated. If the input waveform is

Fia. 14-4.—The effect of detector time constant upon interference reduction. Fig.

14-4a represents on the top line the envelope of a signal to be detected and on the bottom
line the output of a short-time-constant peak detector. The second line on Fig. 14-46

represents the effect of increasing the charging resistance from 500 to 100,000 ohms,

resulting in reduction of the effects of interfering waveforms. The sweep duration is 12 /isec.

similar to the transient response of the detector, the carrier content is

much less than that indicated previously for a steady signal, and response

time is very small as indicated in Fig. 14*6. The first portion of the

^ A discussion of the relative merits of various types of detectors in the presence of

interference is given in RL Report No. 833 by R. S. Phillips.
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envelope of the modulated wave is a transient with exponential decay,

and the detector output shown in Fig. 14*55 has zero carrier content. On
the other hand, there is appreciable carrier content in the response of this

detector to the subsequent linear rise of the modulated wave and con-

which the first portion represents an exponential decay. Fig. 14*56 shows that the carrier

content of the output is zero for an appropriate value of the time constant. Response to
the rise of the modulating signal and the sharp decay is, of course, extremely poor. These
waveforms are displayed on a sweep of 1 2-/Lisec duration.

siderable delay and distortion in its response' to the rapid fall of the

output.

The average current through the fesistance-capacitance-coupling net-

work may cause an error in precision detectors as indicated in Fig. 14*6.

The potential of point may be reduced by the product RiUv^ and

Fig. 14*6.—Precision peak detector with high input impedance. The error due to the
average current through Ri in {a) adds a voltage This error is avoided by returning
Ri to point A as indicated in (6) which maintains the average potential of A at zero.

this voltage will add to the input voltage and give an error in the measure-
ment of the peak value of the input. Usually this difficulty is avoided

by the use of a transformer-coupled input to the detector. But the use

of a special circuit connection, shown in Fig. 14*6, will avoid this difficulty

in resistance-capacitance-coupled circuits. The resistor of the output
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time constant is connected to point A instead of to ground, as it usually

is. The net current in is then zero and the error is avoided.

A practical circuit for the detection of a slowly varying push-pull

amplitude-modulated carrier is indicated in Fig. 14-7. Cathode follow-

ers Vi and V2 are employed to avoid loading of the modulated carrier,

and the push-pull input is applied to the full-wave peak detector. The
steady voltage due to the quiescent current of the cathode follower is

removed by condenser Ci, which is much larger than C2 ;
therefore, the

peak voltage of the input signal appears across the latter. The charge of

Push . pull

input

Fig. 14-7. - A push-pull detector employing the basic circuit of Fig. 14-6. For a carrier

frequency of 500 cps the following component values are used:

/2i = /?3 = IM, Rt = 3M, Ri = O.IM
Cl = Cs = 0.1 Mf. Ci = O.Ol fx(

Epp = -}-300v, Ekk — — lOOv

Ci is shared with Cz, and Cz gives additional filtering at the output. The
potential of point a is maintained at zero by the method indicated in the

previous figure.

If the output is connected to a high-impedance circuit, for example, a

cathode follower, the performance of this circuit is excellent, being linear

over a range of 5 to 100 Volts to an accuracy of ±0.1 per cent. Operation

of the diodes Vz and F4 at reduced cathode temperature is desirable to

minimize the drift.

The Cathode-follower Detector.—

K

considerable increase in the charging

current obtainable with a high-impedance signal is achieved through the

use of a cathode follower instead of a diode, as shown in Fig. 14*8. A
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typical cathode-follower circuit can charge a 200-/i/xf condenser in 1 or

2 Msec, even though the impedance of the modulated carrier is relatively

high.

As the circuit diagram indicates, the cathode potential of Vi is

returned to a negative voltage. This connection applies equally well to

the diode detectors described previously and gives a constant rate of

decay of the output voltage independent of the amplitude of the input

signal. Therefore, less difficulty is encountered because of high rates of

decay at low signal amplitudes. Where accurate detection is required,

the nonlinearity of this detector for small signal voltages may offset

the advantages obtained by imped-

ance changing. It is but slightly

more complicated to insert a diode

between a linear cathode follower

and the memory circuit to achieve

more linear and stable detection as

already shown in Fig. 14-7.

A Constant-output Detector with

Recycling}—Although the use of a

long-time-constant resistance-capac-

itance output circuit gives a constant

output voltage approximately equal

to the peak value of the input wave-

form, the response of the circuit to

decreases of input amplitude is often

inadequate and much information

may be lost (see Fig. 14-3). A much
more satisfactory solution to the

problem completely replaces the

exponential decay of the detector

output by an abrupt and intentional

reduction of the output voltage to

zero just before the next cycle of the carrier waveform is received. This

circuit and those depending upon the bidirectional switches described

in Sec. 14*5 are the most efficient types for pulse demodulation. They
have a number of advantages which may be summarized as follows:

1. The detector output does not decay exponentially, but instead

remains constant and thus permits a large increase in signal volt-

age; for pulse circuits this may approach the reciprocal of the duty

ratio.

2. The carrier frequencies may be nearly eliminated from the output.

3. The output voltage is independent of the repetition frequency.

'pp

Fig. 14-8.— The cathode-follower de-

tector: For the particular waveform
shown, R\ =120 k, Ci = .007 /if* The
carrier frequency is 7.6 kc/sec.
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The generalized circuit, shown in Fig. 14-9, indicates cathode-follower

detector Vi charging C2 up to peak value of the input signal. Since
there is no intentional resistance shunted across C2 ,

it should maintain
the peak value of the input signal with a time constant determined by
the leakage of the capacitor and heater-cathode leakage of Fi. Just
previous to the next recurrence of the pulse carrier, a positive recycling

pulse (often called the dunking’^ pulse) is applied to the control grid

of F2 in such a way that the potential of C2 is reduced almost to zero.

Immediately thereafter the next cycle of the input wave charges Fi to

the new value of the modulating signal.

This circuit has several limitations in demodulating microsecond
pulses. The impedance of Fi at zero bias is such that a condenser no

Fig. 14-9.—The basic circuit of recycling detector.

larger than 500 /x/xf can be charged in 1 /xsec. With usual values of

heater-cathode leakage, there may be as much as 5 per cent decay of the

output voltage at pulse-recurrence frequencies of 500 cps. In addition,

the hum due to the heater-cathode leakage of F 1 may amount to 50 mv.

A considerable improvement upon this circuit and an example of a

general principle in pulse-amplitude demodulation is illustrated by Fig.

14-10. Tube Fi is a cathode-follower detector with short-time-constant

network R 2C2 which may be easily charged to the peak value of the input

signal in 0.3 /xsec. The time constant of this circuit is sufficient to sus-

tain the peak value of the input wave for several microseconds and thus

to permit cathode-follower detector F2 to charge a condenser as large as

5000 ju/xf. The performance of this circuit is correspondingly better since

the decay of the output is less than 1 per cent at a pulse-recurrence

frequency of 500 cps. Likewise the hum level is less than 10 mv.

The double-time-constant detection illustrated by this circuit is of
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great value in pulse demodulation circuits. Its use in this connection is

indicated by examples in Sec. 14*5.

The carrier content of a constant-output circuit of this type may be
calculated on the assumption that the leakage resistance shunting Cz is

negligible and that the interval AT from the beginning of the recycling

pulse to the beginning of the signal pulse is small compared with the

carrier repetition interval T. The fractional value of carrier content is

simply that of a pulse of duration AT at the carrier frequency: 2AT/T.

Modulated

Fig. 14*10.—A double time-constant detector with recycling: The waveforms were
obtained with the component values indicated on the circuit diagram. Figure 14* 10a
shows the sinusoidal modulating signal at the input to a modulator and at the output of
the recycling detector. Figure 14*106 shows the recycling pulse on the lower line and the
amplitude-modulated pulse on the upper line. The modulating frequency was 60 cps.
The sweep duration of Fig. 14*106 is roughly 12 usee. The carrier repetition frequency is

800 cps.

The phase shift of the output of this detector in terms of the signal

frequency is a)mT/2, where Wm is the signal frequency. In other words,
the averaged output from a detector circuit of this type lags the signal

voltage by one-half the carrier period.

In contrast with the operation of a detector circuit employing ex*-

ponential decay, there is no preferred direction of operation for the
constant-output detector, and the transient response is independent of

the sense of the rate of change of the modulating signal.

The performance of this circuit, although much more satisfactory
for pulse-amplitude demodulation than one using an exponential decay.
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still has definite drawbacks, since the carrier content is directly propor-

tional to the effective duration of the recycling pulse and is usually

removed by additional filtering.

In comparison with some of the switch circuits described in Sec.

14.5, this circuit has two fundamental weaknesses. An appropriate

timing of the recycling pulse requires a foreknowledge of the time of

occurrence of the signal pulse.

This may cause difficulty where the

signal pulse is time-modulated over

a large fraction of the repetition

interval since the recycling pulse

must be similarly modulated in

order to avoid a serious variation

of the interval M with consequent

effects upon the carrier content.

The more serious difficulty with

this circuit is its lack of time selec-

tivity
;
even though a pulse must be

applied to the circuit for recycling,

no benefits of time selectivity are obtained as in the switch circuits.

Since the recycling detector requires as many components as these switch

circuits, there is little to recommend its use in place of a switch circuit.

14-4. Phase-sensitive Detectors.—This class of detector circuits is

used to demodulate waveforms obtained from the bidirectional modula-

tors of Chaps. 11 and 12. Phase selectivity may be obtained by direct

Fig. 14-11.—Unbalanced phase-sensi-
tive detector employing addition of signal
and carrier.

Fig. 14-12.—Unbalanced phase-sensitive detector employing additional diode to give

a bidirectional output: The waveform diagram indicates the output at points A and B,

and the carrier at C.

addition of modulated carrier and unmodulated carrier followed by

amplitude selection (see Fig. lOT). In general, the circuits to be

described are employed only with sinusoidal carriers, and the switch

detectors discussed in Sec. 14*5 are suitable for use with rectangular

carrier waveforms. Like the circuits of amplitude modulators, these
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circuits may be balanced or unbalanced, depending upon whether a push-

pull input is employed.

Figures 14*1 1 and 14*12 illustrate two forms of phase detectors depend-

ing upon the addition of the modulated and unmodulated carrier followed

by amplitude selection. Figure

14*12 shows a subsidiary ..diode

rectifying the carrier in order to

obtain a differential output which

is balanced with respect to varia-

tions of carrier amplitude. The
circuit is not, however, a balanced

demodulator.

Carrier-halanced Half-wave

Phase-serisltive Demodulator .—The
circuit of Fig. 14*13 is identical in

operation to the carrier-balanced

half-wave modulator of Chap. 11,

Fig. 11*2. A single-ended carrier

is added to a push-pull input sig-

nal and the sum is applied to the plates of V i and V 2 . The addition of

these two voltages causes amplitude selection in Fi and F2 on alternate

half cycles of the carrier wave, provided, of course, that the carrier wave-

form is large compared with the input signal. The sign of the output

voltage reverses with the sign of

the modulating signal.

Stability considerations are

rarely as important in detector

circuits as they are in low-level

modulator circuits since the am-

plification at the carrier frequency

may be made sufficient to give

sizable output voltages. There-

fore detectors employing double

triodes are much more popular.

Figure 14*14 shows an example

of a carrier and input signal added

in a transformer and applied to

the grids of a push-pull amplifier

having resistance-capacitance net-

works R iCi and R 2C2 in the plate circuits. As is usual for proper amplitude

selection, the carrier is made large compared with the input signal which

is limited to the grid base of Vi and F2 . Bias is obtained from R^C^.

In the demodulation of signals from systems in which no steady volt-

Fig. 14-14.—Balanced triode demodu-
lator employing transformer addition of

signal and carrier.

Modulated

signal

.input.

UmJ

Fig. 14-13.—Carrier-balanced half-wave

phase-sensitive detector: The single-ended

carrier and push-pull signal are added to give

push-pull output between A and B.
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age for plate supply may be available, such as synchros, it is possible to

use the carrier for this purpose—for example, as shown in the phase-

sensitive demodulator of Fig. Modulated

1415. A single-ended carrier is

applied to the plates of Vi and

V2 ,
and the push-pull signal input

is applied to the grids. The out-

put may be taken differentially

between the cathodes. Bias is

provided by E3C3.

Carrier-balanced Full-wave

Phase-sensitive Demodulators .—

A

full-wave circuit which accepts as

input a push-pull modulated sig-

nal and gives push-pull output is

indicated in Fig. 14T(). Its oper-

ation is similar to the full-wave

balanced modulator described in

Fig. 1M6.
14’6. Demodulators Employ-

ing Switching.—Time selectivity

Fig. 1415.—Balanced triode demodulator
in which a single-ended carrier is applied to

the plates and a push-pull signal is applied

to the grids.

in detector circuits is obtained from a carrier-operated switch. There are

a number of advantages of operation of this type. The rejection of

unwanted interference is accomplished, and this is of special importance

Demodulated output

Fig. 14-16.—Carrier-balanced full-wave diode detector.

in demodulating an amplitude-modulated pulse train where the spacing

between the desired pulses is large compared with the carrier-repetition

interval. The most important advantage of the two-way switch detector
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is the possibility of employing a constant-output circuit—a subject

discussed in the next section.

Switch detectors are also time- or phase-sensitive since the output

may represent the overlap of signal and selector pulse. In Fig. 14*17 the

time of occurrence of the input signal shown on the first line is modulated

with respect to the selector pulse

shown on the second line, and the

selected output is shown 'on the

third line. The maximum range

of input modulation" that can be

linearly demodulated is limited to

the duration of the signal pulse.

Demodulation of this signal re-

quires a detector time constant

long enough to give average, in-

stead of peak, detection. Meth-

ods for converting various wave
trains into pulses of variable

amplitude are given in Sec. 14*7.

Half-wave Unidirectional Switch .—Figure 14*18 shows a simple circuit

based on the half-wave diode switch discussed in Sec. 10-3. In this

the positive excursions of the carrier connect the modulated

to the resistance-capacitance network T^iCi, and the capaci-

to the peak value of the input signal.

Fig. 14- 17.—The use of time selection for

conversion of a time-modulated pulse indi-

cated on the first line, to a duration-modu-
lation pulse indicated on the third line, by a

selector pulse indicated on the second line.

During

>-AAAr-
Modulated

input

Carrier

input

Cz
a'

case

input

tance charges up
the interval between positive ex-

cursions of the carrier waveform,

the output decays exponentially.

The circuit is, therefore, similar

to the half-wave diode except that

time selectivity is obtained. The
circuit is phase-sensitive to unidi-

rectional modulated signals but the

output does not pass through zero.

This switching technique ap-

plied to the ordinary differential

amplifier makes an excellent

phase-sensitive differential detec-

tor as shown in Fig. 14*19. Posi-

tive values of the' carrier raise the cathode above the maximum excur-

sion of the grid potential and cause complete cutoff in both V2 and

Fg. Negative excursions of the carrier wave leave the differential

amplifier operating under the ordinary conditions, and a potential is

accumulated upon Ci and Ce. The output is taken differentially between

R2<

Demodulated
output

‘Cl

Fig. 14-18.-

^kk

-Half-wave unidirectional switch

detector.
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the two condensers and represents phase-sensitive demodulation, the

polarity of which reverses with the sign of the modulating signal. This

detector is useful in servomechanisms where the modulated signal from

Epp

Fig. 14*19.—Phase-sensitive detector employing diode switch V\.

synchros and other devices is available, and detection at relatively high

level is possible. Another advantage of this circuit is, of course, that

some gain is obtained in the phase detector.

A cathode follower^ may be used in place of the diode, as shown in

•250 V

Fiq, 14*20.—Phase-sensitive detector employing cathode-follower switch Vi, The signal

is balanced with respect to ground.

the circuit of Fig. 14-20, and the following performance is obtained for

the component values shown. In the demodulation of a 400-cycle carrier,

^ H. S. Sach, A. A. Oliner, “An AC-voltage Equalizer and Phase Detector,*^

NDRC 14-513, Cornell University.
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the gain is approximately 35 (in terms of rms input and d-c output),

and the operation is independent of amplitude of the carrier wave in

excess of that required to cut off V i and F2 by conduction of V3—roughly

12 volts rms. For a limited number of type 6SL7, the reported effect of

tube change and the drift of an average tube is 20 mv, and the reported

effect of a 10 per cent heater-voltage variation is 3 mv, each voltage

expressed in terms of equivalent shift in rms potential at the grids.

Results approaching these may be obtained for a larger number of tubes

by employing type 6SU7 (see Sec. 3-17).

Higher gain may be obtained by the circuit of Fig. 14-21 in which the

carrier voltage
j,gp

connected to the suppressor grid of a pentode or multi-

grid switch.^ The gain is approximately 70 for type 6SJ7, 120 for type

Fio. 14*21.—Phase-sensitive detector employing suppressor control of pentode switches
Vx and V2 .

6AS6. An advantage of type 6AS6 is that a 10- or 15-volt carrier is

sufficient, whereas a 40-volt carrier is required for type 6SJ7. Thus the

pentode detector has roughly 4 times the gain of the double-triode circuit

and requires no larger carrier signal. The reported stability is roughly

the same as that of the double triode if type 6SJ7 is used.

A pentode-switch detector circuit is shown in Fig. 14*22. This circuit

is often called a ‘^strobed diode.^^ In the absence of a positive carrier

pulse there is no conduction of the pentode and, hence, no detection. A
positive carrier pulse causes conduction of Fi, and the bottoming of the

plate causes Ci to be charged to the peak value of the input as the wave-

form diagrams indicate. The charge from Ci leaks through Ri and C2,

and after several cycles brings the latter to a potential proportional to

the peak value of the carrier. Excessive discharge of C2 during conduc-

' H. S. Sach ei al.j Amplifier/’ NDRC 14-437, Cornell University.
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tion of Fi is prevented by i? 2 . This circuit is much more often used as an
average detector by inserting a resistance in series with Ci.

Time selection and peak detection may be accomplished separately as
indicated in Fig. 14*23. Tube Fi is a multigrid time selector, for example,

(c) {d)

Fig. 14-22.—Pentode-switch detector (strobed diode). Amplitude demodulation is

indicated in (a) and (b). The sinusoidal modulating signal is indicated on the upper line
of (a) and the output of the detector on the lower line. The amplitude-modulated pulse
is indicated on the upper line of (6) and the selector pulse on the lower line. Time demodu-
lation is indicated in (c) and (d). On the upper line of (c) is shown the sinusoidal modu-
lating signal and on the lower line the demodulated output. On the upper line of (d) is

shown the time-modulated signal and on the lower line the selector pulse.

type 6SA7, and F2 is a diode detector with an extremely high-impedance
time constant in order to give satisfactory operation with short pulses

at low duty ratios.^ The separate diode detector has several advantages,

the most important being that the lack of cutoff of Fi will not cause
^ A complete report on this circuit is available: J. Kurshan and B. Rossi, “Analysis

of the 6SA7 Gated Amplifier,'^ NDRC 14-158, Cornell University.
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discharge of the output condenser C2. Another advantage is that the

d-c level of the output may be set at any value desired by breaking the

circuit at point h and inserting an arbitrary voltage suitably bypassed to

+ 300V

Fig. 14-23.—A multigrid-tube time selector and diode detector. This circuit is also

suitable for detecting the area of overlap of time modulated and selector pulses. The

waveforms in (a) show the amplitude-modulated pulse on the top line, and the selector

pulse on the bottom line; in (6) are shown the modulating and output waveforms. In

(c) and (d) are shown similar waveforms for time modulation.

ground. Also, either sense of output voltage is obtained by a shunt or

series diode connection. For the component values indicated, the

operation of the circuit is relatively independent of the impedance of V i

and Vi and gives relatively stable operation in spite of tube changes.
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The sensitivity, however, depends upon the pentode characteristics.

Furthermore, the requirements of this circuit for low heater-cathode

leakage in F2 may be difficult to meet for a large number of tubes.

Half-wave Bidirectional Switch .—The two-way-switch circuits of

Sec. 10*3 permit a radical departure in detector operation that gives

Fig. 14-24.—Four-diode bidirectional-switch demodulator: The waveforms were taken
with the component values indicated in the circuit diagram. Vi — Vb J6SN7. The
waveforms are displayed on a 1.2-msec sweep. Figure 14-24a shows, on the top line, an
irregular modulating signal applied to a 40 kc/sec carrier. The second line shows the
detector output and the third line shows the switching waveform: its positive excursions
close the switch. Figures 14-245 and 14-24c show the response of the detector to a sinu-
soidally modulated signal obtained by bidirectional modulation. The modulated signal
is shown on the top line of Fig. 14-245, and the bottom line shows the detector output.
Figure 14-24c shows, on the top line, the modulated carrier and on the bottom line the
detector output on a 120-jusec sweep.

nearly complete elimination of the carrier content of a slowly varying

signal and an extremely good transient response.

When a bidirectional switch is employed, the memory circuit will be
connected to the input at the time of the pulses of the carrier waveform
and will therefore be made to respond not only to the increase of the

signal amplitude as the one-way detector circuits do, but also to the

decrease of the signal amplitude. The only limitation of the time
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constant of the memory circuit is, therefore, the ability of the switch to

make the output circuit respond to the signal voltage during the carrier

pulse. When, for example, the excellent four-diode bidirectional-switch

circuit shown in Fig. 14*24 is used, unique operation in demodulation is

obtained, as the waveform diagrams indicate. Fig. 14*24a shows the

response of this detector circuit to a modulating signal that is varying

rapidly compared with the carrier frequency. The switch connects the

input to the memory circuit in synchronism with the carrier pulses. The
output waveform clearly indicates that the response of the circuit is

equally good for increases and decreases of the signal intensity. Further-

more, it shows i^at the output voltage remains nearly constant in the

interval between positive cycles of the carrier waveform. The 200- or

300-ohm impedance of the diode bridge is sufficiently low to charge the

output condenser adequately dur-

ing a fraction of the conducting

time of the switch (25 /xsec) . The
charge accumulated on the net-

work RiCi holds the switch open

in the absence of a carrier voltage.

The bias accumulated on this net-

work must, of course, exceed the

excursions of the output voltage;

otherwise, conduction of the

switch in the absence of a carrier

pulse will result in nonlinear

operation.

The response of this circuit to

a modulated wave train obtained

from bidirectional modulation is

shown in Fig. 14*246. The nearly complete absence of carrier voltage in

the output is shown. The operation of the demodulator at phase reversal

of the input wave is shown on an expanded sweep in Fig. 14*24c.

When a rectangular carrier waveform and a conduction interval for

the switch less than the duration of the carrier pulse are used, the carrier

content of the output is negligible for a slowly varying signal. If, how-

ever, a sinusoidal carrier is used and the conduction interval of the switch

includes an appreciable portion of the curvature of the sinusoid, the

2
fractional value of carrier content is approximately^ (Ar/T)^ for small

values of I^T/T, which is small compared with that of the constant-

output circuit emplo3dng recycling (see Sec. 14*3). But the phase shift

of the output in degrees of the signal frequency is the same: (comT)/2.

The two-way detector gives rapid response to the changes of signal

k

Fio. 14-25.—The response of a bidirec-

tional switch with constant output to vari-

ations of the modulated signal occurring dur-
ing the carrier pulse. The top line shows
such a modulating signal, the next line the

output of a bidirectional detector, the third

the carrier pulse. The sweep duration is

12 fisec.
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voltage, but does not overload in the presence of noise and interference.

Although the output may be charged to a large value by a single noise

pulse, it will immediately recover on the next cycle of the carrier wave.

An interesting feature of the two-way detector is indicated by the

waveform diagram of Fig. 14*25 which shows an expanded view of the

response of the detector to a single carrier pulse. The detector output

shown in the second line clearly indicates the response to the decay of the

amplitude of a single pulse, and then the output remains constant until

the next carrier pulse. This constancy of output is of considerable value

in the demodulation of intermit-

tent data in which the wave shape

is significant and the signal-to-

noise ratio is high.

The ideal detector would, of

course, maintain the rate of change

of the signal voltage during the

interval between carrier pulses.

This operation is not readily ob-

tainable in electric circuits, al-

though operation of this type has

been approached in some types of

automatic time-measuring devices

(see Chaps. 8 and 9, Vol. 20 of

the Series). The characteristic

may, however, be readily and

simply obtained by manual de-

modulation methods employing

aided tracking on a much slower

time scale. These are briefly mentioned in Sec. 14*8 and are discussed in

more detail in Vol. 20, Sec. 7*15.

Demodulation with constant output may be obtained with any bidi-

rectional switch. Although the four-diode switch shown in Fig. 14-24 is

best suited for the demodulation of rapidly varying inputs, the four-

diode switch previously discussed as the ‘‘Diamod^^ (Sec. 1T3) is also

satisfactory for demodulation of this type and is known to be relatively

stable. This circuit is shown in Fig. 14-26 as a series switch with square-

wave carrier and is nearly identical to that used in amplitude modulation.

A shunt connection of this switch is preferred for operation with a pulse

carrier.

The simple two-diode switch and the double-triode switch (see Secs.

10-3 and 11-3) may also be used for demodulation of this type, and special

configurations are applicable depending upon the particular requirements.

It may be mentioned that the double-triode switch with both grids con-

Fio. 14*26.—Tho two-way diode-switch de-

tector. (Averaging type.)
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nected to a negative bias is a simpler circuit and may be useful in some
instances.

For the demodulation of short pulses recurring in a long interval, for

example, half-microsecond pulses occurring every 3000 jusec, it is often

desirable to employ the same principles of double-time-constant detec-

tion that were mentioned in Sec. 14*3. The same circuit as that shown
in Fig. 14*10 is recommended except that the output of the cathode

follower V2 should drive a two- or preferably a four-diode-switch circuit

and the output circuits of Fig. 14*24. This circuit results in an extremely

efficient detection system and is considered definitely superior to that of

Fig. 14*10 because of the lower carrier content of the output. In a

particular casTJ* response to the full value of the input signal is obtained

in less than a microsecond, and the output can

be made to remain constant for several

milliseconds.

The constancy of output is, however, limited

by heater-cathode and capacitor leakage. This

difficulty may easily be avoided by a combina-

tion of several switch detectors, each having

progressively longer time constants and SAvitch-

ing pulses. In this way the output may be

maintained constant until the reception of the

next signal pulse.

Full-wave Bidirectional-switch Demodulator.

The mechanical switches described in Sec. 11*3

may be employed as a phase-sensitive demodu-

lator for symmetrical square waves by using

the circuit connection shown in Fig. 14*27.

For one phase of the signal input, the output condenser is connected

to one terminal, and vice versa. The phase of the closure of the con-

tacts must, of course, be adjusted accurately to correspond to the

phase used in the modulation; the duration of the closure, however, must

be shorter than that used in modulation. Unfortunately, the precision

mechanical-switch modulators are unsuitable for output currents in

excess of a few milliamperes. The Western Electric mercury relays and

numerous mechanical vibrators made for power-supply service are more
suitable. The former has a high-impedance driving coil and can give

peak output currents of several amperes provided proper contact protec-

tion is employed. It has, however, one difficulty: the center arm con-

nects to both contacts on passing from one side to the other. Therefore,

full advantage of the low impedance of the switch may not be taken, and
^ The type number of this relay is D168479, and it is manufactured by the Western

Electric Co. It has a frequency limit of roughly 100 cps.

Input signal

u

Fiq, 14*27.—A full-wave

bidirectional-switch de-

modulator employing a me-
chanical switch.
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a small resistor should be inserted in series with Ci to avoid discharge of

the output voltage.

The circuit of Fig. 14-28 represents a combination of two of the half-

wave switches of Fig. 14-26 that gives a thermionic-switch demodulator
operating as the mechanical switch of Fig. 14-27.

A simplified circuit of fewer components is indicated in Fig. 14-29.

Although the output impedance is considerably increased, satisfactory

operation is obtained if the restrictions noted in the figure legend are

observed.

Fig. 14*28.—A full-wave bidirectional-switch demodulator using diodes. The circuit is

composed of two elements of the circuit of Fig. 14*26.

Summary .—If the carrier frequency is large compared with the signal

frequency and if the carrier wave is sinusoidal and free from interference,

the simple peak detector is extremely useful. But in systems where

phase-sensitive demodulation is required and where the duty ratio of the

carrier is low, the two-way-switch demodulator gives phase sensitivity,

rapid response, and minimal carrier content. The recycling detector,

suitable only for pulse demodulation, has a larger carrier content than

the bidirectional-switch detector and requires nearly the same number of

components.

Multistage switch detectors involving time constants and selector

pulses of progressively increasing duration are of extreme importance in
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the demodulation of short pulses of low duty ratios. Peak detection is

most efficient and can be employed where the input signals are free from

interference. However, in peak detection the potential stored in the

output circuit represents the last portion of the received signal pulse, and

in cases where interference is heavy, a fictitious result may be obtained.

This difficulty is avoided by area detection which is easily obtained by

adding an appropriate resistance in series with the storage condenser.

Thus the response time is made greater than the duration of the received

pulse but less than the interval between pulses. This area detector

may then be followed by peak

detectors, preferably of the bidi-

rectional switch type. This com-

bination would appear to give

optimal efficiency and freedom

from the effects of interference.

14*6. Difference Detectors
with Constant Output.—Constant

output detection in response to

the difference of the areas of two

pulses is sometimes required for

time discrimination (see Sec. 14-7).

In negative-feedback time-demod-

ulator systems the output volt-

age from the difference detector

must remain constant in the ab-

sence of signal and, in spite of

large amounts of interference,

proper operation must be resumed

as soon as the signal reappears.

In the following discussion it will

be assumed that the input to the difference detector is obtained from

adjacent time selectors (Sec, 10-5).

The requirements for constancy of output vary greatly depending

upon the application and the type of negative-feedback time-demodula-

tion system. For example, if single or double integration (see Sec. 18*7

and Vol. 20, Sec. 8*6) is performed before controlling the time demodu-
lator, a difference detector of exponential decay may be satisfactorily

employed, for example, as shown in Fig. 14-30. Transformer coupling

of the peak-detected and stretched output of a pair of time selectors

gives pulses of opposite sign which are area-detected in Fi and F2 ,
and

potentials of opposite sign are obtained at A and B, Resistance addition

in equal resistors H\ and R% gives the desired potential difference. The
output, however, decays exponentially in the absence of signal.

Fig. 14-29.—Full-wave bipolar-switch de-

modulator; This represents a simplification

of the circuit of Fig. 14-28. Provided Ri
Rh = Ri and R^ -|- R\ R 2 ^ R\ and Rz =
Ri, the output voltage will approach one-half

the peak value of the input.
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Detection with constant output may be obtained with the circuit of

Fig. 14*31. Pulse transformer Ti inverts Pi and causes conduction of

Fi, a process which results in an increase of the potential of Ca propor-

tional to the area of Pi. The potential accumulated upon Cs as a result

of this pulse maintains Vi nonconducting at the termination of Pi, yet

decay. The waveforms shown in Fig. 14*30a represent the response to the output of a
pair of time selectors operating on a time-modulated pulse. The top line shows the input
modulation to a time modulator; the bottom line shows the output of the difference detector.
The top two waveforms of Fig. 14-306 indicate the separate outputs of the detectors, and
the bottom line, the difference of their outputs.

this potential must not be large enough to cause conduction of ¥2 -

Negative pulse P2 is applied to the cathode of 72, and a decrease of the

potential of Cs proportional to the area ofP 2 is obtained. If, for example,

the area of Pi is slightly larger than that of P2 ,
the condenser Cs will be

left with a net positive charge and, because of the bias between the plate



Fig. 14-31.—Difference detector with constant output. Figure 14-31a indicates on the

top line the time-modulated pulse and on the second and third lines the selector pulses.

The amplitude modulation of the selector pulses is due to loading in the time selector.

Figure 14-31?) indicates on the top line the output of each time selector applied to the

difference detector by T\ and T2. These pulses are modulated in both duration and
amplitude. Figure 14-31c indicates on the topline the sinusoidal signal which was applied

to the time modulator and on the lower line the output of the time demodulator. In the

actual circuit T\ and Tt approximated current transformers making possible the large out-

put voltage shown. The sustaining condenser is therefore charged with constant incre-

ments of current, independent of output voltage.

of V

I

and the cathode of F2, a constant output will be maintained until

the next pair of input pulses.

The circuit has, therefore, characteristics similar to those of the two-

way-switch circuits of the previous section. But there are several

important differences. In the firat place, the circuit must be an average
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detector since the second pulse would completely discharge the output

condenser if peak detection were employed. Average detection is easily

obtained by the use of a large condenser or by adding a resistance in

series with the condenser. Second, the circuit must have a certain

^^dead^’ space or threshold which the input must exceed; in the circuit of

Fig. 14-31 this is on the average equal to one-half the potential of the

point A, In other words, the signal amplitude required to cause conduc-

tion of Fi or F2 depends upon the potential of C 3 . Third, the circuit

exhibits two-way operation only so long as neither Pi or P 2 is zero; if

either becomes zero, the circuit will no longer be responsive to a decrease

in the amplitude of the larger pulse.

In practical circuits it is often required that the potential of Cz be

maintained even though Pi and P2 represent equal amounts of noise or

pedestal such as may be obtained from adjacent time selectors. The
circuit of Fig. 14-31 would not give constant output under these condi-

tions since pulses of equal areas will cause the output potential to return

rapidly to approximately one-half that of the potential of the point A.

The dead space in the operation of this circuit may be completely

eliminated if T\ and T2 are used as current transformers by supplying

them from high-impedance sources (pentodes). The same amount of

charge will be delivered to Cs for pulses of equal areas regardless of small

variations of the potential of Ca and of the potential of the point a.

Another advantage of current-transformer feed is that the potential of

Cz will be maintained constant in the presence of equal amounts of noise

or pedestal in contrast to the operation obtained with voltage feed. A
third advantage of this circuit is the fact that unbalance in the diodes

has little effect upon the circuit operation. It is usually dcvsirable to

connect the output of this circuit to a Miller integrator (see Sec. 18*7)

in which case the diodes are reversed and the potential Epp is made
negative.

An alternative arrangement is indicated in Fig. 14-32. The basic

differential detector circuit is identical to that shown in Fig. 14-31 since

it contains diodes Vi and F2 which are actuated by negative and positive

pulses from transformers Ti and T2 respectively. Conduction of Fi,

initiated by a negative pulse on its cathode, will cause a decrease in

potential of C3. But at the same time bias is developed across UiCi

which will serve to maintain Fi nonconducting in the absence of a pulse.

The conduction of F 2 gives similar effects except that the potential of C3

is raised. The resistance-capacitance networks RiCi and R 2C2 provide

bias and thus take the place of the fixed potential A of Fig. 14-31, and the

potential of the whole difference-detector circuit may be adjusted with

respect to the potential of Cz by variation of point A of Fig. 14*32. If

the potential of point A is maintained equal to that of J5 by a unity-gain
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direct-coupled amplifier, then a variation of the potential of C3 will have

no effect upon the characteristics of the difference detector. Thus the

output range of point a is theoretically as great as the linear range of

the d-c amplifier. As a consequence, the operation of Vi and F2 in the

presence of noise pulses or pedestal of equal amplitudes should be sub-

stantially independent of the poten-

tial of the condenser and dependent

only upon the balance between Vi

and F2 and RiCi and R 2C2 .

Where bias is obtained from re-

sistance-capacitance networks, the

output of the time selectors must
be sufficient to maintain the poten-

tial drop across these networks in

the absence of signal input to the

time selector. Usually a small

amount of pedestal is generated in

the time selector and is sufficient.

Of course, this pedestal must be

balanced so that conduction of Vi

and V2 occurs equally and no net

change of the potential of Cz occurs.

Another important advantage of an

ideal unity-gain amplifier is that the

required potential across RiCi and

R2CZ need only be sufficient to

render the diodes nonconducting

since the amplifier will maintain

the potential difference between

points A and B near zero, as in

Fig. 14*31, provided current trans-

formers are used in the difference

detector and the output is con-

nected to a Miller integrator (see

Sec. 18*7).

The circuits of Figs. 14*31 and
14*32 are related in the same sense as

are the Miller and the bootstrap integrator (see Sec. 2-6). The so-called

unity gain amplifier'^ of Fig, 14*32 suffers the weakness described in

detail in Sec. 7-8. However, a combination of the principles of Fig. 14*31

with those of 14*32 is interesting. In this case, current-transformer feed

of the diodes is again employed, but the difference detector is connected to

a cathode follower as in the latter circuit. In this way the current trans-

Fiq. 14-32.—Difference detector giving
constant output over a wide range of the
output voltage. The potential of point A
is maintained equal to that of point B by
the unity-gain direct-coupled amplifier.

The output waveforms indicated in Fig.

14-32a were obtained using the same input
pulses as in Fig. 14-31.
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formers would make up for the inadequacies of the cathode follower, and
yet a large range of output voltage would be obtainable. In general,

however, a large variation of the potential drop across Cs is objectionable

because of the increased leakage current. Such large potential differ-

ences are usually avoided by a bootstrapping arrangement similar to

that shown in Fig. 14*32. For details see Chap. 18.

Three other configurations of this circuit are shown in Figs. 14*33a;

14*336, and 14*33c. In Fig. 14*33a is shown difference detection with

resistance-capacitance coupling of the negative output from the time

discriminator. It is usual practice to employ for RiCi and R 2C2 time con-

Fig. 14-33.—Various connections of difference detectors: Figure 14-33a represents
capacitance coupling suitable for negative pulses. Figure 14-336 represents the use of a
triode switch with pulse-transformer coupling of positive or negative signals. Figure
14-33c represents a circuit taking the difference of successive positive and negative pulses

connected to the same transformer T\. In each case the arrows indicate the proper con-

nection to the output condenser and from a unity-gain amplifier, as shown in Fig. 14-32.

slants that are short compared with the time constant of RzCz, A similar

circuit, which employs triodes, is shown in Fig. 14*336. The polarity of

transformers Ti and T2 is arranged to apply positive pulses to the grids

of Fi and F2 . Disconnection of Fi and F2 from the condenser is obtained

by the negative grid bias accumulated across RiCi and R 2C2 during the

selector pulse. As is usual with grid control, some difficulties due to

improper cutoff of Fi and F2 may be encountered, and performance

inferior to that obtained with the diode circuits is to be expected. How-
ever, the input pulses may be of somewhat higher impedance and smaller

amplitude.

In certain instances positive and negative pulses which have already

been added may be connected directly to a circuit indicated in Fig.

14*33c. Negative excursions of the input cause conduction of Fi and



530 AMPLITUDE AND TIME DEMODULATION [Sec. 14-6

positive excursions cause conduction of F2 . Bias to maintain V\ and
V% nonconducting in the intervals between input pulses is obtained from

RiCi and This circuit is most useful when current feed is used.

+£;pp +450 V

Fig. 14*34.—Difference detector employing short-time-constant detection, subtraction,
and difference detection. The figure indicates suitable component values for the demodu-
lation of 0.3-/usec pulses at a PRF of 2700. Two types of amplitude selectors A and B are
shown interposed between the difference voltage and the output voltage.

A differential detector of high sensitivity^ and constant output in the

Vj in volts

Fig. 14*35.—Static characteristics of

difference detector. This curve repre-

sents the relation between the steady
potential Fa on the grid of F 4 and the
current through the neon tube of Fig.

14-34. The potential of the grid of Fs
was fixed at 22 volts in this measurement.

presence of equal amounts of noise

or interference is indicated in Fig.

14*34. The static characteristic of

the difference amplifier composed of

Vz and F4 is given in Fig. 14*35 and
shows that a small differential poten-

tial on the grids of these two tubes

will result in an output voltage which

is large compared with the break-

down voltage of the neon tube F7 .

The gain of the stage is roughly 10.

For equal voltages applied to the

grids of F3 and 74 ,
the neon tube

does not break down, and the output

condenser is completely disconnected

from the input and its potential is

constant for a reasonable length of

time.

When used as a differential detector, the negative outputs of adjacent

^ B. Rossi, K. Greisen, ^^Range-tracking Circuit with Position Memory,^' NDRC
14-160, Cornell University. ^
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time selectors are connected to Ci and C2 , Diodes Vi and V2 give peak

detection of the applied pulses and develop a positive bias on the grids of

Vz and 74. The current that flows into condenser C3 is therefore repre-

sentative of the difference of the amplitude of the pulses applied to Ci

and C2, which is in turn proportional to the overlap of the signal and

selector pulses.

The performance of a typical circuit operating with a O.S-Msec input

pulse at a PRF of 2700 cps is indicated in Fig. 14*36, which shows the

current output from a neon tube in response to the signal obtained from

adjacent time selectors (a typical circuit using type 6SA7 multigrid

switches) for four values of signal

input amplitude.

In this particular test, RiCi

and R 2C2 were 15 iiyi and 20 M;
consequently operation of the

heater voltage of 7i and 72 at 4^

volts was necessary. With the

potential of the cathode of 7i
averaging 100 volts above ground,

the heater-cathode leakage at

normal heater temperature would

be roughly 0.02 /xa. The reduc-

tion of heater temperature reduces

this by a factor of 10 (see Sec.

3-14).

Difficulties are encountered

because of the variability of dif-

ferent samples of the neon tubes,

their large temperature coefficient,

and the irregularity of their start-

ing characteristics. More predict-

able operation is obtained by the bidirectional amplitude selector biased

by a battery or, preferably, a floating power supply obtained from a trans-

former and rectifier. On the other hand, the heater-cathode leakage of

the diodes is undesirable.

The difference amplifier 73 and 74 serves a purpose similar to that of

the current transformers of Fig, 14*31. This particular circuit is, how-

ever, somewhat more efficient than the previous one since the pulses are

first peak-detected in diodes 7i and 72 previous to subtraction and

integration in 74. The use of the neon tube or diode amplitude selector

following integration in condenser (74 appears at first sight to be extremely

attractive for obtaining a constant output voltage in the absence of signal

information and in the presence of equal amounts of pedestal and noise.

Fig, 14-36.—The over-all response of the
differential detector of Fig. 14-34 used with
a miiltigrid time selector for several values

of the input pulse. The curves represent
operation with 0.3-/zsec pulses and a PRF
of approximately 2700.
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If the dead space due to either of these amplitude selec^tors is to be kept

small, very accurate balancing of the amplitudes of pedestal and noise

applied to the diodes Vi and 1^2 is essential.

14*7. General Considerations in Time Demodulation.—Many of the

circuits discussed previously are suitable for demodulation of duration-

modulated signals providing the output circuits measure the area of the

(a) {h)

Fio. 14-37.—Recycling detector modified to give detection of the overlap of the time-
modulated pulse and the selector pulse. Waveform diagram (a) indicates the sinusoidal
signal applied to the time modulator used in this experiment and the bottom line indicates
the demodulated output. Figure 14-376 indicates on the top line the duration-modulated
pulse from the time selector and on the bottom line the recycling pulse. The series resistor

Rz is employed to obtain area instead of peak detection.

input signal instead of its peak value. Frequently the time-modulated

input signal may be represented by the spacing between a pair of pulses.

If the range of modulation of the second member of a pair of pulses is

less than its duration, a duration-modulated rectangle may be readily

obtained by a suitable time selector (see Sec. 10-3). The waveform
diagrams of Fig. 14*17 indicate a typical method of accomplishing this

with time selection. Usually the range of time modulation is large

compared with the duration of the time-modulated pulse. When this is

so, simple overlap methods for converting the time-modulated pulse to a
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width-modulated pulse are no longer satisfactory, and different methods
are used as is indicated below.

Time Demodulation hy Unidirectional-switch Circuits,—The uni-

directional switch circuits of Sec. 14-5 provide satisfactory time demodula-
tors for excursions of the time-modulated pulse that are small compared
with the duration of the pulse. Usually, a resistance is inserted in series

with the switch in order that the output voltage may not rise to the peak
value of the width-modulated pulse. Often a pentode switch is desirable,

since then a nearly constant current will flow for the duration of the pulse.

An approximation to constant output may be obtained from recycling

detectors, as described in Sec. 14*5, and a demodulation circuit employing

Differential time selector Difference detector Unity gain amplifier

Fig. 14-38.—Time discriminator using separate tubes for time selection and differential

detection.

this principle based upon the circuit of Fig. 14*10 is indicated in Fig.

14*37.

Since area detection is required in these circuits, the bidirectional

feature of switch circuits is not needed. The output voltage of the area

detector is so small that only one diode operates, and hence the other is

unnecessary.

Conversion of a Width-modulated Rectangle to an Amplitude-modulated

Triangle Followed by Amplitude Demodulation.—The width-modulated

pulse may be connected to the switch tube of any triangular-waveform

generator, and the output will be an amplitude-modulated wave train.

This train may be demodulated by any of the peak detectors described in
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Secs. 14*3 and 14*5; those having constant output depending upon recycl-

ing or bidirectional switching circuits are most useful. These two types

require a ‘‘dunking” and a time-selector pulse, respectively.

Use of Adjacent Time Selectors and a Difference Detector .—Constant
output and time selectivity may be obtained by using adjacent time

selectors (Sec. 10*5) and the difference detectors of Sec. 14*6. The time-

modulated pulse split by the two time selectors gives two width-modu-

(a)

Fig. 14'39.—Time discriminator using parallel pentodes. The waveform diagram
indicates on the top line the sinusoidal signal applied to a time modulator and on the
bottom line the differential output between the plates of the time discriminator.

lated pulses which may be used to charge and discharge the output

condenser of the difference detector as shown in Fig. 14*38. This method
gives good performance in the presence of noise and interference.

Two other circuits that combine the functions of time selection and
detection are indicated in Figs. 14*39 and 14*40. They represent varia-

tions of Fig. 14*38. In the first circuit, detection is accomplished in the

two time selectors, and in the second circuit, time selection is accom-

plished in the difference detector.

In Fig. 14*39, resistance-capacitance networks are shunted across the
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plates of two time selectors Fi and Fa- In addition, considerably

larger plate resistors Ra and R^ are used to give a reasonable time con-

stant. The differential output obtained from this circuit with 1-jusec

input pulses is indicated in Fig. 14*39a. A steady voltage corresponding

to the sum of the two differential signals is obtained by addition of the

two outputs through R^ and Rt,

The triode difference detector of Fig. 14*40 can be rendered non-

conducting by the potential developed across R^Ca, and conduction is

achieved by selector pulses applied to the plates of Vi and through

transformers Tz and T 4 . As in the previous circuits, the potential of

point A is made to follow that of B
in order to obtain a large range of

output voltage.

The output of these circuits

does not follow the signal varia-

tions with extreme linearity, and
these time discriminators are usu-

^

ally employed as an element of sjgnai| ^||
the negative-feedback time de-

modulators discussed in the next

paragraphs.

Pulse-spacing Modulation—
Large Excursions ,—Here the ex-

cursions of the time-modulated

pulse are large compared with its

duration. This is the most usual

case of time modulation, and is, of

course, the one found in all radar

systems. There are two general

methods of time demodulation and 14-40.—Time discriminator using series

they vary considerably in their triodes.

ability to reject interference.

The simplest method, which is indicated in Fig. 14*41, represents an

application of ^Hime comparison,^' which was presented briefly in Sec.

10 * 1 . The time-modulated pulse connects a bidirectional switch circuit

to a triangular timing wave so that the output voltage represents the

potential of the triangular waveform at the time of occurrence of the

modulated pulse. This is a simple, direct, and accurate method of time

demodulation; it suffers from a great drawback if the time-modulated

pulse is mixed with noise and interference, for then the output circuit

is connected to the triangular timing wave at a number of different times

and accurate demodulation is impossible.

This diflScuIty is avoided by negative-feedback time-demodulation
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systems that employ the output of a differential time selector and dif-

ference detector to control another time modulator which, in turn, con-

trols the time of occurrence of the selector pulse. As the block diagram

of Fig. 14-42 indicates, the output of the difference detector varies the

reference voltage of the amplitude comparator of an electrical time

modulator. In a mechanical time modulator, the electrical output may

Reference

pulse
.
Demodulated

output

Fio. 14‘41.—Time demodulation by time comparison. The time delay of the modu-
lated pulse is represented by the amplitude of the output voltage obtained by connecting

condenser C2 to a triangular waveform. In Fig. 14'41a the waveform diagrams indicate

the sinusoidal signal applied to the time modulator on the top line. On the bottom line

is indicated the output of the time demodulator. The top line of Fig. 14-416 indicates

the triangular timing wave and the bottom line indicates the time modulated pulse.

be converted into a mechanical shaft rotation by a servomechanism.

The sense of the output is, of course, arranged to give negative feedback.

The combination of adjacent time selectors and difference detectors is

called a ^Hime discriminator.^'

It is essential to provide a band-shaping network between the dif-

ference detector and the amplitude comparator for the purpose of giving

the negative-feedback loop adequate stability. These networks are

discussed in detail in Vol. 20, Sec. 8-4 and are called ^Tunction units."
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This method of time demodulation has a number of basic advantages.

The first and most important is that the accuracy of demodulation

depends, to a first approximation, upon the linearity of the time-modula-

tion system. Second, the automatic following of a time-modulated pulse

by the time-selector pulse rejects a large amount of interference and

noise. Third, the adjacent time selectors and difference detector act as

a null indicator, and the requirements for their linearity and constancy

of gain are greatly reduced. There are, however, still strict requirements

for their balance in the presence of equal amounts of noise or in the

presence of rapidly fluctuating signals.

Since the time discriminator is sensitive only to a portion of the full

range of time modulation—a portion often as small as 0.1 per cent—its

Fia. 14*42.—Block diagram of a negative-feedback time demodulator.

operation cannot, therefore, be initiated by the appearance of a signal

anywhere in the range of modulation. In radar systems, where the

signal may cover the full range only once, the selector pulses must be

brought into initial coincidence with the desired signal. This is usually

accomplished manually by a cathode-ray-tube display. This method is

discussed in Sec. 14*8, but a number of automatic ^^search^^ methods are

available (Vol. 20, Sec. 8-17). If, during a momentary disappearance of

the signal, the selector pulses and the signal cease to overlap, the operation

must be reinitiated manually or automatically. Many important

characteristics of these circuits are given in the detailed discussion of

Vol. 20, Chap. 8.

14'8. Simplified Negative-feedback Time Demodulator.—The dis-

cussion of highly precise time demodulators is beyond the scope of this

chapter, but an example of a simplified circuit is included here.

Figure 14*43 indicates the use of the double-triode delay multivibrator
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for a time modulator and a combined time selector and difference detector

for a time discriminator and function unit. The circuit is extremely

efficient and requires only four double-triode envelopes. The range of

modulation is between two and several hundred microseconds and the

accuracy is a few per cent. The circuit is designed to operate with

i-jusec pulses at a PRF of roughly 1000 cps. It will, however, maintain

proper operation in spite of a loss of a number of these pulses due to inter-

Time modulated

-153v

Fig. 14-43.—A negative-feedback time demodulator. This circuit is suitable for

operating at a PRF in the neighborhood of 1000 cps and for demodulating ^-Msec time-

modulated input signals over ranges which depend upon the choice of R and C. Typical

values are included in the table shown in the figure.

ference or fading. A negative trigger applied to diode Fi initiates the

operation of time modulator V2 and F3, which gives a rectangular pulse

at the plate of Fs linearly related to the control potential applied to the

grid of F2 (see Chap. 5). Differentiation of this rectangular pulse occurs

in pulse transformer Ti (Utah OA-18). The plate-to-grid-coupled block-

ing oscillator F4 gives a current pulse in its cathode of approximately 0.2

amp, giving selector pulse a of roughly 80 volts and ^-/xsec duration.

This selector pulse is, of course, time-modulated in accordance with the

potential of the control grid of F2.

The i-/xsec time-modulated input signal which is to be demodulated

by this circuit is connected to cathode follower Fb which in turn drives
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terminated ^-Msec delay line Li. In this way, the time-modulated signal

is split into two adjacent portions each ^ /isec in duration. Coincidence

of these two pulses and the selector pulse obtained from V\ energizes the

differential detector composed of Fe and Fy to give a potential at point c

which depends upon the difference of the areas of the overlap of selector

pulse a and the split pulses d and e.

For usual values of the potential of point c, Ve and Fy are nonconduct-

ing since the cathode of Fy is maintained positive with respect to its

plate by the grid bias of Fg, and the plate of Fe is held negative with

respect to its cathode by the difference of potential between point c and
ground. In the absence of a time-modulated signal coincident with the

selector pulse a, negligible conduction of Fe and Fy occurs since a positive

pulse b is applied to the cathodes of Fe and Fy at the same time as the

selector pulse a is applied to their plates, and sufficient bias is developed

to maintain F e and F y very nearly nonconducting. Therefore, the poten-

tial of point c is relatively undisturbed in the absence of a coincident input

signal. On the other hand, a coincident signal causes a decrease of

grid bias in Fe and Fy and conduction of either one of these tubes for a

time determined by the overlap of the split signal and selector pulse.

A charge then accumulates on Ci which represents the integral of the time

error. If the selector pulse exactly bisects the split input signal, that is,

there is no time error, then the potential of (7i is unchanged since equal

conduction will occur in Fe and Fy for balanced components. This

potential of Ci is therefore connected through the cathode follower to the

control grid of the time modulator and adjusts the position of the selector

pulse to follow exactly the modulation of the input signal.

For demodulating pulses of a relatively high intermittency, heater-

cathode leakage in Fe would discharge the storage condenser Ci. There-

fore, the heater of this tube is operated at 5 volts and is maintained

at a constant negative potential with respect to the cathodes by connec-

tion to the cathode follower at point /. In this way, leakages of 3 X 10~^

jua are obtained in this particular circuit.

The gain of the time-demodulator circuit is not very high, and, hence,

no difficulty arises due to instability. The bandwidth of the demodulator

is not high; it is suitable for following signals which cover the full range of

modulation in several seconds. The speed of following could, however,

be considerably increased by reduction of Ci.

14*9. Mechanical Demodulation by Cathode-ray-tube Display.

—

Amplitude- or time-modulated waves, containing signal frequencies of

the order of magnitude of 0.1 cps, are accurately demodulated by ampli-

tude or time discrimination and manual or servo control. The most

important application of these methods is to the time demodulation of

the range information of radar signals, in which case the methods are
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called ''range tracking^^ (a detailed discussion is given in Vol. 20, Chap. 7,

and in Vol. 22). As shown in Fig. 14-44, a triangular wave is applied

to the horizontal plates of a cathode-ray tube and a rectangular wave is

applied to its control grid with the result that only the rising portion

of the triangular wave is visible. A train of radar echoes is displayed

on the linear sweep. If, however, the particular echo a is an aircraft

signal that is moving in a radial direction with respect to the radar

system, the received pulse is time-modulated. The displacement

between the vertical mechanical index and the position of the echo a

gives the operator a measure of the sense and magnitude of the time error

—in other wor\J|j[ permits time discrimination. Manual control of the

index to reduce this error to zero and to maintain it at zero gives mechan-

Rectangular intensifying

pulse to control grid

Reference

pulse

Fig. 14-44.- -Time demodulation by manual control of a mechanical index on a cathode-
ray-tube display.

ical demodulation of the information on the target range, and the position

of the control shaft represents the desired output.

The method is analogous to that shoivn in Fig. 14-42 since the accuracy

depends upon (1) the linearity of the timing waveform as displayed upon
the cathode-ray tube, (2) the time discrimination of the cathode-ray

tube, and (3) the ability of the operator.

In some scanning radar systems, a group of approximately 12 pulses

is received in a period of 0.03 sec while the beam scans the desired target.

The beam is, however, pointed in other directions for approximately

30 sec until it again scans the target. A rapidly moving target (one

moving at 400 mph) covers the full range of time modulation (200 miles)

in a very short time (30 min), and consequently only 120 groups of the

selected pulses are observed in this interval. Highly accurate demodula-

tion under these circumstances is difficult. In a simple case the operation

of the constant-output detectors of Sec. 14-6 may be simulated. Every
time the group of time-modulated pulses appears on the cathode-ray-tube

display, the mechanical index is moved to reduce the error to zero.

When the group of pulses terminates, the operator maintains the shaft
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stationary and immediately resets the output on reception of the next

group of pulses. Thus, an output time constant that is large compared

with that readily obtainable by electric circuits may be attained. A
better-trained operator would attempt to remember the rate at which the

signal was moving and to rotate the control shaft continuously in the

interval between groups of input information. In this way, the displace-

ment error of the next group of pulses is kept to a minimum. Provided

the rate memory is obtained from the average of the past information,

this process represents the '4deal demodulation^^ briefly discussed in

Sec. 14*5. A number of tracking ‘^aids^^ assist the manual controller in

remembering the target velocity in the interval when no information is

available. These may consist of a controllable speed drive which is

Fig. 14-45.—Block diagram of mecliaiiical aided-trackiiig system.

automatically adjusted to the previous values of the target velocity in the

course of reducing displacement error. This mechanism is called **an

aided-tracking system, and is indicated in Fig. 14*45. Other more
complicated tracking aids may take into account known factors which

may be expected to vary the rate of movement of the echo in a predictable

manner and alter the speed of the mechanical drive for the index in

accordance with the computed rate. The tracking process adds correc-

tions to the input rate for unknown or unaccountable factors. These

devices are called ^^regenerative tracking^^ systems. The properties and
typical examples of these systems are given in Vol. 20, Sec. 7*15.

Photoelectric Controllers Used with Cathode-ray-tube Display .—A photo-

cell and servomechanism may replace the human controller and mechan-
ical index. An experimental system is shown in Fig. 14*46. A circular

sweep is applied to the four plates of a cathode-ray tube, the time-modu-

lated signal is applied to the control grid, and an intensified spot corre-

sponding to the time of occurrence of the received signal is displayed
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on the trace. Time discrimination is accomplished by the two photo-

cells, which receive light from the intensified spot on the cathode-ray-tube

trace by means of a pair of prisms. The prisms divide the spot equally

at the null position. The whole frame for the photocells is movable

Fig. 14*46.—Perspective view of an automatic range-tracking mechanism employing
photocells. Intensity-modulated signal h is displayed upon circular trace a of a 2-in.

cathode-ray tube. Split prisms c and d reflect light onto type 931 photomultipliers e

and /. The photomultiplier assembly is rotatable about the fixed cathode-ray tube by
means of a motor-driven worm gear, and the output voltage is obtained through slip rings.

The total range is displayed upon a Veeder Root counter.

about the center of the circle displayed on the cathode-ray tube, and its

position is controlled by a small motor. The electrical signals from the

photocell output are amplified and connected to a thyratron controller

for driving the motor. The motor then maintains the light from the

intensified spot equally dividec^by the two photocells. In this way a
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sensitive and accurate indication is obtained because the sensitivity

depends upon the gain of the photoelectric system and the accuracy

depends upon the precision of the circular trace.

If the photocells and servomechanism are accurately balanced, this

system will exhibit properties of a constant-output difference detector

and maintain its position in spite of fading or interference which would

obliterate the signal. Also, integrating circuits that cause the output

to maintain the past value of the input rate for a reasonable period of time

may be included in the servomechanism. It is, however, usually difficult

to obtain the extreme!}^ long memory Avhich is possible with the aided-

tracking devices mentioned in the paragraph above.

I I I

Electromechanical modulator Electromechanical demodulator

Fig. 14-47.—Block diagram indicating mechanical demodulation by a servomechanism.

Another feature of this method is its flexibility. The scale factors of

the system are readily varied over wide limits by simply changing the

frequency of the circular sweep. For example, the circular trace of Fig.

14-46 may cover anything from 1 /nsec to 0.1 sec. The apertures, of

course, still correspond to the same percentage of the timing waveform.

On the other hand, the speed of response of the system is independent of

the time range it covers and, in fact, cannot be readily varied. Further-

more, it cannot be increased above 10 or 20 cps, even with the best

electronic servomechanism design.

A method of time demodulation depending upon the storage tube is

presented in Sec. 21-10.

14*10. Amplitude Demodulation by Electronic Servomechanisms.

—

The demodulation of mechanical signals converted into electrical informa-

tion by the methods of Chap. 12 may be accomplished by the system

indicated in Fig. 14-47, which indicates the components of a mechanical

modulation-demodulation system using a d-c or a zero-frequency carrier.
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The signal from the amplitude modulator, obtained in accordance with

the methods in Chap. 12, is connected to an amplitude discriminator as

described in Sec. 9-22. The amplitude discriminator is also connected

to the output of the motor-driven potentiometer, and a signal indicating

the sense and approximate magnitude of the error voltage between the

two is connected to a power amplifier which in turn controls the motor

for the reduction of the output of the amplitude discriminator to zero.

The precision of the demodulation depends upon the linearity of the

potentiometer, and the stability and sensitivity depend upon the char-

acteristics of the amplitude discriminator and the gain of the negative-

feedback syste«fc* When a zero-frequency carrier is used, the input

data are continuous except for any discontinuity in the modulator or

demodulator.

In order to obtain greater stability, the amplitude discriminator may
use an electrical amplitude modulator and demodulator employing, for

example, a mechanical switch (see Sec. 9-23). The operation is, how-
ever, similar. But if an alternating carrier is used, for example, by apply-

ing alternating current directly to the two potentiometers, a phase

discriminator (phase-sensitive detector) must be employed. The
demodulated output of this device, however, will control the power
amplifier as in the previous case.



CHAPTER 15

SINUSOIDAL FREQUENCY MULTIPLIERS AND DIVIDERS

By E. B. Hales and J. V. Holdam

Many precision timing systems require synchronized waveforms

whose frequencies are integral multiples or rational ratios of some funda-

mental frequency. This chapter deals with devices that give out a sine

wave whose frequency is some integral multiple or rational ratio of the

fundamental frequency of the input waveform. Other waveforms at that

frequency can usually be initiated by a train of pulses. .

An example of a timing system that requires synchronized waveforms

at different frequencies occurs in those radar range units that trigger the

modulator at an exactly constant repetition rate and that use as a timing

reference a sine wave whose frequency is an integral multiple of the repeti-

tion frequency (Vol. 20, Chap. 4). Such a frequency relation can be

obtained by using a standard oscillator at the higher frequency and

obtaining the lower frequency by frequency division. It can also be

obtained by making the standard oscillator at the lower frequency and

getting the higher frequency by frequency multiplication. Preference

for one method or the other depends on the practical details of the

problem at hand. The examination of a large number of timing systems

shows that the use of frequency division usually, but not invariably, leads

to simpler and less costly circuits for a given degree of precision.

SINUSOIDAL FREQUENCY MULTIPLIERS

16*1. Introduction.—One important use of frequency multiplication

arises in the calibration or testing of crystal-oscillator controlled timing

units. A time scale of greater precision than that of the range unit is

necessary for accurate testing. A synchronized time scale of almost any

desired precision can be obtained by multiplying the timing frequency

of the range unit and applying the output frequency as the drive to a

suitably designed J-scope or other sine-wave controlled time scale. ^

Sine-wave frequency multipliers have long been used in radio trans-

mitters to generate very stable frequencies which are higher than those

1 This statement does not imply that the accuracy of the crystal-controlled oscil-

lator is increased by frequency multiplication. The object of the calibrating device

is to provide a vernier time scale that is used to check the accuracy of a time modulator

in the ranging device.

545
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that can be obtained directly from a crystal oscillator. They have also

been used in frequency standards to generate exact harmonics of precisely

determined frequencies and thus greatly to extend the range over which

standard frequency outputs are available.

In the applications of the preceding paragraphs a moderately good

sine-wave output is necessary. In setting up a synchronized timing

system it is essential that the multiple frequency be a pure sine wave,

but it is also essential that the multiple frequency have fixed phase with

respect to the input waveform. These simultaneous requirements are

stringent specifications on the circuits employed
;
and much of this discus-

sion is devoted to meeting them.

There are fifb essentials to the process of frequency multiplication.

The first is the generation of a waveform that is synchronized with the

input and that has a component of the desired output frequency. In

general this cannot be ddne without also generating undesired frequency

components. The second essential in the process is the use of a suitable

bandpass filter to select the desired frequency component from all the com-

ponents generated. Because of these filters, frequency multiplication is

useful only if the sine waves are to be generated continuously. These fre-

quency multipliers are not suitable for pulsed operation because bandpass

filters do not have sufficiently good transient response.

16'2. Harmonic Generation.—A Fourier analysis of any nonsinus-

oidal periodic waveform shows that it is made up of sinusoidal components

whose frequencies are integral multiples of the fundamental frequency of

the nonsinusoidal periodic waveform. The components that are present

and their relative amplitudes depend on the exact time course of

the waveform. It is clear that when a sine-wave input is applied to a

circuit that has a nonlinear transfer characteristic the output is nonsinus-

oidal and contains synchronized harmonics of the sine wave.^ The
problem is to choose the type of distortion—that is, nonlinear transfer

characteristic—which will give a waveform rich in the desired component.

Three types of nonlinear devices have been used extensively for har-

monic generation: iron-core inductances, diodes, and nonlinear amplifiers.

Since iron-core inductances have a nonlinear relation between magnetiz-

ing current and magnetic flux, a properly designed inductance driven by
a current generator is a good source of voltage harmonics. It is particu-

larly good at high harmonics. A new inductance design is usually

required for each application. This fact and the fact that they are

often low-impedance devices requiring considerable driving power make
it inadvisable to use them in most simple synchronizing systems.

^Peterson, Manley, and Wrathall, ‘‘Magnetic Generation of a Group of Har-
monics,'^ Bell Sys. Tech. J.y 437, (October 1937); D. G. Tucker, “The Generation of

Groups of Harmonics," Electronic Eng.j 242 , (November 1942).
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Diodes or contact rectifiers can be used in various combinations to

obtain waveforms with harmonic content. The output of a single-phase

full-wave rectifier contains all the even harmonics of a sine-wave input.

Such a rectifier is often used in a frequency doubler.

The harmonic generator offering the greatest flexibility is the nonlinear

amplifier. A class C amplifier can be made to have a small conduction

angle if the grid bias and sine-wave drive are made sufficiently large.

With a pentode amplifier tube the pulse of current in the plate circuit

can be made nearly rectangular. In any case, a rectangular pulse may
be used as an approximation to give a qualitative idea of how the har-

monic content depends on the width of the current pulse.

+300 volts +300 volts

16-6658.

Fia. 151.—Class C multiplier amplifiers.

Let the input voltage be of the form e = E cos 27r/o<, where e is instan-

taneous voltage, E is peak voltage, /o is the frequency of the input, and

t is time. If the peak voltage is considerably larger than the grid base

of the amplifier tube of Fig. 15T, the current occurs in pulses. Assume
that the bias and driving voltages are such that the current pulse is

rectangular, with an angular width 2a starting at —a and ending at +«.
These pulses are repeated once every cycle of the input wave. If I is

the peak value of the current pulse, i{t) is the current as a function of

time, and n is any positive integer, the Fourier series for this continuous

train of pulses is

i{t) =2/ ^-1 ^ cos 27r/o^ ^ cos 47r/o<

,

sin 3a .
, ,

sinna o i 1 /i\
H s— cos ^4 + • *

' ^ cos 2'Knfd + • • •
• (1)

oTT /ITT J

The general term cos has a frequency n/o. The output has a

component with a frequency equal to every integral multiple of / except

for those terms for which the amplitude coeflScient sin na/n^r is equal to
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zero. This can happen only if na is some integral multiple of tt. Con-
sequently, if the conduction angle a is properly chosen, a rectangular

train of pulses can be made to have a component of any frequency that

is a harmonic of /o. The amplitude of the nth harmonic is 27 sin na/mr.

The maximum amplitude occurs when sin na = 1—that is, when na = 7r/2,

or 37r/2, etc. Actually, the practical case is the one for which na = 7r/2.

Then a = 7r/2n and the conduction angle 2q: = ir/n for maximum output
in the nth harmonic. The argest possible amplitude for the nth harmonic
is 21/mr. This makes it clear why it is difficult to get large outputs

at high harmonics.

16*3. Frequ^cy-selecting Filters.—The previous section shows how
a current waveform can be generated which contains a component of the

desired frequency. The waveform also contains undesired components.

These can be reduced to an acceptable level by proper filtering. Through-
out this discussion it is assumed that the input impedance of the filter

is low in comparison with the plate resistance of the multiplying tube.

This condition is usually met with pentodes, and the consequent constant
current driving conditions lead to a great simplification of the analysis

without invalidating the qualitative results. Triodes can be employed
as frequency-multiplying tubes. The extent to which this analysis is

applicable to triode circuits is considered in the section on practical

circuits.

The frequency selection arguments developed here can be applied to
any continuously generated periodic waveform whose Fourier-series

representation is known. Specifically, for the train of rectangular pulses

represented by Eq. (1), the current at the nth harmonic is

^ ^ sin na ^ ^
In == 21 cos 2Trnf{it.

mr

The transfer impedance of a filter is a complex function Z(/), where / is

the frequency of any input to the filter. The output voltage of the filter

at the nth harmonic is equal to uZ{nfo). The most desirable filter is one
having a large transfer impedance at the nth harmonic and zero transfer

impedance at all other harmonic frequencies. Any type of bandpass
filter can be designed so that it has a very small transfer impedance for

the undesired components.

Because of their simplicity and the large outputs that can be obtained,

LC resonant circuits with lumped constants are most often employed as

frequency-selective circuits over the range of frequencies from approxi-
mately 100 cps to 100 Mc/sec. Outside this range simple resonant cir-

cuits do not have sufficiently good Q to function satisfactorily. At higher
frequencies resonant elements with distributed constants are employed,
and at very low frequencies tuned amplifiers employing feedback are used
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as bandpass filters (Vol. 18, Chap. 10). Since the range covered by
lumped constant resonant circuits includes all the frequencies commonly
employed in synchronized timing systems, only these circuits are con-

sidered in detail here.

The simplest circuit with the desired pass band is a parallel resonant

circuit used as the load impedance for a multiplier

tube, as shown in Fig. 15T. An idealized parallel

resonant circuit is shown in Fig. 15-2. It is assumed

in the discussion to follow that the shunt resistance

R represents all the losses in the circuit. For fre-

quencies in the neighborhood of resonance this

represents the losses in the circuit well enough for

practical purposes. At the resonant frequency fr = l/27r\/LC, the

parallel /y(7-combination offers an infinite impedance to the input. The
resulting impedance is just equal to R. The amplitude of the impedance
at a frequency /in the neighborhood of resonance is given by

Fig. 16*2.— Ideal-
ized parallel resonant
circuit with all losses in
R.

z = R
(2)

R
where Q is defined as equal to ^ -yy

ZTTJrL

The phase angle of the impedance is given by

tan (t> (3)

A plot of Eq. (2) shows that the impedance at any of the nonresonant

frequencies can be made a smaller fraction ofR as long as Q can be increased.

Consequently if the only requirement on the output waveform is that it

be a good sine wave, the resonant circuit should have as high a value of Q
as it is possible to get.

In the timing systems which are of primary interest here, it is also

necessary that the phase of the impedance remain fixed. From Eq. (3)

the phase angle of the impedance is zero when / = fr. Suppose that,

because of small changes in L or (7, the resonant frequency is changed by
a very small amount A/r. The resulting small change in phase angle is

A</> (4)

Hence very large Q makes it difficult to maintain good phase stability.

‘ See F. E. Terman, Radio Engineering^ McGraw-Hill, New York, 1937, Chap. Ill,

for graphical representation of characteristics of tuned circuits.
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The requirements of good phase stability and a pure sine wave are hard

to meet simultaneously. Every design must be a compromise between

these two factors.

At a given Q the phase stability can be improved by using components

that are stable and temperature-compensated. Designs involving

excessively small values of C should be avoided because of the possibility

that microphonics or slow changes in tube and wiring capacitances may
seriously affect the phase.

If it is found that a single circuit of high Q giving sufficient attenuation

at the undesired frequencies causes excessive phase instability, the

condition majJje greatly improved by cascading the attenuation of two

circuits of moderate Q. It can be shown by applying Eqs. (2) and (4) to

most practical cases, that this gives much less phase shift in the neigh-

borhood of resonance for the same amount of attenuation at the adjacent

harmonics. Simple one-way coupling from the first tuned circuit to

the second can be accomplished by the use of an isolation stage. Such

a tuned amplifier usually has to be neutralized.

A better method for most purposes is to use two tuned coils with

mutual inductance coupling as the frequency selector. This arrange-

ment is shown in Fig. 15*16. Such a double-tuned transformer with

both primary and secondary turfed to the desired pass frequency is like

the intermediate-frequency transformers employed in most superhetero-

dyne radio receivers. A complete description of their attenuation and

phase characteristics is too lengthy to be included here but can be found

in many radio engineering text books. ^ The most pertinent facts for the

purposes of this section are noted here. For simplicity, only the trans-

former with exactly equal primary and secondary is considered; that is,

i?, L, C, and Q are the same for both circuits. The coupling factor

between two equal inductances of value L is defined as if = M/L, where

M is the mutual inductance between the two inductances. Maximum
voltage output is obtained at the critical coupling factor K = 1/Q.

Under these conditions a given change in the resonant frequency of both

primary and secondary coils has the same effect on the phase of the out-

put as the same change in resonant frequency has on a single-tuned

circuit of the same Q, but the transformer has much larger attenuation

at the undesired frequencies than has the single-tuned circuit. Although

increasing the coupling factor beyond the critical value increases phase

stability, it decreases the output voltage, decreases the attenuation of

undesired components, and produces two peaks in the resonance curve.

This last effect makes adjustment difficult. In this application it is

recommended that the critical coupling factor be chosen in designing

tuned transformers having equal primary and secondary circuits.

‘ Terman, loc. cit.
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These transformers can be designed with good enough characteristics

for most practical frequency multipliers. More elaborate passive filters

or selection feedback amplifiers can be designed for special purposes

to give even more desirable attenuation and phase characteristics (see

Vol. 18, Chap. 10). It must be borne in mind that, if good phase stability

is required, the bandpass filter should be no more narrow than is necessary

for good output waveform, since all bandpass filters have at least ±90°

phase shift at frequencies that differ considerably from the center fre-

quency of the passband.

FREQUENCY MULTIPLIERS

16-4. Practical Multiplier Circuits.—Because of their low plate resist-

ance the plate currents in triode multiplier tubes are greatly affected

by the load impedance. During the time the tube is on, it acts as a

Fig. 15*3.—Resonant filter and diode frequency doubler,

shunt on the plate load, which has effectively a different value of Q
during different portions of the cycle. The relations between Q and the

attenuation and phase given in the previous section can still serve as a

qualitative guide, but numerical results can be obtained only by very

laborious methods. Practical design is usually empirical. Because of

the large cutoff voltage of triodes, they require very large sine-wave

grid drive to obtain current pulses of small conduction angle. For

relatively small multiplication factors or under conditions where narrow

pulse waveforms are used to drive the grid properly, a triode makes a

satisfactory frequency multiplier.

Diodes are frequently used in the circuit of Fig. 15*3 as frequency

doublers. With a perfectly balanced circuit there is no output at the

fundamental frequency. The undesired output is at the even harmonic

frequencies above the doubled frequency. The filtering can be accom-

plished with a very-low-Q circuit and does not lead to serious phase

shifts. The Q should be selected just high enough to give an acceptable

sine wave.

The 6AC7 Class C amplifier of Fig. 15T has a nearly rectangular

current pulse of about 35-ma amplitude and a conduction angle of about
40° when the input is a sine wave from a low impedance source of 150
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volts peak. The input may vary considerably in amplitude without

much effect on the current wave. The bypassed cathode resistor is

included to protect the tube in case the grid drive fails. Since a 6ACT is

nearly cut off at —4 volts, it is relatively easy to get a small angle con-

duction. This arrangement gives fairly good output for many harmonics,

but is specifically designed to multiply by five. The currents at the

fourth, fifth, and sixth harmonics are about 5.6 ma, 4.5 ma, and 3.2 ma
respectively. Current and voltage values given here and in Table 151
vary considerably with the transconductance of the tube, but the relative

values are still correct.

If practicalrffcircuit considerations make it necessary to operate with a

much smaller grid drive Qr a high impedance driving source, the series

grid resistor should be removed. With less effective grid bias, the output

will be smaller, and bejg,^use of the greater conduction angle, the lower-

frequency harmonics will be relatively larger. This circuit is arranged

to give best output at the fifth harmonic. Coupling and bypassing

values are chosen for an input frequency of from 80 kc/sec to 1 Mc/sec.

The same Class C amplifier is shown in Fig. 15* la with a single

resonant circuit and in Fig. 15*16 with a double-tuned circuit. Table 15*1

compares the characteristics of the two circuits with typical design values

for a frequency multiplication of five. It is assumed that the double-

tuned circuit has identical primary and secondary circuits and critical

coupling between the two coils. The double-tuned circuit clearly has an
advantage both as to attenuation of undesired harmonics and stability

of phase. In many practical cases it may be difficult to obtain a Q as

high as that specified for the single resonant circuit. The simpler circuit

is used only if the requirements for purity of output waveform and phase
stability are not great. The specific values of L and C given in the table

Table 15-1.

—

Calculated Outputs from Single and Double-tuned Circuits op
Fig. 151

(Same current waveform for each)

Fig. 15'la Fig. 15.16

Q primary 100 30

Q secondary 30

Reactance of L in ohms at resonant frequency. . 400 1,333

Peak voltage at fourth harmonic 5 1.3

Peak voltage at fifth harmonic 180 90

Peak voltage at sixth harmonic
Phase shift in degrees for 0.1 per cent change in

3.5 1.1

resonant frequency 11.6 3.4

Inductance in /xh for 410-kc output 151 503

Capacitance in /x/uf for 410-kc output 943 283
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are those required for an output frequency of 410 kc/sec and the imped-

ance levels given in the table. For these resonant circuits and all others

discussed in this section it is usually most convenient to use fixed induc-

tors and capacitors whose values are close to the calculated ones and to

make adjustment to exact resonance by the use of a small variable

capacitor shunted across each fixed capacitor.

Oscillators that are operated with large grid drive have plate current

flowing in pulses in a manner similar to the Class C amplifiers that have

been described here. Oscillators employing pentodes or tetrodes can

be so arranged that the oscillations in the grid circuit are maintained

almost independent of the load impedance in the plate circuit. It is

then possible to tune the plate

load to a harmonic of the oscil-

lator frequency. This arrange-

ment is often used with crystal

oscillators to generate stable fre^

quencies that are higher than

those of available crystals.^ This

method is seldom used for multi-

ples greater than five. Figure

15-4 is a crystal oscillator with

the plate circuit tuned to a har-

monic of the crystal frequency.

If two Class C amplifiers are

driven in push-pull, as shown in

Fig. 15*56, each has a train of

current pulses which are identical

except that they differ in phase

by one-half cycle of the input

wave. If the two plates are con-

nected in parallel to drive a single load impedance as in Fig. 15 *50

(sometimes called a ‘'push-push^' connection), the output contains

only the even harmonics of /. If the difference of the two currents

is applied to the load impedance in the push-pull plate connection

of Fig. 15*56, the output contains only the odd harmonics. Of course

if the circuit is not exactly balanced this separation of harmonics is not

complete. Since in these circuits the harmonics are spaced twice as far

apart in frequency as they are in the single-tube multipliers, the tuned

circuits are not required to have such large values of Q and the resulting

phase stability is much better. It is considerably easier to generate good
sine waves at high harmonics by this method.

Class C multipliers with a multiplication as high as 20 in a single stage

^ Ths Radio Handbook^ 1942, p. 161.

400 V

Fig. 15-4.—Crystal oscillator with plate cir-

cuit tuned to harmonic.
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can be made to give an output of a few volts. For large multiplications

it is usually necessary either to cascade several stages of lower multiples

or to add an amplifier to bring the output to a usable level.

Attempts have sometimes been made to synchronize oscillators by
introducing large synchronizing signals at some siibmultiple of the oscil-

lator frequency into some point of the oscillating circuit. Superficially

this proposal appears to be particularly attractive when the desired out-

put is some nonsinusoidal waveform, because the oscillator can often be

made to generate the desired wave-

Tuned to even harmonic directly. These attempts

have usually led to unsatisfactory

results. The free-running charac-

teristics of the oscillator and the

synchronizing input are competing

for control of the output waveform.

Any change in the free-running fre-

quency of the oscillator, the gain of

the oscillator tube, or the size of the

synohronizing signals greatly affects

the output. This type of multi-

plier is not recommended when the

waveform is required to be stable in

phase, amplitude, or wave shape.

Figure 15*6 is a practical circuit

for multiplying 100 kc/sec by 100 in

steps of 5, 4, and 5. Each multi-

plier stage is operated Class C, and
the selective filters are double tuned.

The use of 6AC7’s gives each stage

sufficient gain to make up the loss

in the filter.

Figure 15*7 is a block diagram

of a reactance-tube-controlled fre-

quency synchronizer, and Fig. 15*8 is a circuit that employs this principle

to multiply a 100-kc/sec sine wave by 10 to obtain 1 Mc/sec. In Fig.

15-8 the input is a low-level (about 2 volts) 100-kc/sec sine wave and the

output is a l-Mc/sec sine wave. Tube F4 is a free-running oscillator at

approximately 1 Mc/sec; its exact frequency is controlled by the react-

ance tube Vb and can be varied by changing the grid bias on Fs- Ampli-
fier Fi operates at 100 kc, and F2 is a Class C amplifier with a conduction

angle of approximately 90®. The delay line in the plate circuit generates

short square voltage pulses at the leading and trailing edges of the con-

duction cycle. Tube F3 is a time selector with inputs of the 0.3 iisec

(a) Multiplier for even harmonics.

(6) Multiplier for odd harmonics.

Fig. 15-5.—Balanced multipliers.
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gate (A in the figure) from the delay line and the output of the 1-Mc/sec

oscillator. The output of Vs (E in the figure) is rectified in F7 and

smoothed and is used to control the reactance tube F5, which, in turn,

controls the frequency of the 1-Mc/sec oscillator. In this way the

1-Mc/sec oscillator is kept in synchronism with the input 100 kc/sec.

The output B is used to select a pulse from the 1 Mc/sec oscillator.

The voltage diagram D on the figure indicates the amount that

the 1-Mc/sec oscillator can be controlled by the reactance tube. For the

1-Mc/sec frequency, diagram E shows the plate voltage of F3 when the

phase is lagging, correct, and leading. When the frequency and phase are

correct, the selector pulse from the 100-kc/sec source overlaps the second

Fig. 16*7.—Block diagram of reactance-tube-controlled frequency synchroniaation.

90® interval of the 1-Mc/sec sine wave; if the frequency is too high, the

overlap provides less output at Fa; and if the frequency is too low,

the overlap provides more output. The rectified current from a correct

overlap is balanced against the voltage from R in the stable condition,

and hence the time discriminator F3 and F7 control the reactance of the

reactance tube Fa.
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This circuit* is flexible as to multiplication ratio and stable in regard

to phase lock. The phase lock, as measured between the plate voltage

of Vi and the multiplied output voltage, is limited by the constancy

of the gain of Vi and the cutoff characteristics of F2 . If 6AC7’s and

2-volt input are used at Fi, the phase lock should be good to better than

1°. If good phase lock is required between the input of Vi and the

multiplied output, the plate load of V 1 must be nonresonant to prevent

phase shift in Vi with slight changes in the fundamental frequency or the

resonant frequency of the plate load. This same basic circuit can be

+300

used for division*^ by making the higher frequency the standard and by

connecting the reactance tube to the low-frequency oscillator.

SINUSOIDAL FREQUENCY DIVIDERS

16*6. Introduction.—The remainder of this chapter deals with fre-

quency dividers whose output has a sinusoidal waveform. Because of

the interrelations that exist it will refer to dividers of other output wave-

forms, but the detailed discussion of those dividers occurs in the next

chapter.

^ This circuit is fundamentally a negative feedback time demodulator. See Chap.

14 of this volume and Chaps. 8 and 9 of Vol. 20.

* See Chap. 16 of this volume.
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Frequency division has essentially the same uses as frequency multi-

plication in the production of synchronized wave trains of harmonically

related frequencies. One use is in frequency standards where submulti-

ples of the master-oscillator frequency may be developed.^ In this case

phase lock is not essential but the waveform should be good and frequency

ratio should be stable. In this application, dividers deriving the sub-

multiple frequencies from a high-frequency standard have one marked
advantage over multipliers operating from a low-frequency standard.

If the output waveform is imperfectly filtered the stray components

from a divider are all harmonics of the required output. The stray

frequencies from a multiplier are restricted only to rational ratios of

the required output frequency. Hence the number of possible stray

frequency components is much less in the output of a divider than in the

output of a multiplier.

Division is used as a synchronizing method for multiple-scale timing

systems. For this use precise phase lock is usually required between

input and output waveforms. If the required low-frequency waveform

is not sinusoidal, it can usually be obtained more simply and reliably by
the synchronization of relaxation oscillators (Chap. 16). Although

there are some multiple-scale systems employing sine-wave references

throughout, the majority of the radar and television timing systems

employ pulses as the low-frequency time reference. For this reason the

problem of good phase lock in sinusoidal dividers has not been given the

consideration that the problem has had with respect to frequency multi-

pliers or dividers employing relaxation oscillators. The information from

publications or other available sources is not very complete. Only the

regenerative modulator divider has been treated thoroughly. The char-

acteristics of divider circuits are summarized here without an exhaustive

treatment.

In a limited sense frequency division is analogous to frequency multi-

plication. That is, a waveform must be generated which has a compo-

nent of the desired output frequency. Then, since the required output is

sinusoidal, a frequency selector is required to select the desired frequency

from all the components generated. It is desired that this filtering should

not introduce variable phase shifts into the output. Because of the

limited transient response of the filters that must be used, sinusoidal

division is applicable only to continuously generated sine waves.

One method of generating waveforms with subharmonic content is to

apply a sine wave to a nonlinear inductance through a suitable auxiliary

circuit. The behavior of these circuits is critically dependent on driving

^ For instance, crystal clocks. See F. R. Stansel, Secondary Frequency Stand-

ard,” Proc. I.R.E. 80, 157 (April 1942).
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voltages and initial conditions in a manner not generally understood.

The method is at present of little more than academic interest.^

Division may be performed by comparing the phase of an oscillator

output with a synchronizing signal at a harmonic of the oscillator. The
signal depending on the phase error between the two sine waves is used to

control the tuning of the oscillator in such a direction as to reduce

the phase error. In the block diagram shown in Fig. 15-7 the reactance

tube can just as well be connected to the lower-frequency oscillator, in

which case the time discriminator controls its frequency to be an exact

submultiple of the reference frequency. The limit of the division ratio is

determined by time discriminator (Chap. 14) whereas the stability

problems are characteristic of electronic servos. A divider of this type

is probably capable of larger division ratios, in one step, than any other

circuit discussed in this chapter. ^

The practical methods of generating subharmonics are methods of

synchronizing oscillators. A relaxation oscillator can be synchronized

at subharmonics of a control frequency. Since relaxation oscillators

always have a definite recovery time and are often employed as time

bases, they are referred to as ^^dividers using a time base.^^ Regenera-

tive oscillators can be synchronized (though not very stably) by introduc-

ing a harmonic frequency-control signal at a suitable point in the circuit.

These are called ^^regenerative dividers.’^ A third type of divider

operates regeneratively and includes modulation devices in the feed-

back circuit; these are referred to as dividers using regeneration and

modulation.

Certain general relations between the waveform of an oscillator and

its frequency stability and synchronizing characteristics have been

demonstrated. The presence of harmonics in the output of a free-

running oscillator produces frequency instability.* Synchronization of

an oscillator at a subharmonic of an input signal depends on interactions

between the input signal and harmonics of the oscillator. Consequently,

regenerative oscillators with sinusoidal output are very stable in fre-

quency but are comparatively hard to synchronize. Relaxation oscilla-

tors, which usually have complex waveforms, are relatively instable in

frequency but are easier to synchronize both in frequency and phase.

A frequency-dividing circuit must have enough frequency stability

^ C. F. Spitzer, “Sustained Subharmonic Response in Nonlinear Series Circuits,^^

J. Applied Phys.^ 16 , 105 (February 1945).

* F. C. Williams and T. Kilburn, “Time Discriminators, Automatic Strobes, and
Pulse-recurrence Frequency Selectors,” Part II, I.E.E. Convention Paper, March
1946.

* J. Groszkowski, “The Interdependence of Frequency Variation and Harmonic
Content,” Proc. LR,E., 21 , 958—981 (July 1933).
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so that changes in tube gain and supply voltages do not cause it to oper-

ate at the wrong submultiple. It must, at the same time, be sufficiently

easy to synchronize so that small changes in the free-running frequency

do not cause the divider to fall out of synchronization.

15'6. Dividers Using a Time Base.—Many divider circuits are

made with relaxation time bases (Chap. 16). In addition to the natural

waveform of the divider, it may be desirable to have a sine wave
of the same frequency. When the waveform contains a sizable compo-

nent of the fundamental frequency, that component can be selected by a

filter designed to pass the desired frequency. The cases of most practical

interest occur when the waveform to be filtered is either a symmetrical

square wave from a multivibrator or a sawtooth from a gas-tube relaxa-

tion oscillator or from the grid circuit of a blocking oscillator. These

waveforms contain very small components of the even harmonics; hence

it is possible to separate the fundamental frequency with a relatively

broad filter having small phase sliift. Three things can produce variable

phase shift in the sine wave: variable time delays in the operation of the

relaxation oscillator, changes in the waveform from the oscillator which

may result in relative phase shift of the sine-wave component, and
changes in the filter transfer impedance. The time delays of the divider

are discussed in Chap. 16. An example of the second difficulty occurs

when the duty ratio of a multivibrator waveform is not exactly 50 per

cent. The difficulty in this case is removed by making the multivibrator

waveform symmetrical. The phase shifts in the filter depend on stability

and bandwidth in the same way that they do in frequency multipliers

(Sec. 15-3).

Selection of the desired sine-wave component is accomplished by
applying the complex waveform from the relaxation time base to the

grid of an amplifier whose plate load is tuned to the desired frequency.

A practical circuit of this sort using a multivibrator divider is used in the

SCR-584 circular-sweep display circuits shown in Fig. 15*9.

Synchronized relaxation oscillators can be greatly improved in fre-

quency stability by incorporating tuned circuits in a suitable manner
(Chap. 16). Builder^ has described an ingeniously stabilized gas-tube

relaxation oscillator in which the same tuned circuit serves to stabilize

the free-running frequency and to select the sine-wave component for the

output. It has been used as a frequency divider for division ratios up to

ten.

The frequency range, possible frequency ratios, and stability ratios

are essentially the same for these circuits as for the circuits of Chap. 16

inasmuch as the actual division is done by the relaxation oscillator.

They are useful because they can be synchronized either with sine waves
1 G. Builder, Stabilized Frequency Divider, '' Proc, I.R.E., 29, 177 (1941).
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or pulses, and because the output has synchronized sine waves and pulses

or a waveform from which pulses can easily be obtained by differentiation.

However, the sine-wave output has only moderately good phase lock

and these dividers continue to give an output in the absence of all syn-

chronizing signals.

16*7. Regenerative Dividers.—A sinusoidal oscillator can be syn-

chronized by injection of a sine wave whose frequency is very near the

free-running frequency of the oscillator.^ A simple circuit that can be

so synchronized is shown in Fig. 15*10. Any sine-wave oscillator can be

synchronized by introducing a synchronizing signal at the proper point,

81.9?lb/sec

which is usually in the grid circuit. The phase shift between the syn-

chronizing signal and the oscillator output can vary by ± 90° before the

oscillator fails to lock. The input voltage, E'syn, necessary to produce

synchronization is proportional to the oscillator grid drive, to the Q of the

resonant circuit in the feedback loop, and to the ratio (/.yn ““ /o) //o, where

/*yn is the frequency of the synchronizing signal and /o is the free-running

frequency of the oscillator. This relation is not stated as an equation

because the value of the proportionality constant depends on circuit

details. It does show how the variables must be controlled to produce

easy synchronization. When synchronization occurs, the phase shift

^ D. G. Tucker, *‘The Synchronization of Oscillators,” Electronic Eng.^ Part I,

412 (March 1943); Part II, 467 (April 1943).
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between the synchronizing signal and the output is smallest when
is large, Q is small, and fsyn is equal to /o.

Resistance-capacitance oscillators of the phase-shift type or of the

bridge type have synchronizing characteristics similar to those of oscil-

lators with resonant feedback circuits in which the resonant circuit has a

Q of about one, and are particularly easy to synchronize. This type of

synchronized oscillator can be considered as a ‘divider with a one-to-

one frequency ratio. As such, it has little use in synchronizing systems,

although it is used as an oscillator limited to give large, constant output

at a frequency determined by a small, variable amplitude input. The
properties of this device do shed considerable light on the method of

synchronization of true dividers.

If the synchronizing signal is of frequency n/syn approximately equal

to nfo, where n is a positive intepr and fo is the

free running frequency, synchronization can occur 1

at the frequency /syn. This' synchronization K
arises because cross modulation between the fre- ^
quency nf^yn and harmonics of the oscillator pro-

duces a component of frequency /»yn.^ This serves 1—^ .-j

the oscillator as a synchronizing signal with a 3 S
one-to-one frequency ratio. In the strictest sense,

|

? S

synchronization is due to a combination of regener- t

ation and modulation, but there is no element Synchronizing y
in the circuit specifically designed to perform

^ ^
the modulation operation. The amplitude and ^Bias
phase of the synchronizing signal depends in an Fig. 151o.—

S

yn-

exceedingly complex manner on the amplitude

distortions and the frequency response of the

oscillator. In general it may be said that operating the oscillator at low

output level with sharply tuned elements, which is the necessary condi-

tion for frequency stability and sinusoidal output, will lead to nearly

zero amplitude of the synchronizing voltage at the frequency fnya] hence

small variations in operating conditions can lead to excessive phase shift

or even to total failure of synchronization. The oscillator continues to

give an output in the absence of all synchronization. For these reasons

this type of divider is not useful where stability is important. Even
when used for division ratios not greater than three, its phase errors can

be large and variable. The design is experimental, because the non-

linear analysis is so difficult and because the optimum stability conditions

are seldom realized.

Synchronizing <

^

signal

^
^-^Bias

Fig. 1510.—Syn-
chronized sine wave os-

cillator.

^ H. L. Fortescue, ** Quasi-stable Frequency Dividing Circuits,” J. Inst. Elec. Eng.

(June 1939).
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One example of a regenerative oscillator^ that can be directly syn-

chronized at a subharmonic of a control frequency and that has no output

in the absence of synchronizing signal is shown in Fig. 15*11. Its

limitations are as stated in the previous paragraph. This is a conven-

tional oscillator except that the plate supply is not a direct current but

an alternating voltage at the synchronizing frequency. The resonant

circuit is tuned to the desired output frequency

and the feedback is adjusted to maintain oscil-

lation. The output can be at any frequency

m/n times the control frequency, where m and

n are small integers. This means that the cir-

cuit can divide or multiply the frequency by
rational numbers as well as by integers. The
frequency ratio should not exceed 3. About
the only advantage of this circuit is extreme

simplicity in construction. It is not suffi-

ciently reliable for most purposes.

16-8. Dividers with Regeneration and Modulation.—The previous

section has shown that in simple synchronization of a regenerative oscil-

lator at a subharmonic of the control frequency, those factors that aid

frequency selection in the regenerative loop make it more difficult for a

satisfactory synchronizing signal to be generated by cross modulation.

The necessary conditions for a good divider can be met by performing the

regeneration and modulation functions in different parts of the circuit.

Each function can then be performed with optimum efficiency without

in any way interfering with the other. A block diagram of one method^

is shown in Fig. 15*12. The oscillator has a free-running frequency

(/+€), where € is small compared to /. Its output is multiplied by
(n — 1) to (n — !)(/ + «) by the frequency multiplier. This frequency

and the frequency n/, which is to be divided by n, are applied to the

square-law modulator. In addition to the input frequencies the output

contains the sum and difference frequencies [nf + (n — !)(/ + «)] and

[/ — (n — 1)€]. The difference frequency is selected by a filter and is

applied as a synchronizing signal to the oscillator in the manner suggested

by Fig. 15*10 of Sec. 15*7. The synchronizing signal tends to decrease «,

and the stable state of the system is that in which the synchronizing

signal frequency is equal to the oscillator frequency—that is, e = 0—and
the output frequency is exactly /. Thus the frequency nf has been

divided by n. If the frequency multiplier has a multiplication (n -f 1),

' J. Groszkowski, ^‘Frequency Dividers,” Proc. I.R.E., 18, 1960 (1930).

* D. G. Tucker, ^^The Synchronization of Oscillators,” Electronic Eng.^ Part III,

26 (,hme 1943).

50 volt peak

Fiq. 15‘11.—Regenerative
divider.
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the difference frequency is [/ + (n + !)«] and the system has no stable

state.

Dividers of this sort have been operated successfully. They are self-

starting and may be operated with very large division ratios. One
objection is that the oscillator continues to give an output even if the

synchronization fails entirely. Another objection is that in addition to

the phase shifts introduced by the filter element, there can be a sizeable

Fio. 16‘12.—Oscillator synchronized at subharmonic of control frequency.

phase shift between the fed-back synchronizing voltage and the oscillator

output.

The block diagram of an arrangement that eliminates these difficulties

is shown in Fig. 15-13. Here the oscillator of Fig. 15-12 is eliminated and

the difference frequency is fed directly into the frequency-multiplying

circuit. If the gain around the loop through the modulator and fre-

quency multiplier and back to the modulator input exceeds one, the

output builds up as in any regenerative

oscillator. The regeneration is inde-

pendent of the phase shifts in the system.

To assure that the divider give only the

desired frequency, it is necessary that

the loop gain be less than one for other

subharmonic frequencies. If the input

is absent there is no output, since the

conversion gain of the modulator is pro-

portional to the amplitude of the input

at the control frequency. The circuit

cannot operate without a sufficiently large input at both frequencies, nf

and (n — 1)/, to give unity gain in the feedback loop. The divider may
not be self-starting because frequency multipliers are nonlinear and that

portion of the loop may have very low gain for small signals. Many
circuits will have sufficiently large transients from the application of plate

voltages and control signal to start them. In the designs of dividers

Fig. 15-13.—Regenerative divider

using square-law modulation.
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that are not self-starting, it is necessary to introduce sizeable starting

voltages,^

The phase relations with respect to the input sine waves are easily

determined. Assume zero phase for the input sine wave. Let <t) be the

phase at the output of the modulator filter. Let di and 62 be the phase

shifts produced by the frequency-selecting circuits at frequencies / and

(n — 1)/ respectively. The output phase of the frequency multiplier

is then (n — 1)0 + 02, and the output phase at the modulator filter is

— (n — 1)0 ~ 62 + Si. By definition 0 = — (n — 1)0 — 02 + ^1, or

0 = 01 — 02/n. The phase shift in the filter circuits can be made

nominally zero. The variable phase shifts in the output are equal to the

difference in vaWktion of the filter phase shifts divided by n. They can

be made very small. Dividers of this sort have shown phase shifts

too small to measure with reasonable changes in control-signal amplitude.

Shifts of the order of 2°iiave been observed with changes of more than

30-db control-signal amplitude. A divider of this type has a phase stabil-

ity superior to that of all other types considered in this chapter.

So far the discussion has assumed that a square-law modulation is

used. If a higher-order modulation is used—that is, modulation that

depends on current components that vary as powers of grid voltage higher

than the second power—other frequency ratios can be obtained. Another

possibility is to select the mth harmonic in the frequency multiplier as an

output frequency. By these means an output of frequency m/n times

the input frequency may be obtained, where m and n are positive integers.

It is thus theoretically possible to divide (or multiply) by any rational

ratio. Large ratios imply the necessity of very selective filters to prevent

the possibility of output at the wrong subharmonic.

Design methods and the results of theoretical and experimental

investigations for these dividers have been published by R. L. Miller. ^

It is shown there that if certain linearity requirements are met in the

frequency-multiplying and modulating circuits, the output amplitude

is a linear function of input amplitude over a considerable range.

Many of the practical designs included in the literature employ con-

tact rectifiers as modulators and harmonic generators. Selenium and
germanium rectifiers seem to be particularly suited to this application.

Dividers with regeneration and modulation have certain advantages
over relaxation-oscillator dividers. There is no output unless there is a

synchronizing input. If the frequency response of the feedback loop is

chosen so that oscillation can be maintained at only one subharmonic, the

^ R. L. Fortescue, Quasi-stable Frequency Dividing Circuits,^^ J. Inst. Elec. Eng.
(June 1939); R. L. Miller, Fractional Frequency Generators Utilizing Regenerative
Modulation,"' Proc. I.R.E. 27, 438 (1939).

* Miller, loc. cit.
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output, if present, must be synchronized at the proper subharmonic.

The gain must be large enough for the circuit to regenerate, but when that

condition is met the only effect of gain changes in the circuit is to change

the size of the output. In contrast, a relaxation-oscillator divider may
change its division ratio with changes in tube characteristics and supply

voltages. The frequencies at which these dividers can operate is limited

only by the frequency range over which amplifiers, modulators, and

frequency multipliers can be built. Relaxation oscillators are limited

to about 1 Mc/sec, at which frequency they are not very easy to syn-

chronize. By the use of narrow and stable filters and good harmonic

generators (possibly cascaded multipliers), dividers employing regenera-

tion and modulation may be extended over almost any desired frequency

300 V

Fig. 16-14.—Regeneration and modulation divider, AN/APN-3.

ratio. The chief disadvantages are relative complexity and the fact that

some designs require special starting devices.

A regeneration and modulation divider circuit' that was employed

in the AN/APN-3 range unit is shown in Fig. 15T4. It can give con-

siderable power in the output and divides from 93 kc/sec to 9.3 kc/sec.

With division ratios no larger than this, a considerable range of values is

possible in the resonant coupling circuits without producing outputs at

incorrect frequencies. The output power obtained and the input ampli-

tude necessary to control operation depends on the values in these

circuits. The components L and C in the figure and the scrambling''

pulse (not shown, see Vol. 20, Chap. 6) assure that the the divider will

be selfstarting. Tube Fi serves to produce modulation products of the

input and the output of the frequency multiplier. The output trans-

former is tuned to the difference frequency. Tube Fc serves as a fre-

^ The AN/APN-3 is the airborne part of a precision-radio-navigation equipment

manufactured by RCA, Camden, N.J,
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quency multiplier to produce the 83.7-kc/sec component (nine times

9.3 kc/sec). Exact values of phase variation depend on the stability

and bandwidth of the resonant circuits employed.

When the division ratio is 2, a simple modulation scheme such as

that of the previous circuit should not be used. Direct feedback of the

frequency f/2 would occur in the modulator tube and would usually

exceed the component of that frequency produced as a modulation

product and would take over control of the circuit. This introduces the

possibility of free oscillation in the divider. If a balanced modulator is

used the circuit can be made to operate stably. For division by 2, it

is self-starting. ^Dividers using contact rectifiers in a balanced square-

law modulator and one vacuum tube as the feedback amplifier are

described in the literature.^ Modulators of this type can be made to

operate as higher-order modulators. This makes other division ratios

available without the use of frequency multipliers. Circuits using two
vacuum tubes in a balanced modulator for division by 2 or 3 are described

by Sterkey.2 These circuits require complex transformers of special

design.

' Tucker, loc. cit . ;
Miller, loc. cit.

^ H. Sterkey, ^^Frequency Division,'^ Proc. I.R.E., 26, 1153 (1937).



CHAPTER 16

PULSE-RECURRENCE-FREQUENCY DIVISION

By a. H. Fuederick, V. W. Hughes, and E. F. MacNichol, Jr.

GENERAL CONSIDERATIONS

16*1. Definition.—Pulse-recurrence-frequency division is the process

of producing equally spaced pulses recurring at a frequency /2 from
equally spaced synchronizing or controlling pulses recurring at a higher

frequency n/2 = /i where n is an integer. The requirement of equal

pulse-spacing distinguishes pulse-divider circuits from pulse-counting

circuits,^ which can also function as pulse-recurrence-frequency (PRF)
dividers. The controlling pulses fi may recur continuously or they may

iiLiLiiLiiinuiLiiiiiiLiiiiiiMiiiiitiiiiiiiiimmiiimii /;

I I I I 1 J, L. . J J i i I 1/2

(a)

iimiiiiujimu u/i

_j L_j I I I I I L 4
(b)

Fig. 16*1—(a) Continuous pulse recurrence frequency division. (6) Intermittent pulse recur-
rence frequency division.

recur in finite groups separated by intervals during which no pulses

occur. In the former case, the /2 pulses occur continuously and the

division is said to be continuous. In the latter case, the /2 pulses as well

as the /i pulses occur in groups spaced from one another, and the division

is intermittent. These differences are illustrated in Fig. 16*1. In all

cases intermittent-PRF-divider circuits are capable of continuous-PRF
division although they may be more elaborate than is necessary for

continuous division.

16*2 . Characteristics of Pulse-recurrence-frequency Dividers.

—

Great variations are possible in the characteristics of pulse-recurrence-

frequency dividers. For the practical circuits to be given in this chapter

' See Chap. 17 for a discussion of pulse-counting circuits.

567
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the input pulses upon which the frequency divider operates will ordinarily

be rectangular pulses about one microsecond in duration and 10 to 100

volts in amplitude, yet widely different input pulses can be treated with

the general circuit types discussed. The output pulses from a frequency

divider are ordinarily generated in the frequency-divider circuit and are

often, though not always, very similar to the input pulses. The division

ratio—that is, the ratio of the recurrence frequency of the input pulses

to the recurrence frequency of the output pulses—is anywhere from two

to several thousand or more; there is theoretically no limit to the division

ratio for continuous frequency division. Practical limitations on circuit

complexity anc^equirements on the uniformity of output-pulse spacing

usually necessitate that the division ratio be less than 20 per divider

stage. If considerable nonuniformity in output-pulse spacing is toler-

able, division ratios of several thousand can be used.

Of primary concern is the question of the accuracy of the frequency

divider and there are two types of errors to which frequency dividers are

subject. First, the division ratio may not be constant; the resulting

variation in the recurrence frequency of the output pulses is called

‘'frequency jitter.’^ In a divider circuit with a single stage, if the division

ratio is as large as 1000, this ratio may vary by several per cent over short

periods of time under normal laboratory conditions. Second, there may
be a delay between an input pulse to the divider and the output pulse

initiated by it. This so-called “phase delay is caused by finite response

speed of the divider and finite rise times of the input pulses. It may
vary with time; the jitter so produced is called “phase jitter.’’ For
most of the dividers discussed, including those with high division

ratios, phase delays are less than 1 /xsec; some precision circuits have
phase delays of 0.1 ^usec or less. The stability of the division ratio and
of the phase delay with respect to changes of circuit parameters, such

as the supply voltages, tubes, and components, is a matter of great

importance.

The input requirements of frequency dividers—that is, the amplitude

and source impedance of the input pulse—^vary considerably and are

often critical.

16*3. Uses of Pulse-recurrence-frequency Dividers.—The main
application is in electronic timing circuits. Often timing operations

require a number of synchronized pulse-wave trains of different pulse

spacings. Figure 16*2 shows a pulse-wave group typical of those often

associated with radar timing systems and with calibrators.^

^ A discussion of time-marking pulses as applied to cathode-ray-tube measurement
is found in Chap. 20 and Vol. 20, Chap. 7; synchronizing systems employing frequency

dividers are discussed in Vol. 20, Chap. 4. Test oscilloscopes containing frequency

dividers are discussed in Vol. 21, Chap. 18.
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16*4. Methods for Accomplishing Continuous Pulse-recurrence-

frequency Division.—A stable Relaxation Oscillators.—There are two
widely used fundamental methods of pulse-recurrence-frequency division.

The first involves the synchronization of an astable pulse-generating

oscillator at a frequency somewhat higher than its normal frequency.

Relaxation oscillators—for example, multivibrators, blocking oscillators,

and gas discharge tube (^^gas tube^O oscillators—are the basis of nearly

all such dividers. The output of these relaxation oscillators may have
to be shaped into appropriate pulses. The principal advantages of these

oscillators are the ease of synchronization, the simplicity, and the ability

to produce pulse-output waveforms or waveforms that can easily be
converted to pulses. Some representative circuits and their waveforms
are indicated in Fig. 16*3.

A
/ \

I

— u#- fQ

(b)l

(0)^

(d)j:

±. _L
- 50 fji sec
_J L- -L. J- J

200 M sec

600 M sec

/j
= 100 kc / sec

/2 = 20 kc / sec

= 5 kc / sec

4=f kc/sec

Fig. 16 *2 .—Typical synchronized pulse wave trains for electronic timing.

Monostable Oscillators.—The second fundamental method involves the

use of a monostable oscillator that can be triggered by the first input

pulse appearing after the end of its active period. Two basic circuits

are shown in Fig. 16*4. The duration of the ‘‘on” period of the mono-
stable oscillator must be greater than the time between n — 1 of the input

pulses and less than the time between n of the input pulses, where n is the

division ratio. When these conditions are fulfilled, the oscillator will be

triggered only by every nth pulse. The leading edge of the output from

the oscillator can be used to produce the output pulse. Multivibrators

and Miller feedback rectangle generators of the type discussed in Chap. 6

are often used in this type of frequency division.

Use of Time Selectors.—An important variation that is particularly

valuable in the reduction of phase jitter and that can be employed with

either of these methods involves the use of a time-selector circuit. A
selector pulse that is sufficiently long to span the first pulse after the

pulse that initiates it is generated by either type of divider at the time of

every nth pulse. This selector and the input pulses are applied to a

time-selector circuit whose output then consists of uniformly spaced

pulses with frequency 1/n times that of the input pulses.
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Frequency Tracking ,—Still another type of divider employs the prin-

ciple of frequency tracking. In Chap. 15 it was shown that a frequency

multiplier could be produced by synchronizing the phase of an oscillator

operating at a multiple of the input frequency by use of a time-discrimi-

(a) • Gas triode divider circuit w=8

(c) Blocking oscillator divider circuit n s

5

Fig. 16-3,—Synchronized relaxation oscillator frequency dividers, (a) Gas tube

divider circuit* n » 8. (6) Multivibrator divider circuit, n * 12. (c) Blocking oscillktor

divider circuit, n » 6.
.

nator circuit which controls a frequency modulator. The same principle

may be used in frequency division as shown in Fig. i6'5.

A stable oscillator is set to operate approximately at frequency

when no input is present. IVom the output of thft''6scillator a pair of
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time-selector pulses is obtained by means of a blocking oscillator. In

this case the second pulse is formed by the overshoot of the blocking-

oscillator pulse. The input pulse of frequency /i and the two selector

pulses of approximate frequency are applied to a time discriminator

whose d-c error signal operates on a reactance tube which controls the

frequency of the oscillator. This frequency will be maintained at

/2 = j\/n because the tracking loop forces the selector pulses to span

equal areas of the input pulse. ^

SOME FUNDAMENTAL CIRCUITS AS CONTINUOUS FREQUENCY DIVIDERS

16*6. Monostable Multivibrators.—^Tlie monostable multivibrator is

often used as a frequency divider. Essentially the operation depends

on the fact that while tffe multivibrator is in its unstable state the input

triggers are ineffective, but as soon as the multivibrator has returned to

its stable state the next pulse will trigger it. A typical circuit and its

waveforms are shown in Fig. 16*6.

In the stable state, the tube F2 is conducting and its grid is held by

diode F4 at — 1.5 volts with respect to its cathode potential. The current

of F2 flowing through Rk biases off Fi. The plate of Fi is held at about

100 volts below Epp by the current flowing through Ri^ F3, Rz and the

potential divider. A negative trigger of about 25 volts amplitude will

trigger the multivibrator to its unstable state in which F 1 is conducting

and Fb is nonconducting. Both diodes F3 and F4 will also be noncon-

ducting, and hence the triggers are isolated from the multivibrator in the

unstable state. The capacitor C charges through R until the potential

at the grid of F2 rises to the critical potential at which F2 begins to

conduct. A regenerative action then restores the multivibrator to its

stable condition. The first trigger that appears after the circuit has been

restored to its stable state will now switch the multivibrator back to its

unstable state. The positive rectangles that appear at the anode of F2

start at the time of an input trigger and can be differentiated to generate

the train of low-frequency pulses.

The stability of this circuit as a frequency divider is determined

mainly by the stability of the period taken for the multivibrator to

return to its stable state after being triggered. Variations in the initial

charge across C, in the current that flows through F 1 during the unstable

period, or in the cutoff potential of F2 will cause a variation in this

period.

^ See Vol. 20, Chap. 4, for a further discussion of dividers and many practical

circuits.
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Fig. 16-6.—Typical circuit of monostable multivibrator frequency divider.

are 6SN7’e. Fj and V

a

are 6AL5’s.
Vi and 72

The expression for the period T is given implicitly by

Ee + iiRk = {En - ^p)(l - - Eie~^G + E^ (1)

where Ec = critical grid to cathode potential

ii = current in V\

Er = potential of grid return

Ep = potential at plate of Vi

El = initial potential across C,

The potential Ei is defined by the diodes Vs and Va* The potential

Ep and iiRk are dependent on the current flowing in V

i

and are ordinarily

the most variable quantities. Assuming linear triode characteristics this

current is given by ^ where Rp is the plate resistance
ill -r Zip i-
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of the tube. Hence Ri and Rk should be given large values in order to

reduce the dependence of the current upon the characteristics of the tube.

An optimum size for Ri and Rk will exist because Rp itself is not a constant

but becomes larger if smaller currents are drawn through the tube. The
critical grid-to-cathode potential Ec at which begins to conduct is an

important variable, which is dependent on heater voltage.

For the most stable design it is usually desirable that the grid wave-

form at F2 have the largest possible slope when it reaches the potential

at which V2 conducts, in order that changes in this critical potential shall

have as small an effect as possible on the duration of t; this implies that the

grid-return voltjgp Er should be as large as possible. But if changes in

Ep as well as changes in Ec are considered, it can be shown that there is an

optimum finite value for Er, This question is discussed in the section on

blocking oscillators (Sec.JL6*8) since for them the choice of an optimum
Er is of more critical concern.

The transition time between the unstable and stable states is deter-

mined by the time constant RiC in conjunction with the potentials to

which the diodes Vz and Va are returned. By the use of a cathode

follower with its grid connected to the plate'of Vi and its cathode con-

nected to Cj this recovery time can be reduced, although the potential

across the condenser in the stable state is less well defined. The period

required for the transition from the stable state to the unstable state is of

the order of 1 /xsec. It is these transition times that limit to several mega-
cycles the maximum frequency of the output pulses from a multivibrator.

It is reasonable to expect under laboratory conditions to keep T to

within 1 per cent of its mean value so that stable division by 20 to 25

can be expected when the transition times are small compared with T,

The phase delay between the input trigger and the output trigger

at the plate of F2 is dependent upon the rate of rise of this output trigger

and is kept small by the use of a small load resistor in the plate of F2 .

At sufficiently low frequencies the output impedance is approximately

that of the load resistor of F2 .

One of the principal advantages of this monostable type of divider

is that it is relatively insensitive to the characteristics of the input

triggers, since they have no influence upon the duration of the period

during which the multivibrator is in its unstable state.

A practical circuit using subminiature triodes is shown in Fig. 16*7a;

waveform photographs are presented in Fig. 16-76. The normally-off

tube F2 is biased off by the use of the potential divider R2 and Rz and the

negative supply rather than by the bias due to the plate current of the

normally-on tube flowing in a common cathode resistor, as was done in

Fig. 16-6. This circuit is preferred to the cathode-coupled variety

when an accurately regulated positive and negative supply are avail-
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able because the transition grid potentials are better defined. This

circuit provides an output pulse at a frequency of about 16 kc/sec. The
5 to 1 division ratio is maintained when the heater voltage is varied from

3.5 to 8.0 volts and when the supply voltage is varied from 40 to 250

82 Kc/sec
j; . \\\ \ \ :

Synchronizing
triggers : .

'

:
'

(fl) (b)

Fig. 16*7.— (a) A 6 to 1 monostable-multivibrator frequency divider. (6) Photographs
of waveforms at P, Oi, and P 2 .

volts. Also no readjustment of the circuit was required for 90 per cent

of the 150 tubes tried. The phase delay is less than 0.1 /xsec.

16-6. Astable Multivibrator Dividers.—Astable multivibrators (see

Chap. 5) are suitable only for continuous PRF division. They have been

used extensively in the past in frequency standards and in television

equipment.

Positive 1 22 k

synchronizing f
^22 k ?22k

80 kc/sec mm
20 kc/sec 5 kc/sec 4k 1.7 kc/sec

Fig. 16-8.—Astable-multivibrator divider chain (SCR-684).

A typical divider chain (from the SCR-584 radar) is shown in Fig.

16*8. Positive synchronizing pulses are supplied at 81.94 kc/sec to the

plate of 7ia. These pulses add to the grid exponential of Vih causing

synchronization with every fourth pulse at approximately 20 kc/sec.
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The plate waveform of Via is differentiated and synchronizes the grid of

Vib on every fourth pulse or at approximately 5 kc/sec. By a similar

process Fa divides by 3 to approximately 1.7 kc/sec. This divider chain

has been used extensively in field equipment and operates reliably at the

small division ratios required, though the circuit constants may require

readjustment for limit tubes.

This circuit does not, however, represent the best design practice.

In the first place, the 22-k plate resistors are too low and permit only

100 volts of plate swing. If 250-k plate resistors are used, 200 volts of

swing is available. Large plate resistors are, however, objectionable for

high frequency operation. Secondly, the grid resistors should be

increased to at l^t 1 megohm to prevent loading of the plate circuits,

and they should be returned to Epp so that the grid waveforms will have

maximum steepness when crossing the critical bias.

The values of the time base condensers can be calculated from the

formula for the period T, given in Sec. 5*8:

T = {RiCi + R^C,) In f (2)
Epp -j- Ec

where RiCi and R 2C2 are the grid time constants, Ei is the amplitude

of the plate waveform, and --Ec is the bias level at which regeneration

takes place. For a 6SL7 with Epp = 260 volts and Rp = 250 k, Ei = 200

volts and Ec = 5 volts. For the duty ratio to be 50 per cent the unsyn-

chronized time base should have a natural period of one half or somewhat
less than one half the total period, and the synchronized time base should

have a natural period longer than half the total period. In the redesign

of the first 4 to 1 divider of Fig. lG-8 the unsynchronized period is taken

as 0.45 of the total period. Its time constant is given by

RiCi = 0A5T - = 0.642’.

Epp + Ec

For the synchronized time base, transition occurs when the sum of the

exponential waveform and the synchronizing pulses reaches Ec- It is

a general design principle for astable dividers that the trigger amplitude

at the grid should be sufficiently large so that it is assured that transition

occurs at the time of one of the triggers. This can be achieved by choosing

a trigger amplitude equal to the increase of the time base between two
successive triggers that occur near the time of transition. Furthermore

the firing potential should correspond to the half amplitude of the firing

trigger. There is no advantage in using a trigger greater than this.
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Often a somewhat larger trigger is chosen to allow for tolerances in the cir-

cuit. For our design then approximately a 45-volt trigger is required,

since E, = {Ei — i7c)/4.5.

The time constant for the synchronized time base is given by

-
,
2^ 206

-

250 + 27.5

in which Ec + E^ has been substituted for Ec of equation (2).

A 10 to 1 divider circuit designed according to the principles men-

tioned above is shown in Fig. 16*9. This astable multivibrator is syn-

chronized by pulses of 81.94 kc/sec to a frequency of about 8 kc/sec.

The synchronized time base is 0.55 of the total period of the multivibrator,

the unsynchronized time base is

0.45 of this period. The divider
‘*'250

v

has been observed to maintain its
^

division ratio when the heater

voltage was varied from 3.5 to 7.8

volts rms, and the supply volt-

age was varied from 180 volts to <81.94 kc/seo

greater than 350 volts. The rise

time of the output pulse was from

6 to 8 ;usec. When 15 k plate

load resistors were used, the circuit

maintained its division ratio only

over a heater-voltage range from

4.3 to 7.8 volts and a supply-volt- 16-9.—A lO to^l^astable multivibrator

age range from 235 to 265 volts.

16 *7 . Phantastron-type Dividers.—Any of the phantastron or sana-

tron circuits discussed in Chap. 5 can be used as frequency dividers.

Usually monostable circuits are used. A circuit of a 5 to 1 phantastron

divider together with some of its waveforms is shown in Fig. 16*10.

A b to \ Divider .—The phantastron is switched from its stable state by
a negative input pulse of 33-volt amplitude applied to the plate of Fi
through V 8. The plate of V i drops as regeneration starts, disconnecting Vi

from further input pulses. The rundown continues until the plate bot-

toms, at which time the grid rises, bringing the cathode positive with

respect to the suppressor and cutting off plate current. The plate potential

rises until it is caught by Fs. As soon as a pulse appears on the cathode of

Fs, the action will be repeated. Retriggering may even occur before the

plate of Fi has reached its quiescent state, if a pulse is present on the

cathode of Fa near the end of recovery period; this type of operation

should be avoided.
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300 V

(&)

Fig. 16*10.—(a) 5 to 1 phantastron divider and waveforms. (6) Photographs of wave-
forms at Points B, C, and D of circuit of Fig. 16*10a.
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As indicated in the waveform diagram, the initial edges of the cathode

and screen waveforms coincide with the front edge of every trigger pulse.

The screen waveform is differentiated by Rz and C2 ,
the negative pulses

being removed by the diode V The cathode waveform may be differ-

entiated—for example, by the insertion of a small inductance between

cathode resistor and ground—and used as an output waveform if negative

pulses are desired. These pulses may be used to trigger an identical

divider in the next stage of a chain. The division ratio of this divider is

determined mainly by RiCi and the setting of potentiometer ^2,
which

varies the grid-leak return potential.

Maximum PRF of Phantastron Dividers .—Ordinary phantastrons will

divide from triggers occurring at about 250 kc/sec. The stages of opera-

200v ‘^Egg •SOOv -^E

Fig. 16*1 1.—Circuit of phantastron used in stability tests.

tion which are important are: the linear-sweep time, U] the flyback

time, if] the quiescent time, tq] and the time between trigger pulses, t.

For highest-frequency operation, the resistances and capacitances should

be made as small as is consistent with reliable operation. A typical

circuit is shown in Fig. 16-11. For a division by 2 from 324 kc/sec,

Rp — R = 100 k, and C = 40 nnf. By neglecting strays, it can be

shown that ^ = 4 /isec and tf ^ b /usee. In the design, tq is made equal

to t/2 and tf = For division ratios greater than 2, tf may be made
larger than t provided the circuit returns to its quiescent condition before

it is retriggered, and provided the amplitude of the input pulses is well

enough controlled so that retriggering occurs only on the desired pulse.

The amplitude of the plate waveform may also be reduced to shorten

both U and tf but this implies a sacrifice in stability. An output frequency

of about 500 kc/sec is at present the upper limit.
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Triggering .—The trigger pulse, which is most often applied to the

plate of a phantastron through a diode, must have sufficient amplitude to

initiate regeneration, but it should not be much larger than the step on the

plate waveform or it will interfere with the action of the circuit. It must

also be small enough so that a trigger appearing during tf will not trigger

the circuit. The quiescent period tq must exist for stable operation. If

suppressor or grid triggering is used, the duration of the trigger must be

less than U. In Fig. 16*11 the minimum trigger width is 0.25 ^sec.

Stability .—The stability of the divider then is determined by the

constancy of the time during which the j^hantastron is in its unstable

state. The factors that determine this time are discussed in Sec. 13*12.

In general, it cah be expected that this period will remain constant to a

few tenths of one per cent under laboratory conditions. Hence division

ratios of several hundred should be possible. With stable voltage

supplies, reliable division by 30 has been achieved (Oboe calibrator).

Under adverse conditions, 10 appears to be a safe limit.

A summary of tests of the stability of the circuit of Fig. 16*11 is pre-

sented below. For these tests 72 = 1 megohm, (7 = 680 /z/xf
,

= -1-200

volts, Epp = -f-300 volts, and 72p == 560 k.

Table 161

The variable Its change

Change in t, (expressed as a per-

centage of its nominal value of 490

^tsec)

Epp -10% +0.5%
+ 10% -0.25%

Filament voltage +20% +0.1%
Phantastron tube 6 tubes Maximum +2%

Average (of absolute values) ± 0.7 %
Rk +20% +0.25%
Rp +20% -0.25%

Trigger amplitude 1&-70V 0

With good components and reasonable voltage stabilization jitter is

less than 1 part in 20,000.

Hence it is seen that the most serious instability tabulated above is

that due to dependence on the properties of the phantastron tube. It

is the variation in bottoming potential which is most serious. Other

first-order instabilities not tabulated are those due to dependence of

U on 72 and C and on -{-Egg. Diode contact potentials are also important.

Second-order instabilities are caused by variations in Epp, Ef, Up, 72* and
trigger amplitude and duration.
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Triggering Phantastron Divider Chains .—Several methods of triggering

successive phantastrons in a chain divider are shown in Fig. 16*12. In

the first method a, the cathode waveform is differentiated and applied

to the diode at the plate of the following stage. In 5, the screen waveform
is differentiated and applied to the suppressor. In c, the cathode of one

Fig. 16 ’ 12 .—Methods of triggering phantastron divider chain.

stage is coupled directly through a diode to the grid of the succeeding

stage. The grid-cathode bias developed in each stage is suflScient to keep

the diode disconnected during the rundown. In d, diodes are used to

couple the suppressors of consecutive screen-coupled phantastrons. The
circuits in c and d should provide very small phase delay between the

input and output pulses, since the selected input pulses travel through

the entire chain without appreciable slowing up and appear directly
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at the output of the last stage. (Monostable multivibrator chains may
be triggered similarly by connecting diodes directly between negative-

going plates.) Triggering on control grid or suppressor grid, unlike

triggering on the plate, suffers from the disadvantage that triggers

appearing during the flyback time will interfere with the timing waveform.

16*8. Blocking Oscillator Dividers.— Blocking oscillator frequency

dividers are valuable particularly because of their ability to generate

narrow pulses at a low impedance level. The upper frequency of opera-

tion is limited by tube dissipation ratings. For a 6SN7 generating

0.1-Msec pulses from a 250-volt supply,

the upper frequency might be about 100

kc/sec. Tubes with higher dissipation

ratings such as the GC4, 6X4, 6V6, 6L6,

or 6Y6 can be used for higher duty ratios.

The stability of the division ratio can be

made comparable with that of other

relaxation oscillators, and the phase delay

is very small—a typical value is 0.1 gsec

or less. Because of its low impedance

the blocking oscillator is difficult to syn-

chronize and reacts back on the trigger

source. (For resonance stabilization of

blocking oscillator dividers, see Sec.

16*12.) A typical circuit configuration

and the associated waveforms are shown
in Fig. 16T3. There are many other con-

figurations several of which will be treated

later in this section; now the design fea-

tures of the configuration of Fig. 16T3
will be discussed.

Theory of Design .—Normally the grid-leak is returned to a sufficiently

high potential Er so that the blocking oscillator will be astable. The
input triggers, which are shown originating from a very-low-impedance

source, are applied to the grid of the blocking oscillator, and hence the

firing of the blocking oscillator is synchronized with one of the input

triggers. The time between output pulses from the blocking oscillator

will be somewhat less than when it is synchronized free-running.

Suppose that the blocking oscillator is to be designed to divide by n
and to have a synchronized period T, and that the tube, the supply

voltage, the transformer, and condenser are chosen so that the desired

form of output pulse is obtained. The latter condition implies that both

Ei and Ec are fixed. There are two main sources of instability: variations

in the time-base amplitude Ei, and variations in the firing potential Ee

(see Fig. 16*13;.

(a)

Oi

-Er.

(6)
Fig. 16-13.— (a) Typical block-

ing oscillator divider; (b) waveform
at grid of Fig. 16- 13a.
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Ordinarily the potential Ei is the most unstable aspect of this circuit

because it is determined by a highly variable quantity—the grid current

that flows during the pulse. The firing potential Ec is the grid potential

at which the triode begins to conduct and is a function of heater voltage

and tube aging, but ordinarily its instability is not as troublesome as that

of Ei. The stability of Ei cannot be greatly improved by the use of a

diode because of the very low impedance of the circuit when the tube

is conducting. The stabilization of Er and Epp is easily accomplished,

and the variations in the lumped-constant elements are relatively

inappreciable.

The choice of R and Er for achieving maximum stability can be made
with the criterion that the divider shall not fire on the (n — l)st pulse

because of decrease in the absolute magnitude of Ei (only variation in

Ei is considered at the moment). There is clearly a maximum allowable

variation in E',, before the divider begins to fire at the {n — l)st

pulse, and R and Er are chosen to maximize this allowable variation. It

will appear from the succeeding discussion that the smaller Er \b the

more stable the divider is with respect to variations in Ei.

The value of R is related to Er by the condition that the timing

waveform reach the proper potential by time t.

where the synchronizing pulse amplitude E, is considered to be constant.

Actually, E9 would probably be chosen to equal the increment in the

timing waveform between the (n ~ 1) and nth pulses and hence is a func-

tion of Erj but this dependence has no effect on the general conclusions. A
reasonable value to choose for design purposes might be Es — {Ec — Ei)/n.

It is easy to see that Er should not have an infinitely large value.

For any given value of Er^ three factors determine AEi^^.

1. The change, in the starting point of the timing waveform.

2. The change in the difference of the values of the timing waveform
at t = Tn~i [time of (n — l)st pulse] and at ^ = 0, due to AEi.

3. The maximum allowable change in the value of the timing wave-

form before firing occurs at the (n — l)st pulse.

Point 1 is independent of Er; Point 2 decreases as Er increases; Point 3

increases as Er increases. For very large values of Erj Point 2 is more
important than Point 3, and hence AEi^^ decreases as Er increases in the

neighborhood of large values of Er.

This can be shown mathematically as follows:

Kl/n) t_ _<(l-l/n)

AEi,^ - AEi^ [ 1 -e {Er- Ei)[-e + e
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Equation (4) simply states that the maximum allowable change in the

value of the timing waveform before firing occurs at the time of the

(n — l)st pulse [the right-hand side of Eq. (4)] is equal to the change in

value of the timing waveform at the time of the (n — l)st pulse evalu-

ated for [the left-hand side of Eq. (4)]. The left-hand side

of Eq. (4) is obtained by using the equation of the timing waveform E{t)

:

E{t) =Ei + {En - Ei)(\ -

Using Eq. (3), Eq. (4) yields

Ei^,. = {En - Ei) - {Er - EiY^-^'-\En - EcY'-,

By differentiati^,

dAE^tma, _ 1 __
(f ~ V^) __ 1(1- i/n)

SEr n

where x = {Er — Ei)/{ER — Ec) and is always greater than 1 since

Er > Ec> Under this condition, dAEi^JdEn < 0; hence, the best design

in order to make AEi^^ greatest is to make Er smallest.

Fig. 16- 14.—Practical 200 to 1 blocking-oscillator divider.

The conclusion, then, is that a blocking-oscillator circuit of the type

shown in Fig. 16T3a should be designed with a small grid-leak return

voltage in order to avoid instability of division ratio due to the variations

in the grid current that flows during the blocking-oscillator pulse. In

terms of our symbols, Er should be given its smallest possible value in

order to avoid instability due to variations in Ei,

But there is a limitation to how small Er should be made. The
smaller Er is made, the smaller will be the difference between the value

of the timing waveform at the time of the nth pulse and its value at the

time of the (n — l)st pulse. Hence, small variations in Eo or in Em can

more easily cause synchronization by a pulse other than the nth one. If

Ei were constant and only Ec were subject to variations, then it would be
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Practical Circuits .—A 200 to 1 blocking-oscillator-divider circuit is

shown in Fig. 16*14. This circuit takes as its input 82-kc/sec triggers

and gives as its output pulses occurring at a frequency of 400 cps. Syn-

chronization is effected by applying the triggers to the plate of the block-

ing oscillator via transformer coupling, and a l-fxsec output pulse is

obtained from a cathode follower. This is not a high-stability frequency

divider, and a heater-voltage change of 20 per cent causes a 5 per cent

change in the counting ratio. However, phase jitter is small, because the

delay between the input trigger and the corresponding output trigger is

only about 0.1 ^sec. It is to be noticed that the grid-leak resistor is

returned to ground rather than to a higher potential, which is in accord-

ance with the fShaarks made in the previous paragraphs.

The 5 to 1 blocking-oscillator divider shown in Fig. 16*15 maintains

its division ratio under a ± 10 per cent variation in line voltage without

the use of regulated supplies. Readjustment of the circuit is seldom

required even when tubes are charged.

Variations Associated with Circuit Configuration .—The various block-

ing-oscillator circuit configurations discussed in Chap. 6 have the same
advantages for divider use as they have for pulse generation. For

example, the grid-to-plate-coupled type [(1) of Fig. 16*16] is useful

in generating wide pulses at low PRF; often this is suitable for a selector

gate in pulse-selecting dividers. Greatest stability of division ratio

is obtained with the y)late-to-cathode coupled type [(2) of Fig. 16*16].

Some data indicating that type 2 has a greater stability than type 1

were obtained with the test setup shown in Fig. 16*16 and are summarized
below.

The count of 10 was maintained under the following conditions for

the two dividers:

Divider No. 1—Ef varied from 5.5 to 8.0 volts; Epp varied from 235 to

290 volts.

Divider No. 2

—

E/ varied from 4.9 to 8.0 volts; Epp varied from 200

to 290 volts.

Synchronization of Single-stage Blocking-oscillator Dividers .—The low

impedance of the blocking oscillator makes it difficult to synchronize.

Not only is it difficult to produce large triggers at the appropriate points

of the blocking oscillator, but also the output of the blocking oscillator

reacts on the source unless decoupling stages are employed. The low

impedance does offer the advantage that the blocking oscillator is not

easily loaded by the trigger source (see Chap. 6 for discussion of triggering

of blocking oscillators). If a low-impedance source of triggers is avail-

able, so-called series triggering '' at the grid or cathode is usually
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employed (see Fig. 16*17). Blocking oscillator, gas tube, and cathode-

follower trigger sources are shown.

If the driver is of high impedance—for example, the output from

some crystal oscillators—large amplitude triggers are needed. Several

so-called parallel triggering methods are shown in Fig. 16*18. The
synchronizing pulses are applied to the grid or plate via capacity or

transformer coupling. Back coupling of the blocking oscillator output

to the source is particularly troublesome for high-impedance sources.

To reduce back coupling, buffers, cathode followers, or diodes may
be used as shown in Fig. 16*19. Care must be exercised in the use of

decoupling circuits to insure that stray capacity coupling is kept low and
that they do not unduly load the blocking oscillator. Thus loading of

the transformer core—^flux biasing (see Chap. 6)—prevents the use of the

direct-coupled buffer (Fig. 16*18a) for wide pulses. Also any variation
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in the current of the direct-coupled buffer results in changes in the time-

base amplitude due to the effect of variable flux bias.

Fpp Epp Epp

Fig. 1617.-—Synchronization of blocking oscillator dividers from low impedance sources.

Fig. 16-18.—Synchronization of blocking oscillator dividers from high impedance sources.

16*9. Blocking Oscillators in Divider Chains.—When blocking-

oscillator dividers are cascaded, the firing of the synchronized divider

may disturb the operation of the synchronizing divider. Several meth-

ods for eliminating this reaction have been devised.
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The simplest of these methods makes use of the overshoot voltage

of the pulse transformer to synchronize the following divider (Fig. 16-20),

and, since the synchronized divider fires after the synchronizing divider,

ms

Fig. 16-20.—Divider chain with overshoot synchromaation.

reaction is negligible. This method is only applicable when phase delays

somewhat greater than one pulse width per stage can be tolerated.

When smaller synchronizing delays are required, the method of Fig.

16- 17a is often satisfactory. The two blocking oscillators are Vi and
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V2 - There is a small reaction due to the change in the effective Epp for

Vi when V 2 fires.

Almost complete elimination of reaction can be obtained by the

neutralizing scheme of Fig. 16-21. In this circuit the negative plate

J5:pp=+250v

voltage pulses of Vi are used for synchronization of F2 . The back-

coupled plate signal from ¥2 ,
which would result in a larger time base

for Vi, is neutralized by a fraction of the negative plate pulse of the 1^2

+ 250V

Fig. 16-22.—Two-stage 10 to 1 divider chain.

synchronized divider, which is fed back to the time-base circuit of Fi

through Cn* This circuit can be effective but it is very critical to the

adjustment of Cn and to charges in tubes.

A two-stage divider chain operating between 82 and 8 kc/sec is
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shown in Fig. 16-22. This circuit will maintain its division ratio of 10

when the heater voltage is varied between 5.0 and 7.1 volts and the

supply voltage is varied from 200 volts to 500 volts. The total phase
shift introduced by these variations is less than 0.2 jusec. Of the tubes

tried in this circuit, 95 per cent gave the division ratio of 10 without the

necessity for any readjustment of the grid-circuit time constant.

16*10. Gas-tube Dividers.—Frequency dividers that use gas tubes

are simple and can provide low impedance output pulses of rectangular

shape. Their most severe limitation is the maximum frequency of oper-

ation. Primarily because of deionization time, this frequency is limited

to about 20 kc/sec; and, since deionization time is a variable quantity,

stability requirements may necessitate keeping the upper frequency less

(a) ib)

Fia. 16-23.— (a) Thyratron frequency divider with timing R,C in plate circuit. (6)
Thyratron frequency divider with timing R,C in cathode circuit.

than 10 kc/sec. A second limitation is the phase delay introduced by
the finite time required for complete breakdown (« 1 ^sec). Third, the

life of a gas tube is only about one thousand hours as compared to several

thousand hours for vacuum tubes.

The thyratron arc-discharge tube has been the basis for most gas-tube

frequency dividers, but a cold-cathode glow-discharge tube can also be
used. Ordinarily the gas tubes are operated as astable relaxation oscil-

lators that are synchronized with the input pulse (see Chap, 3 of this

volume for a discussion of the properties of gas tubes).

Thyratrons .—Two basic forms of the thyratron rel^ixation oscillator

used as a frequency divider are shown in Fig. 16-23. Both are astable

oscillators that are synchronized with the input triggers. In the circuit

of Fig. 16-23a the time-base waveform appears at the plate of the

gas tube, and the synchronizing triggers are applied to the grid. Insta-

bility of division ratio is caused by variations of the firing and extinction



592 PULSE-RECUHHENCE-FREQUENCV DIVISION [Sec. 16- 11

potentials of the thyratron. By putting the time-base condenser and
resistor in the cathode circuit (Fig. 10-235), the stability of division ratio

is improved, because noAv a timing waveform of the same amplitude as in

the previous circuit appears at the cathode rather than at the plate. The
waveform at the cathode is more effective for firing the gas tube because
of the jx of the tube. A 10 to 1 divider with its timing waveform in the

cathode has been designed to operate with 20-kc/sec input pulses. The
division ratio was maintained when the heater voltage was varied from
3.5 to 7.0 volts and the supply voltage was varied from 250 to 450 volts.

Cold Cathode Gas-tubes .—The basic circuit of the gas-diode frequency
divider is shown in Fig. 16*24. The primary limitation of the gas diode
for this applicfrtion is the smallness of the difference between the break-

down and extinction potentials, which necessitates a small amplitude
timing waveform. In addition, the breakdown voltage is unstable.

Fig. 16.24.—Gas di-

Oonsequently it is seldom possible to realize division

ratios of greater than 4 with suitable stability.

Although cold-cathode gas triodes (1C21 and

OA4-G) and the tetrode (631-Pl) have not yet been

used for frequency division, they appear to have

desirable properties for this application. Of first

importance is the fact that they are without heaters

and, hence, are not subject to the variations of

firing and extinction potentials with heater voltage

observed for thyratrons. Secondly, the peak anode

currents are as large as those of thyratrons. Finally
ode relaxation oscii- breakdown voltage may be more stable than it is
lator frequency divider. tii rxi ii

for gas diodes because oi the control anode glow.

Further investigation should be made of dividers using cold-cathode gas

triodes and tetrodes.

MORE ELABORATE DIVIDER SCHEMES,

AND INTERMITTENT-FREQUENCY DIVISION

Pulse-selection PRF Dividers.—Instability in the time delay

between the input pulse and the output pulse can be very considerably

reduced by the use of the so-called “pulse selection'^ method of pulse-

recurrence-frequency division. A timing diagram illustrating this

method is shown in Fig. 16-25. A selector pulse c is derived from the

output 5 of a divider and is used in a time-selector circuit to select the

high-frequency input pulse following the one corresponding to the divider

output. If a multigrid tube or a properly designed diode switch time

selector is used, there will be a phase delay that is negligibly small for

most purposes. Usually, in the interests of economy, time selectors

enaploying addition and amplitude selection have been used; this is a poor
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method of time selection since it requires an accurately rectangular

selector pulse and careful adjustment of bias levels (see Chap, 10 for

discussion of time selectors). Although phase jitter can be stabilized

r\
(f>)

(C)

Fig. 16*25.—Timing diagram for pulse-selecting frequency divider, (a) Input pulses.

(b) 14 to 1 divider output pulses, (c) Time selector gates initiated by b. (c) a pulses

selected by gate c.

()
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Fig. 16*26.—Timing diagram for cascaded pulse-selecting frequency divider, (o)

Input pulses. (5) Output of 4 to 1 divider, (c) Selector gate initiated by 5. (d) a
pulses selected by c. (e) 3 to 1 divider synchronized from c. (J) Short selector gate

initiated by e. {g) a pulses selected by /. {h) Long selector gate initiated by e. (i) 6

pulses selected by h.

by the pulse-selection method, the actual delay between the output pulse

and the synchronizing input pulse has been increased to the period

between two successive input pulses. This method of pulse selection
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can be applied when several dividers are cascaded, as is indicated in the

timing diagram of Fig. 16*26.

A practical circuit of a divider using the pulse-selection method is

shown in Fig. 16*27. The input consists of 82-kc/sec pulses of about

20 volts amplitude. The astable blocking oscillator divider V \h is

synchronized by these input pulses via the decoupling amplifier tube V la.

The output gate generated by Vih is applied to the cathode of the time

selector V^ay and the input pulses are applied to its grid. The output

pulse from V2a triggers the blocking oscillator V^hy whose output is

applied to the phase-inverter tube Fso. The repetition frequency of the

output pulses from the phase inverter can be varied from 150 to 2600 cps

by means of the variable resistor R, The time selector V2a suffers from

the disadvantage that a constant amplitude and flat-topped gate pulse

should be available from Vib. Imperfections in the gate pulse from Vih

cause phase jitter. Reduction in phase jitter could be achieved by using

the output pulse of Vxb to trigger a separate gate generator, such as a

multivibrator, to provide a more nearly ideal selector gate. For the

circuit of Fig. 16*27 it has been observed experimentally that phase

delay variations—both jitter and slow drift—are less than /xsec.

The division ratio of the divider is maintained over a 10 per cent

variation in line voltage when an unregulated supply is used.
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16- 12, Frequency Division Using Resonant Stabilization.—By the use

of resonant circuits it is possible to change the timte base of a frequency

divider in such a way as to increase its stability. This method has been

applied to continuous frequency division only, because transient condi-

tions make this method difficult to apply to intermittent pulse-recurrence-

frequency division.

Resonant stabilization has been employed in blocking-oscillator and

multivibrator-divider circuits, but, as will appear in the discussion of

the method, its application can be extended to other circuits. The
principles of resonant stabilization will be illustrated by a discussion of

Fio. 16*28.— (a) Basic circuit of blocking oscillator divider using resonant stabiliza-

tion. (fe) Typical grid, cathode, and grid to cathode waveforms for circuit of (o). {Edit

on the grid waveform diagram is the potential the grid would have to reach for firinr^ to

occur under the assumption that the cathode is grounded.)

its application to blocking-oscillator dividers. The use of only one or two

resonant circuits will be treated first; then the extension of the method

to the use of delay lines, which can be considered as structures with an

infinite number of resonant circuits, will be given.

A resonant-stabilized blocking-oscillator-divider circuit is shown in

Fig. 16-28a, and the corresponding waveforms are shown in Fig. 16*286.

It is seen that this circuit differs from that of an ordinary blocking-

oscillator divider only in that there is a resonant circuit in the cathode

of the blocking oscillator. During the pulse the condenser Ci is charged

to a positive voltage, say Ei, The tube is cut off after the pulse. The

grid potential then approaches ground exponentially, and the cathode

potential oscillates sinusoidally with a frequency / = 1/2t y/LiCi, The
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frequency / is so chosen that the cathode potential will equal —Ex at

the time T of the nth pulse when the blocking oscillator again fires.

The cathode potential will be raised to Ex during the pulse, and the cycle

will repeat itself. If the frequency of the resonant circuit is chosen so

that the cathode potential at ^ = T is the negative of its value at^ = 0,

it is reasonable physically to expect that the equilibrium operating condi-

tion described will be realized.

Increased probability of firing at the time of the nth pulse is achieved

by resonant stabilization, as is indicated by a comparison of the first

and last waveforms of Fig. 16*286. The grid-to-cathode potential is

lower at the time of the (n — l)st pulse in the last waveform than it is

in the first; henS^'there is less probability of firing on the (n — l)st pulse

in a circuit with resonant stabilization than there is in one without this

feature. This is not strictly a fair comparison, since, because of the

division of the total chaffee flowing during the pulse between Ci and C,

the first waveform is of lower amplitude than the grid waveform on a

blocking oscillator with no resonant circuit in its cathode. However,

the nature of the stabilization achieved is correctly indicated. The ratio

of the amplitude of the exponential waveform.at the grid to the amplitude

of the sinusoidal waveform at the cathode is an important design con-

sideration which will be discussed later.

The criterion for stability is that firing at the (n — l)st pulse must

be avoided. Actually, firing by earlier pulses also is to be avoided and

in order to accomplish this two or more resonant circuits of different

frequencies are sometimes inserted in series in the cathode (see Fig.

16*30o).

The design and operating characteristics of the two practical circuits

shown in Figs. 16*29a and 16*30a will now be discussed. If the frequency

of the output pulses is /, the frequencies of the resonant circuits must be

chosen to equal (n + i)/, where n = 0, 1, 2 • • •
. This condition will

assure that the phase of the cathode voltage at the time of the nth pulse

will be the reverse of the phase to which it was brought by the 0th pulse

—

that is, the previous firing pulse. If this situation exists, an equilibrium

condition will result.

A possible design procedure is first to choose the number and fre-

quencies of the resonant circuits and the relative amplitudes of the

sinusoidal voltages associated with them by plotting the cathode wave-

form for various combinations of resonant circuits. Ordinarily not more
than two resonant circuits are used, and a choice can be made which will

make it fairly certain that the divider shall not fire at certain pulses

preceding the nth one, often the (n — l)st and the (n — 2)nd. Then
the relative amplitude of the exponential waveform is chosen to ensure

that the divider will not fire at any other pulse; for instance, this might
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be the (n — 3)rd pulse. The amplitude of the exponential voltage is

inversely proportional to the condenser in the grid circuit and directly

proportional to the grid current. The sinusoidal voltages are inversely

proportional to the capacities associated with them and directly pro-

portional to the cathode current. The total value of the series capacity

in the cathode-grid circuit is often determined by the duration of the

output pulse required from the blocking oscillator. Often the peak-to-

peak value of the waveform at the cathode is made approximately equal

to the amplitude of the timing waveform at the grid. The 2 to 1 divider

of Fig. 16*29 is an elementary example of stabilization using a single

resonant circuit. The frequency of the resonant circuit is 20.5 kc/sec,

whereas the frequency of the out-

put pulses is twice this or 41

kc/sec. Hence the cathode volt-

age has its maximum negative

voltage at the time of the 2nd

pulse after ^ = 0 and thus accen-

tuates the probability of firing at

this pulse.

For the 5 to 1 divider with the

two resonant circuits, the two

resonant frequencies are 20 kc/sec

and 12 kc/sec, whereas the out-

put pulse frequency is 8 kc/sec

and the input pulse frequency is

40 kc/sec. The 20-kc/sec reso-

nant circuit favors firing at the 5th

pulse over firing at the 4th pulse,

but does not distinguish between

firing at the 3rd pulse and the 5th

pulse. The 12-kc/sec resonant

circuit favors firing at the 5th pulse over firing at the 3rd pulse or 4th

pulse. Hence, by the use of the two resonant circuits, the probability of

firing at the 3rd or 4th pulse is reduced considerably. The grid waveform

prevents firing at the first or second pulses. Waveform photographs are

shown in Fig. 16*306. The effect of the lOmh, 0.0062 /if resonant circuit

in stabilizing the division ratio is indicated in Fig. 16*30c.

Stable division ratio is maintained with both these circuits when
tubes are changed and when the heater voltage is varied from 4.5 to

7.0 volts and the supply voltage is varied by ±40 per cent of its stated

value. A compensation for the effects of changes in heater voltage is

present in both these circuits. This is explained as follows: An increase

in heater voltage will reduce the amplitudes of the exponential in the

Fio. 16*29.—2 to 1 blocking-oscillator

frequency divider using a single resonant
circuit.
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(&) (c)

Fig. 16*30.— (o) 6 to 1 blocking-oscillator frequency divider using two resonant circuits.

(6) Photographs of waveforms of circuit of Fig. 16*30. Top line: grid to ground. Middle
line: cathode to ground. Bottom line: grid to cathode. Top line: same as bottom line
of 16*306. (c) Bottom line: grid to cathode waveform with 10 mh and 0.0062 fjii removed.

grid circuit and of the sinusoids in the cathode circuit and these two effects

tend to cancel each other.

The of the resonant-circuits are sufficiently high (approximately

10 to 20) so that the damping of the sine waves during the periods between
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firing can be disregarded. If the Q is low, it is necessary to increase the

amplitude of the exponential to achieve the desired stability. In a good

divider design the input trigger amplitude should vary as the amplitudes

of the timing waveforms.

Delay-line Stabilization ,—A short-circuited delay line can be inserted

in the cathode circuit of a blocking oscillator in place of the resonant

circuit. A negative pulse will be developed at the cathode at a time equal

to twice the line length and this pulse can then be used to select the desired

synchronizing pulse. Alternatively, an open line may be connected

across the grid or plate winding to obtain similar results (see Chap. 6).

The line impedance should be adjusted to give a waveform equal in

amplitude to the grid-timing waveform. Since electrical lines are usually

impractical for delays above 10 /isec, they can be used only for fairly

high frequency division.

16«13. Divider Chains with Feedback.—Up to this point the only

division ratios obtainable are those that can be achieved by single dividers

or by divider chains. Yet in practice this does not include all division

ratios that may be desired. For example, a division ratio that is a large

prime number may be too large to be obtained by a single divider stage,

and cannot be achieved by a divider chain because the prime number
cannot be factored. Also, a division ratio that can be factored only into a

large prime number and some other number or numbers is not obtainable

by the methods thus far discussed. A method that may be called

addition by feedback^’ makes possible the achievement of any fre-

quency-division ratio.

This method is illustrated in the circuit of Fig. 16*31. The VR116
tubes V

A

and F? are astable phantastron dividers which are cascaded in a

divider chain. The output from the second divider V7 triggers a phan-

tastron delay circuit Fs, whose output gate is applied to the suppressor

of the first phantastron divider F4, thus returning it to its stable state

for the duration of the gate. In this circuit the gate is of duration less

than the spacing between two of the input pulses so that the second input

pulse will retrigger the first divider. This divider now operates as a

normal 7 to 1 divider until the second divider chain is again triggered.

The effect of this injection of a gate back to the first phantastron

divider is thus to extend the period between the output pulses from the

second phantastron divider by an amount equal to the period between

two successive input pulses. Hence, if the divider chain were dividing

by 100 without feedback, after the introduction of feedback it would be

dividing by 101. Additional periods of the input pulses can be added

to the output period by widening the injection gate. The circuit shown

can be adjusted to divide from 16 kc/sec to the range from 90 to 160 cps

(see Chap. 4, Vol. 20, for a more complete discussion of this circuit).
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This principle of addition by feedback is, of course, applicable to other

circuits as well as the phantastron (see Chap. 17, “Counters”).

Negative 1st. PRF divider 1st. PRF controls 2nd. PRF 2nd. PRF
five rhiie phantastron divider phantastron controls

Fig. 16*31.—Phantastron divider chain with feedback.

16*14. Intermittent Pulse-recurrence-frequency Division.—Inter-

mittent frequency division, as defined in Sec. 16*1, requires that the divider

shall be nonoperative in the absence of the input signal and then shall

start to operate at the appearance of the first pulse of the train of pulses.
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This requirement usually makes it desirable that the divider shall not

operate as an astable oscillator, since this would require that the time

interval between the trains of pulses be constant and the proper multiple

of the spacing between pulses. Hence monostable oscillators are used

for intermittent frequency division.

Any properly designed monostable divider can be used. Multi-

vibrators and phantastrons require no modification whatever. Dividers

employing grid-controlled gas-tubes and blocking oscillators can be ren-

dered monostable by applying sufficient bias to the grids to prevent

conduction in the absence of a trigger pulse.

+250 V

r'lG. 16-32.—Interiiiitteiit blocking-oscillator frequency divider. 1 to 1 pulser and 5 to 1

divider.

An example of an intermittent blocking-oscillator divider is shown in

Fig. 16 *32 . From the 82-kc/sec input triggers, tube Vi generates large

amplitude pulses which are used to trigger the divider tube F2. In the

absence of triggers, tube F2 is biased off by its high cathode potential.

The first input pulse appearing on the plate of F2 triggers the oscillator,

which then operates as a synchronized blocking-oscillator divider as long

as triggers are applied to its plate. Unlike most of the monostable

dividers discussed previously, this circuit is triggered before it completely

returns to its monostable state. This circuit requires high amplitude

triggers and is sensitive to variations in trigger amplitude.

The pulse-selection method and the method of addition can be applied

to intermittent frequency division as well as to continuous frequency

division. Resonant stabilization is not easily applied because of transient

phenomena.



CHAPTER 17

COUNTING

By R. B. Woodbury and J. V. Holdam

INTRODUCTION

17-1. The ttoblem.—Counting is a logical extension of frequency

division. Where frequency division is discussed in Chaps. 15 and 16 as

applied to sinusoidal and periodic pulse waveforms, counting is applied

to nonperiodic waveforftis. In some special cases periodic pulse wave-

forms may be divided by counters rather than by dividers. Whether a

circuit is considered a counting circuit or a nonperiodic divider depends

on the particular application. If the output is continuous it is generally

considered to be a divider; if the output is measured over a discrete time

interval it is considered to be a counting circuit.

Counting circuits are used extensively in nuclear-physics experiments-

Such applications are characterized by the random time distribution of

the pulses, thus making it necessary to count large numbers to improve

the statistical average. Rather than count for long periods of time it is

more efficient to count at high rates. Consequently, electronic scaling

or dividing circuits are employed to reduce the rate so that it can be
followed by a mechanical counter.

In radar, counting circuits have been used to divide from a variable

PRF and/or to obtain a division ratio that is variable in small steps.

The Lbran system, explained in Vol. 20, Chap. 7, is an example of the

latter application.

Although counters are designed to operate on random pulses, there is

always a lower limit to the time interval between two pulses below which

the counter will respond to only the first pulse. In some types of counters

there is also a maximum allowable time interval for n pulses where n is

the number the circuit counts in each complete cycle of operation.

17‘2. General Method.—All practical counter circuits may be classi-

fied as either the sequence-operated type or the energy-storage type.

Both types are designed to recycle automatically after a given number of

input pulses, and both types produce an output pulse by the resetting

process. Hence it is apparent that both types divide the number of

input pulses by the number of pulses necessary to cause resetting.

Most sequence-operated counting circuits are in the form of a ring

602
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counter. A block diagram of a ring-of-six—i.e., a count of six per cycle

of the counter—is shown in Fig. 17*1. A ring counter is composed of n
identical units, n being equal to 6 in this case. Each unit has two stable

states, which we will designate by ‘‘on’^ and The pulses to be
counted are applied simultaneously to all units and the units are so

interrelated that a pulse will turn a unit on only if the unit immediately

preceding it is on' ^ at the time the pulse is applied, and, moreover, the

interrelation makes it possible for only one unit to be ^‘on" at a time.

At the time each pulse is received, the ^^on" unit will become the next

unit around the ring. If means are provided to indicate the ^'on" unit

and if provisions are made to insure that the nth or zero unit^ is on at the

beginning of the time interval up to n pulses may be counted. If it is

desired, an output may be obtained for every nth pulse by taking an out-

put when the n — 1 unit goes from

‘‘on" to “off."

Sequence-operated counters may
be of either the electrical or the elec-

tromechanical type. In most cases

they have the advantage that there

is no upper limit on the time interval

between successive pulses. The most

common type of electrical sequence-

operated counters is the scale-of-two

shown in Fig. 17-3. It is the simplest

form of ring counter and has been

used extensively. It is explained in

detail in Sec. 17*3.

A counter of the energy-storage type consists of four parts: a unit

to store energy, a device to add a fixed increment of energy at the time

of each input pulse, a means of determining when the energy reaches

some known level, and a means of recycling by removing the stored energy

when it reaches this level.

The stored energy of a circuit counting by six is shown in Fig. 17*2,

plotted as a function of time. In this diagram equal amounts of energy

are added at equal increments of time. The increments of time in most

cases will not be equal, and in numerous circuits the amounts of energy

added for each received pulse depend upon the amount of stored energy

at that time; hence, although all increments of energy may not be equal,

1 A complete cycle of the counter coincides with n pulses and n indicated counts,

and, as it is necessary to indicate a count of zero, the nth pulse must be considered

as establishing an indication of zero pulses rather than n pulses. This introduces no

ambiguity if it is kept in mind that an output is obtained from the counter for every

nth pulse.

Fig. 17-1.—Rinor counter.
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the corresponding ones in each cycle of operation of the counter are equal.

If the n-energy levels are numbered, six in the case shown in Fig. 17*2,

the nth pulse starts to add its energy, but when approximately half

of the energy is added, it passes the threshold and the energy is removed,

returning the counter to the zero-energy level.

If there are means provided to indicate the energy level, up to n pulses

may be counted in an interval of time provided the energy was at the

zero level at the beginning of the time interval, or an output may be

obtained for every nth pulse if the output coincides with the removal

of the stored energy.

In most energy-storage counting circuits, a condenser is charged to a

fixed potcntiaHby each input pulse and discharged into another con-

denser that is used to store the charge. An amplitude comparator is

used to determine when the potential or the storage condenser has reached

the level produced by the nth pulse.

The amplitude comparator then oper-

ates an electronic switch that dis-

charges the storage condenser to the

^^zero’^ level. This type of circuit has

the advantage of employing a small

number of components, but rate of

leakage of charge from the condenser

places an upper limit on the period of a

complete cycle of the counter.

If a larger counting ratio is desired than can be obtained with either

a sequence-operated or an energy-storage counter, multiple counters

may be operated in series or parallel. If the desired counting ratio is

not obtainable in this manner, additional interconnections must be added

between counters. These interconnections will be referred to as ‘‘feed-

back loops,^^ since pulses are^generally transmitted from a counter back

to one which precedes it. These techniques will be discussed in detail in

Sec. 17*8.

Threshold

SEQUENCE CIRCUITS

17*3. Scale-of-two. Principles of Operation.—

K

multivibrator with

two stable states as described in Secs. 5T2 to 5*22 may be employed as a

sequence-operated ring-of-two counter circuit. This type of circuit is

the most frequently employed counter circuit because of its reliability

and simplicity.

The basic scale-of-two circuit is shown in Fig. 17*3. This circuit

meets the requirements for a ring-of-two, since the pulses to be counted

may be applied to both tubes and only one tube can conduct at a time
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because of the interconnection between tubes by Ra and R^. Each time a

trigger pulse is applied the conducting and nonconducting tubes are

interchanged. This action is brought about by applying a negative

pulse to the cathodes of Vi. The circuit is so arranged that the con-

ducting section of T 2 will be cut off and regeneration initiated. This

results in a rectangular waveform at the plate of either tube which may be
used directly or after differentiation as the output pulse.

The circuit shown in Fig. 17-3 is designed to operate as one of a series

of scales-of-two to make up a counting divider of 2’’, where r is the number

+ 300v

(a) 6SN7 Unit (6) 6SL7 Unit
Cl = 50MMf ; C 2 = o.oi/xf

; Ri ^ 20k, Ci = 40/xMf ;
C2 = o.oi/xf

;
Ri = look, iw;

2w; = 5k, Jw; Rz = 15k, 2w; Ri — R 2 = 25k, ^w; Rz = 75k, iw; Ra — IM,
200k, Jw; Rt = 5100k, ^w; Rz = 10k, Iw; Jw; Rb = 500k, Jw; Rz = 40k, Jw; Vi =
Vi = 6H6; V 2 = 6SN7. 6H6; F2 = 6SL7.

of such circuits in series. The constants are apportioned for satisfactory

series operation when the output connection of one circuit is connected

directly to the cathodes of the trigger diode of the next circuit. The
self-bias in the cathode circuit can be replaced by fixed bias on the grids

but this makes the operation more sensitive to tube changes.

Characteristics as a Counter ,—This circuit places no upper limit on the

time interval between pulses, and with no special precaution it can be

made to count pulses separated by only 0.5 jusec. The values shown in

the figure result in a resolving time for random pulses of 5 jusec for the

6SN7 unit and 20 /isec for the 6SL7 unit.

The limit counting rate of the circuit is set by the time of rise of the
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plate tube which is being cut off. This time can be reduced in two ways

—

by reducing Ri and i22
,
a method that demands greater plate currents, or

by reducing the amplitude of the voltage variation at the plates. This

waveform is obviously larger than it need be; it is required only that the

fraction of this voltage variation transferred to the grid of the other tube

should cut off the plate current, i.e., about 10 volts for safety, whereas

in Fig. 17-3 100 volts were transferred. It is not convenient simply to

reduce Ra in order to reduce the transfer, for then the relative values

of the positive and negative supply voltages would become too critical.

The termination of the plate rise at +200 volts in the previous case

limited the reset time to one plate-circuit time constant. By termination

at a lower voltS^e, this can be reduced to a small fraction of the plate-

circuit time constant. The remaining fault of the first circuit is due

to the time required to restore the grid voltage; this also can be eliminated

by suitably disposed dicffles.

In the circuit of Fig. 17*4a the plate excursion is held between 'the

limits of 60 and 80 volts by diodes and the grid excursion to between

0 and —3 volts by the grids and diodes. The cross-connecting networks

and voltages are chosen so that with the one plate at 70 volts, the grid

of the other tube is at —1,5. Thus the grid of the conducting tube is

tending toward 7 volts but is caught at ground, while the cutoff grid is

tending to —10.5 volts but is caught at —3 volts by a diode. The
effective grid base^ of each tube will be about 0.4 volts symmetrically

disposed about —1.5 volts. In drawing the waveform diagrams (Fig.

17*4c) it has been assumed that C = 20 /x/xf transfers two thirds of the

plate voltage variation to the opposite grid, i.e., that the input capacity

is 10 It has further been assumed that no change in the plate

potential of Vla due to tube current occurs until the grid potential of V

i

has reached ground and is drawing grid current; in fact, this potential

will start to fall parabolically sooner than this—when the grid potential

of Fi approaches —1.5 volts. Note that when the trigger pulse ends,

the plate potential of V2 has to change from 75 to 80 volts before the

circuit can be retriggered. If the input pulse is appropriately shorter,

there will be no ^^flat in the rising waveform at the plate of F2 . It must
not be made shorter than h « RpC» (» .01 /xsec), where C, is the

stray capacity, or the regeneration will not have started. The minimum
duration of the action is less than i^RpiCs + C) = .08 /xsec, so that the

counter should work up to 12 Mc/sec at least. It has been assumed
that the potentials of the plates fall faster than they rise, that is, that

Rpio > 500 volts or lo > 20 ma, where lo is the anode current in the

tube being turned on» during transition. The circuit requires accurate

^ The effective grid base is the grid voltage variation for which the plate voltage

mov^ between the limiting diode voltages.
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4330 V

-80v

Cg to {Epp“Rp

I

q )

60 V
Plate of Vi

“V.. -Ov Grid of V2
if C to +7

•”0 V

80 V
- 75v

Plate of V2
( C'j 4 C ) to Epp

—^Rp Cs to 60 V

y Ov
- -3v Grid of K|

(c)

(b)

Fiq. 17*4.—High-speed scale-of-two. The circuit diagram is shown at (o). The
triggering waveform and one plate waveform are shown at (6). The trigger is 6 pulses at

8 Mc/sec. The waveforms drawn at (c) illustrate the triggering action: the notation Rp

(Ci + C) to Epp** indicates exponential approach to Epp with time constant Rp(Ca "f*

The full lines show the direct effect of the trigger; the broken lines show the regenerative

action.
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resistors in the cross-connecting networks and positive and negative

voltage supplies that have a proportional voltage variation.

In an experimental circuit using the values shown in Fig. 17*4a, the

maximum counting rate was found to be 8 Mc/sec;^ the photograph

(Fig. 17-46) shows the counting of a group of pulses at this frequency.

The causes of this discrepancy between calculated and observed

maximum rates were not ascertained but they may be attributed to

increased stray capacity, poorly shaped trigger, and the assumption of

ideal diodes.

Considerable improvement might be expected by replacing the diodes

with germanium crystals since these have much less capacitance, both

interelectrode and to ground. Also they have lower forward resistance.

Their poor back resistance would not be important and the reverse voltage

they are called upon to withstand is only 20 volts.

The time delay between an input and an output pulse of the counter

is determined by the same factors as the minimum allowable time interval

between pulses, and it can generally be reduced to about one third of this

value. Since these circuits have two stable states, they represent a count

of zero or one; hence, it is only necessary to ascertain which tube is on to

determine the count. This can be done by placing a neon bulb in the

plate of the first tube as shown by dotted lines in Fig. 17-3.

The various methods of triggering are shown in order of preference in

Figs. 17-3 to 18-6. Triggering by use of diodes is shown in Fig. 17-3.

In this circuit the negative trigger is applied to the cathodes of both

diodes, the trigger consisting of the voltage waveform at the plate of the

preceding counter. Diode coupling precludes the possibility of misfiring

by disconnecting the input circuit during the differentiated overshoot

of the trigger. The only time the diode cathodes are driven negative is

when the preceding circuit has counted two input pulses. The amplitude

of the trigger is approximately one fourth of the voltage appearing across

the preceding plate resistor. This is not large enough to change the

state of the two triodes but is enough to start the regenerative process

that completes the change-over.

In applications where it is not feasible to direct-couple the proper

voltage waveform, the negative trigger can be coupled to the diode

cathodes by a resistance-capacitance network. The transition time of

the circuit may be improved by returning the diode cathode to a voltage

somewhat less than B+ * In this case the plate of the ^^off tube rises

only to this voltage, where it is clamped, with a resultant improvement in

transition time. This circuit gives good reliability.

^ This rate was achieved for regularly spaced input pulses. The resolving time for

randomly spaced pulses was not measured but is presumably somewhat greater than

the 0.125 /isec indicated.
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In cases where more rapid transition is required the stray capacity

may be reduced by replacing the diodes with germanium crystal elements.

The very small capacitance pre-

ppvents loading of the scaling circuit,

and the ratio of front-to-back

resistance is sufficient to allow good

triggering.

In the circuit shown in Fig. 17*5

a positive trigger is applied to both

cathodes through Ct across 72 r.

The cathode resistor Rt should be

reasonably small to reduce degen-

erative effects. The trigger when
applied to the cathodes reduces the

grid-to-cathode potential of both

tubes directly. To operate reliably,

this circuit requires a low-imped-

ance triangulai trigger with a fast

rise and a slow fall. The advan-

tage of cathode triggering is that

the capacitive loading of the cathode
^ ^ ^ iggenng.

circuit does not interfere with the regeneration.

In the circuit shown in Fig. 17-6 the triodes have been replaced by
tubes with two control grids, in this case 6AS6’s. The negative trigger

is then applied through Cc to the

second control grid, in this case

the suppressor. The interrupted

plate current in the ‘^on'' tube

causes the plate voltage to rise

and turns the first control grid of

the other tube ^^on.^^ This se-

quence causes plate current to flow

only if the original negative trigger

on the suppressor has terminated.

The original negative trigger must
therefore be of shorter duration

than the transition time of the cir-

cuit. Because the amplified or

inverted trigger of the ^^on'^ tube

cannot be used to cancel the effect

of the negative trigger on the ‘'off tube, this method of triggering is

unreliable and should be used only in cases where the source impedance
of the trigger is too high to employ other methods.

Feedback may be added to either half of the counter stage by any

^pp

Rp,

-Trigger Uggrad
i

-105 V

Fiq. 17*6.—Suppressor triggering.
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of the triggering methods described In cases where the fedback trigger

must cancel the effect of an existing trigger, the circuit shown in Fig. 177
is recommended. In this circuit a positive trigger is applied to a biased

off’’ amplifier which is direct-coupled to half of the scale-of-two circuit.

No difficulty mil be experienced with this circuit if a triangular trigger

is employed.

Stability .—In choosing the circuit components for a scale-of-two

circuit, resistors and condensers with a tolerance of 5 per cent should

+300 V

Fig. 17’7.—Feedback with amplifier.

be employed, particular care being taken to duplicate corresponding

components in each half of the circuit.

If these precautions are taken and the recommended method of

triggering employed, the circuit shown in Fig. 17-3 can be made to operate

with a ± 20 per cent variation in heater voltage or a ±30 per cent varia-

tion in plate voltage. The same figures hold if the cathodes are grounded

and the grids are returned to a negative supply whose variations are

proportional to those of the positive supply; however, if a fixed negative

supply is employed the allowable variation in plate voltage is reduced

to ±20 per cent and that for heater voltage to about —15 per cent or

+ 18 per cent. The allowable variation for the circuit of Fig. 17*3 may
be further increased by selecting the tubes for balanced character-

istics (for example, type 6SU7).

Special Circuits .—It is frequently desired to use scale-of-two circuits

to obtain counting ratios other than because of their rapid response and
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reliability. This may be done by employing feedback in conjunction

with cascaded scale-of-two circuits.

A common application of feedback in cascaded scale-of-two circuits

is to obtain a scale-of-ten—a procedure that is often advantageous

since it establishes a decade counting system. Figure 17*8 shows the

application of the circuit in Fig. 17*3 with feedback to make a scale-of-ten.

Manual operation of the rp:set switch causes the right triode in each pair

to become conducting. The first seven pulses count in the normal way.

The eighth pulse restores the first three pairs to the original condition,

IM iw; 728 = 60k; 729 = 67k; 72io = 2M; Ci = 40MMf; C2 = O.OlMf.

causing the left tube of the last pair to become conducting, and, by means

of the feedback through Fa, biases off the '^ofF' tube of the second pair.

Hence the second pair is not allowed to change state until the last pair is

recycled. The ninth pulse turns on the left tube of the first pair, and the

tenth pulse turns off the left tube of the first pair and, through Fs, the

left tube of the last pair. Hence ten pulses cause a complete recycling

and produce one output pulse.

It can be shown that scales-of-two can be added in series with the

proper feedback to recycle for any integral number of pulses. However,

few applications that count random pulses require a specific over-all

counting ratio; in the interests of simplicity it is generally sufficient to

reduce the counting rate so that it can be followed by a mechanical

counter.
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It is possible to extend the configuration of a scale-of-two to make a

pp
scale-of-three ring counter or scale-

of-four, etc. However, the prob-

lem of sensitizing the next element

of the ring in sequence, the limita-

tion of gain in the individual ele-

ments, and the accuracy required

of components make ring circuits

with higher than three elements

unstable.

17-4. Thyratron Ring Count-

ers.—In many respects thyratrons

are admirably suited to operation

in sequence counter circuits.

Thyratrons are either ‘‘on^’ or

‘'off and this is a required char-

acteristic of an element of a ring

counter. Also the abrupt dis-

continuity of the control char-

acteristic is desirable. These characteristics permit ring counters to be

built with considerably higher n than those employing hard tubes. The

most serious limitation of thyra-

Fig. 17-9.—Thyratron acale-of-two

anode extinguishing circuit.

with

trons is the long deionization time

during which the tube must be

held in the “off^’ condition by an

external source. This limits the

minimum time between input

pulses to the order of 50 ^sec and

consequently makes thyratron

ring counters impractical for

counting random pulses in which

there is a large probability that

two pulses will enter the counter

with less than this spacing.

Scale-of-two .—Two basic types

of thyratron scales-of-two are

shown in Figs. 17-9 and 17*10.^

In Fig. 17‘9 the value of Rp is low

enough to prevent the tube from

deionizing as a result of too small plate current and high enough to limit

the anode current to a safe value. The value of C is large enough to make

Fig. 17T0.—Thi'ratron scale-of-two

cathode extinguishing circuit.

with

' Thyratron ring counters have not been used to any extent in radar systems.

The circuits and discussion of this section are based on published literature modified
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RpC larger than the deionization time. The values of Rb and Ra an^

chosen to make the grids sufficiently negative to prevent firing of the

thyratron except when a positive trigger is applied through Cr.

To explain the operation of this circuit let us consider the plate wave-

form of tube Fi of the circuit in Fig. 17-9 as shown in Fig. 17*11. In

time interval of h to 2 tube Vi is conducting. At time ^2 a positive

trigger is applied to the grids of both tubes firing V2 . Its plate then drops

nearly to ground forcing the plate of V\ down to nearly —Epp because

of the capacity C. Tube Vi then deionizes and its plate starts rising

toward +Epp with time constant equal to RpC, This completes a cycle

of operation.

The operation of the circuit shown

in Fig. 17*10 is identical with that

shown in Fig. 17*9 except that the

quenching circuit is placed in the

cathode circuits rather than in the plate

circuits. The plate supply is limited

to 100 volts to prevent the cathode

voltage from exceeding the maximum
allowable heater-cathode voltage rat-

ing of the tubes.

Ring-of-n Counter ,—Thyratrons
may be employed to give a reliable

ring-of-n counter.^ A typical circuit of this type is shown in Fig. 17*12.

Although this circuit is a scale-of-three, it may be extended to a scale-of-n.

The method of quenching the tubes employed in this circuit is identical

with that in the circuit shown in Fig. 17*10. The resistor Ra in the bias

voltage network is returned to the cathode of the previous tube rather

than to ground as in Fig. 17*10. The values of Ra and Rb are so chosen

that a tube will not be fired by a trigger unless the tube immediately

preceding it in the ring is conducting. By reducing the bias on the next

tube the firing sequence is determined. All the necessary conditions for

a ring counter are then met by this circuit.

The same type of circuit may be employed in a slightly modified

form if gas tetrodes (type 2050) are employed. In this case the prim-

ing” circuit of Ra and Rb is connected to the shield grid rather than to the

control grid and sequence switching is assured.

by experience with gas tubes. References for thyratron ring counters include H. J.

Reich, Theory and Applications of Electron TubeSf 2nd ed., McGraw Hill, New York,

1944, pp. 486-487, in which the various circuits are discussed, and for the original

work, C. E. Wynn-Williams, Proc. Roy. Soc., 132 , 295 (1931); 136 , 312 (1932); A. W.
Hull, Gen. Elec, Rev., 32 , 399 (1929).

^ See H. J. Reich, loc. cit, in which the various circuits are discussed, and, for the

original work, C. E. Wynn-Williams, loc. cU., and A. W. Hull. loc. cit.

Fig. 17*11.—Thyratron scale-of-two

waveform.
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Characteristics of Thyratron Ring Counters .—Whereas hard-tube ring

counters are usually triggered by turning an ^^on^^ tube off, thyratron ring

counters are triggered by turning an ^^off’’ tube on. After a thyratron

begins to conduct, the grid has practically no control; hence the positive

trigger is applied to the grid of the off’’ tubes. If the trigger is of proper

height, only the primed tube fires and the preceding tube is turned off by

plate or cathode coupling.

If triggering delay is to be kept to a minimum a negative trigger is

applied to the cathodes. Grid-plate or grid-shield capacity slows the

100 V

Fig. 17- 12.—Thyratron scale-of-three.

rise time of a positive trigger applied to the grid. The negative trigger

can be applied across a small resistor in the common ground return of all

the cathodes.

The thyratrons employed are either 884 or 6D4 triodes, or 2050 or

2D21 tetrodes. The triodes have a distinct advantage in that they

may be made to deionize in 20 /xsec whereas 50 /xsec is required for the

tetrodes. The triodes extinguish when the plate current drops below

5 ma, and the tetrodes when the plate current drops below 2 ma, although

the latter is quite irregular. By proper design the life of a thyratron

in a counter circuit can always be made to exceed one thousand hours of

operation (see Sec. 17*7).

ENERGY STORAGE COUNTERS

17*6. General Considerations.—^As is stated in Sec. 17*2 energy-

storage counters are frequently employed since a larger counting ratio

may be obtained with a given number of components than with sequence-

operated counters. Because of the limitations placed on the maximum
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allowable time interval of n pulses, an energy storage counter may be

used only to count regularly spaced pulses or pulses whose spacings never

exceed a predetermined upper limit. The major use of this type of coun-

ter is to obtain over-all counting ratios of regularly spaced pulses that

cannot be factored into ni * n 2
* * • nr where n is less than ten. Such an

application is clearly frequency division, but counters are employed when
feedback is required since feedback is more difficult to introduce into

frequency dividers.

17'6. Storage Circuits.—The energy-storage element in most elec-

tronic counters of this type is usually a condenser. Since E = CFV2 or

(a) Negative steps. {b) Positive steps.

Fig. 17*13.—Exponential step circuit.

Fig. 17-14.— Waveform of exponential steps.

V = y/2E/C the voltage V defines the energy E for any value of capacity

C. The use of a. condenser has an advantage in that the energy may
be stored for relatively long periods of time and a condenser is the most

stable storage element with respect to temperature and aging effects.

Exponential Voltage Steps ,—A simple and effective energy-storage

circuit is shown in Fig. 17*13. The type of switch employed determines

the choice of voltage step polarity. In these circuits C2 is the energy-

storage condenser and C\ is a relatively small condenser for adding energy.

In Fig. 17-13a Ea is a fixed positive voltage and Ec is the amplitude of

the trigger pulse (positive or negative). Figure 1714 shows the voltage
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waveform on C2 for the circuit shown in Fig. 17*13a. If Eb is the critical

voltage of the recycling switch connected to C2 six counts are required to

give one output pulse. The steps that would exist if the switch did not

operate are dotted in; the number n of each step is indicated on the

diagram.

When the recycling switch is operated, E is returned to Ea where it is

held by the diodes. Step 1 is generated when a pulse Ec is applied to the

input. Since E = Ea just before the pulse, the upper diode conducts

immediately and a negative step oAEi of amplitude Ec
Cl

+ C2

on C2 . On syjjceeding pulses (until the voltage on C2 is recycled) Ec
must drop to E before the upper diode conducts. Hence the voltage

change for the nth step is

n-lAEiff-= [Ec + (Ea — En-l)\
Cl

Cl + c\
(5)

This expression holds for positive or negative input pulses.

Since AE is proportional to E the general expression for En must be of

the form
Er^ = Ae-^- + B. (6)

The constants A and B are determined by the boundary conditions, and
K is determined by Eq. (5) and the continuity equation

En = En-l + n-l^En- (7)

After the determination of A, B, and K, Eq. (0) becomes

E„ = E^ + Ec- Ec (^7^)" where K = log (8)

which, being general, gives the voltage after any pulse whether the pulses

are uniformly spaced or not.

In order to permit C2 to charge completely, it is essential that the

trigger supplied to this circuit be of long enough duration, that it have a

large controlled amplitude, and that its source impedance be low. Ideally

the trigger should be rectangular but other types will suffice providing

the termination is rapid enough to prevent overlapping of successive

triggers.

If E is held at Ea at the end of each cycle the circuit can be made
completely self-compensating for variations in the supply voltages by
making E^, E^, and Ec vary in proportion to the supply voltages. The
critical components are condensers and the effects of temperature on the

circuit are not serious.

The most serious difficulty experienced with this circuit is maintaining

the variation of Eb proportional to that of Ee. Both Eh and Ee should

be as large as possible to minimize the effects of variations in the amplitude
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selection process. Equation (8) shows the amplitude of the last step is

considerably smaller than the initial one unless Ea — Eb <^Ec- Also

since it is not desirable to reduce Ea — Eb, the trigger height must be

made large and even then only partial compensation can be obtained.

This reduction in step amplitude with count constitutes a major limita-

tion of this type of circuit.

In most cases the counter may be ad-

justed by adding a trimmer condenser to

C 1 . If the value of the trimmer condenser

required is too large the adjustment may
be made by varying Eb^ This latter

method is less desirable since some of the

available voltage is sacrificed.

Linear Steps of Voltage .—Waveforms
of this type are described in Chaps. 2, 7,

and 8. In Fig. 17T3a, if the voltage J5Jis

fed to the grid of a cathode follower whose cathode supplies Ea^ the result

is the circuit shown in Fig. 17T5. The circuit in Fig. 17T36 may also

be modified in the same manner. If the gain of the cathode follower is

unity J0n-i = Ea and Eq. (5) becomes

n-lAEn = Ec
, yi > (9)

Switch

and all steps are of equal amplitude.

The allowable tolerance on the variation of Eb is increased and the

requirement for a very large trigger is removed.

However, the clamping action of the lower diode

is removed by the cathode follower making the

initial value of E depend on the electronic switch

unless a third diode is added as a clamp.

Negative linear steps may be generated by a

constant-current pentode as shown in Fig. 17T6.

The amplitude of each step is

ki:

Fig. 17-16.—Linear
circuit.

ip dtf where

T is the duration of the trigger. This circuit

generates very linear steps with a high-impedance
step trigger; however, both the width and amplitude

of the trigger must be controlled. Although the
fT

tube has cathode degeneration the value of / ip dt is still subject to

tube variation and only partial cancellation for variations in supply

voltage is possible. The count may be adjusted by varying the grid and
cathode return voltages, the trigger amplitude, or Rc*
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Positive linear steps cannot be generated by integrating cathode

current. If C2 is connected to the cathode rather than to the plate, it is

extremely difficult to maintain constant screen potential and, conse-

quently, use cannot be made of the constant-current characteristics of

the pentode. Although this method is not recommended it is sometimes

employed with triodes to generate nearly linear steps.

Linear steps may be obtained from the circuits shown in Fig. 17*13

if C2 is used as a Miller feedback condenser as shown in Fig. 17*17.

Fig. 1717.—Miller feedback linear step circuit.

The steps in E are positive and have an amplitude equal to Et
Cl

C2
where

Et is the trigger amplitude. The electronic switch may operate at either

end of C2 ,
or this function may be performed by trigger action in the

amplifier (see Fig. 17*22). In any case it should be remembered that

both of these points are at a low impedance due to the negative voltage

feedback in the amplifier provided by C2 . The negative feedback also

stabilizes the operation of the amplifier. The amount may be adjusted

by varying C\ or the threshold of the amplitude selector.

V—4 1

Fig. 17*18.—Conventional feedback.

Methods of Introducing Feedback .—Feedback is accomplished by
duplicating the circuit that feeds the pulses to C 2 to provide a separate

input for the feedback pulse. The circuit shown in Fig. 17*13a modified

in this manner results in the circuit shown in Fig. 17*18. In this circuit

Cl may be adjusted to give a step on C2 at the time of a feedback pulse

equal in amplitude to n" steps produced by pulses through Ci. This is

exactly equivalent to feeding back n" pulses through Ci for each pulse

actually fed back through C[. The adjustment of C[ then provides a
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convenient means of changing the over-all counting ratio of a chain of

dividers in unit steps.

In most applications the diode V

a

may be replaced by a resistor since

the feedback occurs infrequently. The value of the resistor must be
large enough to prevent differentiation of the fedback pulse and small

enough to allow CJ to recover completely between fedback pulses. The
removal of the diode does not interfere with the clamping of the voltage

on C2 as this function is still performed by F2 .

The addition of feedback in this manner is equally applicable to the

circuits shown in Figs. 17T5 and 17*17. The same type of modification

may be introduced into the circuit shown in Fig. 17*16 by adding a

second constant-current pentode to introduce the fedback pulse.

Methods of Reading the Count .—If the grid of a cathode follower is

connected to the point in the cir-

cuit where the step-voltage wave-

form appears, the count may be

read from a meter connected to

the cathode of the cathode follower

provided the meter is correctly

calibrated.

It will be noticed that if this

procedure is followed with either

of the circuits shown in Fig. 17*13,

the meter must have a nonlinear

calibration. The use of a cathode

follower for meter isolation permits

linear step operation without addi-

tional tubes and gives a linear calibration.

The use of energy-storage counters in applications where it is neces-

sary to count the number of pulses in an interval of time is severely

limited by the leakage of charge from C2 since the reading of the count

drifts while no pulses are being received. If C2 is small the drift may be

so rapid that it is impossible to obtain a reading.

17'7. Energy-storage Counter Circuits. Thyratron Counter Circuits.

A counter circuit employing thyratrons and the energy-storage circuit

of Fig. 17*13 is shown in Fig. 17*19. In this circuit Ri, i? 2 ,
and Rz are

all small-value resistors and Cs = C2/2 in most cases. Negative steps are

generated on the cathode by the incoming triggers, until the critical

firing voltage of the tube is passed. At this time Cs has charged to Epp

through Rp] consequently C2 will rise to -f-lOO volts, and Cz will drop

200 volts to approximately +100 volts because of the charge-sharing

action of the condensers.

After this action is over the thyratron deionizes since the only current

+ 300V ^pp

Fig. 17-19.—Thyratron counter.
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it can now draw is through Rp and this is not sufficient to maintain th('

discharge. Cs must then recharge to Epp through Rp before the tulx^

fires again. The condenser Cs performs two functions in this circuit: it

prevents the tube from raising its cathode temporarily to Eppy and it

provides a 200-volt negative pulse which may be used as a trigger for a

subsequent counter. During the period of conduction by the tube the

peak current is limited only by Ri, R 2 ,
and Rsy the primary limiting

being done by Rz. The resistors Ri and R 2 are not necessary but may be

inserted to obtain low-impedance positive or negative pulses of short

duration.

The resistance Rp should be greater than 60 K for triodes and 150 K
for tetrodes t^mpermit deionization, and Cs must be greater than 200 /x^f

to allow a plasma to be formed in the tube during conduction.

Although this circuit employs the energy-storage system shown in

Fig. 17T3, it may be usod in conjunction with those shown in Fig. 17-15 or

Fig. 17-16. The action of the thyratron switch will be unaffected except

that the positive rise of Ea will not be limited by the diode but will be

C
equal to (Epp — E2) 79— where E2 is the firing voltage.

One of the chief advantages of this circuit is that the extent of the

sudden rise of Ed and the sudden drop of Ect is unaffected by the type

of trigger, the adjustment of the counter, and interaction from other

circuits. This is due to the fact that the plate-to-cathode voltage of the

tube always drops to about 12 volts during the period of conduction.

The maximum allowable spacing for n pulses is determined primarily

by C 2 and the cathode-to-heater resistance {Rhk) of the tube, since Ed
decays with a time constant of RhkC2 - The minimum spacing between

pulses must be greater than the deionization time, and the minimum
spacing for n pulses must be great enough to allow Cs to recharge to Epp

through Rp, Since the deionization time is never less than 20 ^sec and
Rp > ^ K and Cs > 200 ^l^dy the requirement on minimum allowable

pulse spacing seriously restricts the use of this circuit.^

The time delay between an nth input pulse and an output pulse is

generally only a few tenths of a microsecond; however, for incorrect

values of the count adjustment it may become several microseconds.

Feedback may be introduced by the circuit shown in Fig. 17-18.

If feedback is applied immediately after the counter has fired and while

the th3rratron is still ionized, the effect of the feedback is totally unreliable.

For reliable operation it is necessary to apply the feedback after the tube

has deionized. In the case of a series divider chain a convenient method
of doing this is shown in the block diagram of Fig. 17-20. The output

' Satisfactory operation using 6D4 tubes has been obtained with a frequency of

firing of the thyratron up to 20 kc/sec.



Sec. 17-71 ENERGY-STORAGE COUNTER CIRCUITS 621

of the counter chain generates a gate which is applied to a time selector.

This circuit selects the next pulse to be applied to the chain that is to be

fed back to the first counter. The feedback then occurs at the time of

the next pulse after the one that fired the chain, and hence the tube in the

first counter is deionized.

The circuit shown in Fig. 17 19 will count by 10 reliably in field use

and by 20 in laboratory use. The count may be adjusted by means
of a trimmer condenser on Ci or by varying the d-c grid voltage to change

the critical value of the cathode voltage.

If all the voltages in this circuit vary proportionally, nearly complete

cancellation against variation in supply voltages may be obtained, the

tube drop being negligible. The amplitude of the incoming trigger

may be made to vary in this manner by generating it in a similar circuit

with the same voltage supply. The voltage to which the lower diode is

returned should be obtained from a bleeder to +£^pp, and the effects of

variations in firing voltage of the

tube cancel in any tube with a

constant control ratio. Varia-

tions in heater voltage are mani-

fest in variations in tube drop and

control ratio and the latter of

these is the more serious. A
counter of this type counting by
ten will maintain its count with a

±50% variation in E^p and with Fig. 17-20.—Feedback in thyratron counter

heater voltage from 4.3 to 7.5 volts.
chain.

The use of triodes such as the 884 or 6D4 is preferred as they deionize

in about 20 /xsec, Rp need only be greater than 60 k, and triodes usually

have less heater-to-cathode leakage. With tetrodes such as the 2050

or 2D21 the deionization time is about 50 /xsec, and Rp should be greater

than 150 ohms. However, tetrodes have much steeper grid-cutoff char-

acteristics and can be fired reliably with smaller triggers.

The tube may have a life well over 1000 hours if the following pre-

cautions are taken. Resistor Rg should be increased to 50 k and Rz to

1 k ohms. Rg must be large enough to prevent grid-to-cathode arcs, and

Rz must limit the peak current to 0.3 amp.

Blocking-oscillator Counter Circuits ,—Blocking oscillators are described

in detail in Chap. 6. It is only necessary to replace the bias circuit

by an energy-storage circuit to provide a counter. Figure 17-21 shows

a blocking oscillator of the type described in Sec. 6-9 and the energy-

storage circuit in Fig. 17-13. The energy-storage circuit in Fig. 17-15

can also be used, as can blocking oscillators of any other type. In

general it is unwise to use negative steps and to place the energy-storage
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circuit in the cathode since the blocking-oscillator tube can draw some

current before it fires and this current interferes with the last step applied

to the cathode before the blocking oscillator fires.

When blocking-oscillator counters are arranged in a chain each

counter may be triggered from the tertiary winding of the plate trans-

former of the preceding counter.^

Unfortunately the value of the maximum negative voltage on C 2 is a

function of the portion of the fall of the last step on which the blocking

oscillator fires. This action can give rise to the same type of instability

as that experienced in blocking-

oscillator frequency dividers.

Another undesirable character-

istic is the reaction of the firing

of one counter on the one that

precedes it. This is a common
characteristic of blocking-oscil-

lator counters and frequency divi-

ders (see Chap. 16 for discussion).

As a result of the interaction

between counters and the varia-

tion in the maximum negative grid

swing the proper adjustment of

any counter is dependent on the

adjustment of the rest of the

counters in the chain. In all cases

extreme care is necessary in design to minimize these undesirable

characteristics.

The maximum allowable time interval for n pulses is determined by

C2 in conjunction with the heater-to-cathode resistance (Rhk) of the

upper diode, since Ect will decay exponentially with a time constant

equal to C2Rhk- The minimum allowable spacing between pulses is

determined solely by the recovery of Ci; the minimum allowable spacing

for n-pulses is determined only by the tube dissipation.

The time delay between an nth input pulse and an output pulse is

the same as for a normal blocking oscillator and is generally only a few

tenths of a microsecond.

^ When counters are connected by plate coupling, Ci and C2 load the plate of the

preceeding counter during the conduction period of the upper diode. This loading has

a marked effect on the performance of the blocking oscillator and limits the size of Ci

to a small value. When exjwnential steps are employed, the current through the

upper diode is determined by the number of the step and, consequently, the loading

on the preceding counter varies with the number of the count. This effect may be so

serious as to cause variations in the count from cycle to cycle.

Epp

Fiq. 17’21.—Blocking-oscillator counter.
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Feedback presents no special problem and any of the conventional

methods may be employed, since the normal time delay in the counter

4 250 5 k

Time constant /2i(Ci+ strays) anode of V2

Time constant /?i(Ci+strays)/

—
I \ Time constant A

+ straysTj

Cathode 74

Time constant /2i(Ci+strays) I

V3 conducting

About + 42 V
Suppressor Vj

Cathode K
-Ov

— +40 V

Anode of ^3 -lOv
^4 conducting

Fio. 17*22.—Phantastron stepping counter.

chain is sufficient to allow Ect to reach a stable value before the feedback

is applied.

The counting rate may be adjusted by means of a trimmer condenser

on C\ or by varying the voltage to which the lower diode is returned. In
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either case, n should not be greater than five for field use or ten for

laboratory use.

The negative voltage to which the grid is driven when the blocking

oscillator fires is a function of heater voltage, Epp, and the characteristics

of the particular tube. In general the variation of is not proportional

to variations in Epp. If stability for variations in heater voltage and

Epp is required, a third diode is employed to clamp the negative excursion

of Ect to some voltage that varies proportionally to Epp,

Phantastron Counter Circuit .—Figure 17-22 is a phantastron counter

circuit employing Miller feedback in the manner described in Fig. 17-17.

The functions of Ci, C2 , Fi, and V2 of Fig. 17-136 in the energy-storage

system are peifcrmed by Ci, C2 , Fs, and F4. Condenser C2 is also the

feedback condenser.

The operation during a complete cycle is shown by the waveform
diagrams in Fig. 17-22.^ The negative input pulses are inverted by F2 ,

and Cl couples a small amount of energy through Fs to C2 . Feedback

through C2 from the plate of Fi to the grid prevents the grid from rising

very far with each pulse. However, each pulse reduces the plate poten-

tial so the plate voltage waveform is a series of negative steps. When
the plate has dropped to the level of the suppressor, the transconductance

of Fi is so low that the positive pulses on the grid are no longer fed back

through C2 . Hence the grid goes positive with the last pulse. This

cuts off the plate current since the cathode also rises with the last pulse

and ^ince the suppressor, at a fixed potential, cuts off the plate current.

The plate voltage then rises and the circuit is recycled.^

The size of each step in the plate voltage is proportional to C 1/C2

and to the plate supply voltage of F2 . Hence the counting ratio can be

varied either by Ci, C 2 ,
or by the plate potential of Fi. The minimum

time between pulses is determined hy R\Ci and can be made very short by
including a fifth diode (Fs) on the plate of F2 to limit the positive swing

of the plate voltage on F2 . The maximum time for n pulses is deter-

mined by RhkC2 j
where Rhk 'i^ the heater-to-cathode resistance of F3.

17*8. Combinations of Counters,—In many applications it is desirable

to count a large number of pulses or to obtain an output for every

nth pulse where n becomes large. In energy-storage counters the value

of n must always be less than 20 and in most cases not greater than 10

to meet stability requirements. In sequence counters, n is usually 2 and
never larger than 3 for hard tubes and never larger than 10 for gas tubes.

Cascading Counters .—When counters are connected in cascade—that

is, the output of one is the input of the next as in Fig. 17-23—the over-all

‘ The operation of phantastrons is explained in more detail in Chap. 5. In the

step counter, plate current must be initiated by a trigger through V 7 after recycling.

This trigger can be supplied from an external source so that the circuit can be used to

signal the time of arrival of the nth pulse after the trigger.



Sec. 17*8] COMBINATIONS OF COUNTERS 625

scaling or dividing ratio N is the product of the individual counter scal-

ing ratios.

N = niUit, ••• rtf (1)

If the counter chain is used to count a given number of pulses rather

than to divide a continuous pulse train it is often necessary to know the

remainder as well as the quotient. If there is a method of determining

the number of times the counter

chain has recycled (for instance, a I i Uh 2 W 3 r 1

mechanical counter) and a method * * ' ' ' * ' '

» , , • i 1 1 /• 1 Fia. 17-23.—Series divider chain.
of determining the number of pulses

stored in each counter (for instance, neon count-indicating lights), the

total number of pulses received is given by

Nin = N[ + niA^2 “h “h

where the prime indicates the- number of ^‘held^' counts in the counter

with appropriate subscript. The last term in Eq. (2) is the number of

times the counter chain has recycled.

As the over-all counting ratio is the product of the individual counting

ratios rather than their sum, it is possible to achieve a great saving in

the number of circuit components. It should be noted, however, that

this is possible only when the over-all counting ratio can be factored into

ni • n 2
• • * rir. Thus the counter chain establishes a decimal system

if the n^s are all 10.

Parallel Counters ,—Counter
circuits may be arranged to oper-

ate in parallel as indicated in Fig.

17*24. In this case the pulses to

be counted are fed directly into

each counter. The outputs of all

the counters are fed to a coinci-
Fio. 17-24.—Parallel dividers. j • x • x xdence circuit that gives an output

only when outputs are received from all counters simultaneously.

The over-all counting ratio of this system is equal to the lowest

common multiple of ni, n 2 , na, etc. If each n is broken down to its prime

factors and no prime factors of any n are repeated in any other n, the

over-all counting ratio is again ni • n2 • ns • •
• nr.

In this circuit, the time delay between the nth pulse and the output

is approximately equal to the largest time delay of any of the counters.

If, however, the counters are connected in series, the over-all time delay

is equal to the sum of the time delays for all the individual counters.

The decrease in over-all time delay achieved by connecting the counters

in parallel is a major factor in some applications.
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If energy-storage counters are employed, the parallel connection has

another advantage over the series connection. When counters are

connected in series the energy must be stored in the rth counter until

ni • 712 • ns • • • rir pulses appear at the input of the system, but when

the counters are connected in parallel, the energy need be stored only

until n pulses appear at its input where n is the counting ratio of that

particular counter.

Parallel operation has disadvantages other than the restriction placed

on ni, 712, 7^3, etc. The system provides only an output pulse for every

Tith input pulse and does not give a direct indication of the number of

pulses that have been received at any time. The circuit is also consider-

ably complicaiid by the coincidence circuit, which becomes involved if

a large number of countefs are employed.

Feedback in Cascaded Counters .—Equation (1) shows that the over-all

counting ratio of a serj^ of cascaded counters is given by

Til • 712 * 713
* * • Tlr,

where the values of the ti’s are integers and are generally not greater

than 10. This places a serious limitation on the flexibility of this type

of counter circuit as we may desire

an over-all counting ratio that can

not be factored in this manner.

In numerous cases it is desired to

utilize a single counting circuit to

give any one of a series of over-all

counting ratios by changing the

circuit, in which case some of the desired counting ratios are unobtainable

because they cannot be factored.

It is sometimes found advisable to construct a counting circuit in

which the value of n for all individual counters is the same. ICquation (1)

gives the over-all counting ratio for a system of this type as ti’’. This

places an even more serious limitation on the obtainable counting ratios.

Many of these difficulties may be circumvented by the addition of

feedback loops.

Feedback in Energy-storage Counters .—A counter chain of energy-

storage counters with feedback is shown in Fig. 17-25. In this diagram

the entire counter chain is broken down into three parts: those counters

that precede the feedback loop, the ones within the feedback loop, and
the ones that follow the feedback loop. Let the counting ratios of these

subdivisions be represented by tia, tib, and nc respectively, and let ti^

be the counting ratio of section B without feedback. The effect of

feedback in this type of counter chain is the same as if n's pulses were

added or subtracted from the input of section B every time an output is

ABC
Feedback

Fig. 17*26-—Series divider chain with feed-

back.
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obtained from section B. Consequently, it is seen that rig = + rig

or riB = rig — rig. Therefore the over-all counting ratio for the whole

chain is

n = riAnanc = UAncing — ng)K (3)

If section B is composed of only one counter this is the same result

as would be obtained by changing the counting ratio of this stage.

However, section B may be any number of counters in series, and rig may
therefore be very large. Feedback provides a means of changing the

over-all counting ratio of section B in unit steps.

If feedback is employed from the output of the entire chain back

to the input—that is, ua and nc equal unity—Eq. (3) becomes

n = n' - n". (4)

In this case the over-all counting ratio may be changed in steps of unity.

Practical circuit considerations do, how-

ever, place an upper limit on the magnitude

of n' and for this reason circuits may have

multiple feedback loops. In this case Eq.

(3) is still valid if the feedback loops are

considered separately and if rig represents

the counting ratio without the feedback

loop being considered. The value of n for

a circuit of this type may then be found

by considering the feedback loops as being

added one at a time and assigning rig its Fig. 17*26.—Energy feedback,

successive values.

If multiple feedback loops are employed in addition to varying the

counting ratios of the individual counters, any desired over-all counting

ratio may be obtained. Moreover, if the number of individual counters

in the chain is varied, a wide variety of over-all counting ratios may be

obtained even if severe restrictions are placed on the values of ni, n2 ,
etc.

It was stated that the effect of the output pulse of section B (see

Fig. 17-25) was to produce the same effect as if n pulses were either

added to or subtracted from the input of section B. This effect may be

accomplished in either of two ways. Considering the first counter in

section B and referring to Fig. 17-2 the feedback pulse may be made to

add or subtract n" increments of energy from the stored energy (see

Fig. 17-26) or the fedback pulse may change the threshold value at which

the stored energy is removed (see Fig. 17*27). The result in either case

is to change the counting ratio of the first counter in section B from n

to n — n" during the cycle when the fedback pulse is received.

* The term rig is positive if pulses are added, and negative if they are subtracted.
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Feedback in Sequence Counters ,—This same type of feedback may bo

employed in a chain or sequence-operated ring counters by utilizing

the output pulse of section B (see Fig. 17*25) to turn ^‘on^^ a particular

unit of the first counter in section B (see Fig. 17*1). In this case, n"

equals the number of the unit turned on and must always be positive.

There are other types of interconnections possible in a counter chain

of this type since one may obtain the output that is to be fed back from

Feedback
n= -*• 1

n=“ 1

Fio. 17-27.—Threshold feedback.

any unit of a ring counter, and the feedback may be used to turn a unit

of a counter rather than ^^on.^^ In the latter case, the pulse will

be effective only if it is applied when this particular unit is “on.^^ The
use of either of these interconnections necessitates the use of multiple

feedback loops. In some instances pulse selectors may be inserted in

the feedback loops to produce the same effect. The number of these

combinations possible are, however, too numerous to analyze.



CHAPTER 18

MATHEMATICAL OPERATIONS ON WAVEFORMS—

I

By D. MacRae, Jr., A. H. Fredrick, and A. S. Bishop

The operations to be considered in this chapter are addition, sub-

traction, differentiation, and integration. These operations have in

common the property of being performable, at least approximately, by
means of networks of linear passive elements. To present lower output

impedance or provide more accurate computation, feedback amplifiers

may be used. These operations are thus special cases of the process of

linear waveform-shaping discussed in Chap. 2.

Although the methods of performing these operations are similar,

there are some obvious differences among the operations. In addition

and subtraction, waveform shaping is usually not desired; differentiation

and integration, however, represent attempts to shape the input wave-
forms in particular ways. Addition and subtraction can be done very

accurately by means of linear passive elements, whereas in the case of

differentiation and integration with passive networks accuracy is obtain-

able only at the expense of decreased output amplitude.

In this chapter some of the applications of these operations will be

pointed out; general circuit types for performing the operations will be

described; some of the equations governing the action of these circuits

will be derived; and practical circuits with design data will be given.

ADDITION AND SUBTRACTION OF VOLTAGES AND CURRENTS

18* 1. General Considerations. Uses of Addition and Subtraction .

—

Addition and subtraction are operations that are frequently used in

electronic circuits although in many cases the operations performed are

not considered to be addition and subtraction. A number of operations

accomplished entirely or in part by addition and discussed elsewhere in

this volume, are the following:

1. Signal mixing at d-c, audio
,
video

y
or radio freqvMcies usually refers

to the addition of similar waveforms at approximately the same
frequency. Examples are heterodyning in receivers, addition of

input to a fraction of output in feedback amplifiers, addition of a

carrier to a modulated wave for demodulation (Chap. 14), the

addition of waveforms to produce deflection or intensity modula-
629
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tion on cathode-ray tubes (Chap. 20 of this volume and in Vol. 22

of the Series, Chap. 4), and the production of sum-waveforms

such as staircase waveforms or trapezoids (Chap. 8).

2. Addition of a d~c level to an a-c waveform is done, for example, in

varying the bias of variable-gain tubes in AVC circuits, and in the

addition of a d-c modulating signal to a carrier (Chap. 11).

3. Injection of triggers or synchronizing pulses into relaxation oscil-

lators is treated in Chap. 5 for multivibrators, in Chap. 6 for block-

ing oscillators, and in Chap. 16 for frequency dividers using relaxa-

tion oscillators. A typical problem is the addition of pulses to an

exponential recovery waveform.

4. Amplitidfb discrimination or comparison (Chap. 9) may be accom-

plished by subtracting one signal from another; the difference

then indicates the sign of inequality, or a time index may be pro-

duced at the instftnt of zero difference.

5. Time selection by addition (Chap. 10) may be performed by adding

a rectangular waveform to the waveform of which a part is to be

selected and applying the resulting waveform to a nonlinear

element which has no response below a certain input level.

Characteristic Problems.—In some of these operations a generalized

sort of addition in which the output is a linear function of the inputs

rather than simply their sum or difference is performed. Thus if the

inputs are e\ and 62 and the output Co, the general operation considered

can be represented by

Co = aei -|- 6c2.

The constants a and b will be called the ‘‘weighting factors’^ for the

operation. This generalized addition also includes subtraction, that is,

the case in which a and b have opposite signs.

The accuracy of the summation of voltages or currents is not of

prime importance in the operations listed above, as it is in the process of

addition for electronic computation. There must still be consideration

of the dependability of the operation performed, however, and this

usually introduces accuracy requirements that must be met by pro-

cedures similar to those used for more accurate circuits.

In some applications (time selection, for instance) one of the input

waveforms is rectangular and therefore has only two significant values.

In this case the requirement of linearity with respect to this variable no

longer exists.

Addition may be followed by limiting; one example is signal mixing

at the input to a cathode-ray tube, in which case the sum must be limited

in order to avoid “blooming’^ on the tube face. Addition is sometimes

preceded by limiting; an example of this occurs in time selection, when
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a rectangular wave is added to a series of pulses and it is desired to

reject pulses that do not coincide with the rectangle but are of greater

amplitude than the rectangle.

The waveforms to be added may be shaped by the adding device.

In some cases this is desired, for integration or differentiation may be

used to accentuate or subdue certain features of the input waveforms.

In other cases undesired shaping occurs, as when a rapid rise is slowed

down or the amplitude of a narrow pulse is decreased because the adding

device has insufficient speed of response. Undesired transients may also

be excited in an adding network by an input waveform with a sharp edge.

The interaction of the inputs and outputs with the adding device

and with each other must be considered, for example when an undesired

pulse might trigger a multivibrator or blocking oscillator. The inter-

action between two sources may
be measured in terms of the transfer

admittance which gives the ratio of

the current increment produced at

one input to a voltage increment at

the other input in question. In the

case of linear networks the reci-

procity theorem shows that this

factor is independent of the order

in which two terminals are taken; it may therefore be called a “mutual
coupling factor.^’

Methods of Addition and Subtraction ,—The properties generally desired

in an adding or subtracting device are that it produce the sum or differ-

ence of the inputs with little distortion or with the desired shaping; that

it have high input impedance relative to the waveform sources, and low

output impedance relative to the load; that the output amplitude be not

attenuated excessively with respect to the input; that the interaction

of the sources through coupling in the device be tolerable; and that the

device be simple and easy to construct.

The simplest method of addition involves the use of linear passive

networks. A parallel adding network in which resistances are used to

add three voltages is shown in Fig. 18*1. Capacitances or any like

impedance elements may also be used in this way. A network of this

sort inevitably introduces attenuation.

If it is desired to use networks for subtraction, it ie usually necessary

to employ an additional inverting element such as a tube or transformer.^

Fig. 181.- -Example of

network.
parallel adding

‘ It is also possible to invert a sine wave by the use of networks; an example is the

use of three resistance-capacitance stages in a phase-shift oscillator. See Ginzton and
Hollingsworth, ^^Phase-shift Oscillators,” Proc, I.R.E,j 29, 43 (February, 1941). See

also Sec. 44 on phase-shift oscillators.
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Transformers provide a floating output whose polarity can be reversed,

and thus permit subtraction directly without attenuation.

Single vacuum tubes may be used for addition and subtraction if the

inputs are to different electrodes. With inputs to grid and cathode, for

example, approximate subtraction is performed; a multigrid tube with

inputs on the control grid and the screen will produce an approximate

sum. Combinations of vacuum tubes with a common cathode or plate

load can also perform the operation of addition.

The use of feedback with vacuum tubes makes possible more precise

addition and at the same time provides less mutual coupling than does a

parallel adding network with passive elements alone.

These metWhds will now be considered in more detail. In Sec. 18*4

there is a tabular summary comparing the various methods from the

standpoint of the properties desired in adding and subtracting devices.

18‘2. Linear Passim Networks. General Equations .—The super-

position theorem as applied to resistive networks states that any output

voltage or current is a linear function of the inputs. The mesh or nodal

equations^ may be used for calculation of the weighting factors. These

equations show that any purely resistive network may be used for

addition. Similarly, a network of pure capacitances or inductances will

produce an undistorted sum of several waveforms. In practice there is

difficulty in obtaining such networks; at high frequencies, stray capaci-

tances may have effec^t in resistive adding networks; inductances have

resistance and stray capacitance which may prevent ideal operation;

capacitive adding networks may produce distortion if the waveform
sources have resistive output impedance.

It is possible to obtain undistorted addition, however, in another

way: parallel adding networks in which each element is a series /2C-com-

bination, or in which each is a parallel flC-combination, may be used,

provided the time-constants are the same. Thus in a parallel adding

network if there is stray capacitance from the output node to ground, its

effect may be compensated by making each element in the network a

parallel i2C-combination. This is done by inserting a small condenser

in parallel with each resistive branch, and a resistance in parallel with the

stray capacitance, in such a way that the /2(7-products are all the same.

More generally, the condition necessary for undistorted addition of

any waveforms is that the operational expressions in the transfer func-

tion of the network cancel and thereby leave a ratio that does not involve

p. If feedback amplifiers are used to produce a ^‘virtual ground,’^ such

cancellation can be obtained with networks that do not involve the same
types of elements; for example, an L/2-differentiator might cancel the

effect of an /ZC-integrator, except for constants of integration.

* For a detailed treatment of linear network analysis see Vol. 18, Chap. 1.
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The mesh or nodal equations for a network may also be used for

calculating the impedance between any pair of input or output terminals,

and for calculating the mutual coupling between the inputs. This

method wil be used below in connection with resistive adding networks.

Parallel Adding Networks.—Much voltage and current addition is

accomplished in parallel, series, or bridge networks or in networks resolv-

able by equivalence theorems to these

forms. The networks which will be
^ \\\

considered first are those that are

made up of like elements—usually

resistances but occasionally capaci-

tances—and are used to add wave- - 7

forms whose frequency spectra are in <1 E2 VV\/ WV—
roughly the same region.

A parallel adding network is shown
in Fig. 18 *2 . The input voltages Eij

E2, ...
j
Eny and the output voltage

Eoy are measured with respect to a com- W\ VW
mon reference node, usually ground.

Each input voltage has associated

with it a source impedance Zj and has
^

.,1 .
, j. 1 1 j.

18*2.—Parallel adding network.m senes with it a network element

having impedance Zj. It is convenient to define for the ^th input node

an admittance

y. — ^

In terms of this admittance the nodal analysis gives

Eo(Y, + f 2 + • •
• + Fn) = E,Y, + E2Y2 + • •

• + EnYny

or
n

The weighting factor for any particular input Ek is then

n
n

If, for example, there are n identical branches, so that all the ?»’s are

Z2

-AA/v—

Zji Zji

-En 'VVV 'NAA/ *

Fig. 18*2.—Parallel adding network.
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equal, the weighting factor for each voltage will be l/n. If it is desired

to combine three voltages in the ratio 1 to 3 to 4 or

Eo = const. X (.£^1 + SE2 + 4E'8),

it is necessary to let the YkS have the ratio 1 to 3 to 4, or the impedances

Zk + Zk have the ratio 1 to i to i. According to Eq. (6), the correspond-

ing weighting factors will then be i, and

The loading impedance seen
300 k

5*^1 o—\AA/—

I

look

) ^3 o—
Eo=%iEi + 3E2’*‘AE^)

J_ -

at the A:th input is equal to the

sum of the series Zk and the

parallel combination of the other

impedances

:

1
Zkk — Zk

Fig. 18-3.—Adding network with specified

weighting factof%.

For the ratio 1 to 3 to 4, a possible circuit (Fig. 18*3) is

I-*

(2)

Zi = 300 kilohms

Z 2 = 100 kilohms

Za = 75 kilohms.

Neglecting the internal resistances Zky the loading resistance presented

to the first generator of internal impedance Zi is thenif
1 1

Zi + ~~Y'
~

1^300,000 + ^ 4
-^J

ohms = 343 kilohms.

The mutual coupling factor (transfer admittance) between one source

and another is the ratio of current produced through the second source

to the voltage at the first which produces it. This ratio may be expressed

for the A;th and /th sources with the aid of Eq. (1). The contribution

of the Zth source to the current passing through the A:th source may be

found by multiplying the contribution of the Zth source to the voltage at

the output node by the admittance of the A;th branch:

AEi AEi ^ AEo

(3 )

This is a symmetrical expression, its value being unaffected by the inter-

change of the subscripts k and Z; hence the use of the term mutual/^

[For a network consisting of n equal impedances, the transfer admittance

is Yln\
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The voltage produced across the internal impedance of the fcth

source is

Zk Aiki = Zk

Zk + Zk
X

Yi AEi

1

where the last factor is AEi multiplied by its weighting factor from Eq. (1).

Suppose that in the previous example (Fig. 18*3) it is desired to find the

effect of E\ on E^j and that Ez has an internal impedance
[23 ] which is

5 per cent of the total impedance 23 + ^ 3 . Since the source Ei has a
weighting factor the voltage produced across 23 by a voltage AEi at the

first source is given by

23 Aiz

AEi
23

23 + Zz

= 0.05 X i = 0.006 = 0.6 per cent

of the voltage change at the first

source. If the coupling is excessive

in a parallel adding network, it may
be reduced by lowering the cor-

responding weighting factor or the

internal impedance of the generator.

A convenient way of reducing

weighting factors is to introduce an impedance between the output ter-

minal and ground. By this means all the weighting factors may be low-

ered together and their relative values left unchanged.

The addition of currents in parallel networks can be treated similarly

to that of voltages because any voltage generator E with a series impedance

Z is equivalent^ to a current generator E/Z with a parallel impedance Z.

Series Adding Networks ,—Figure 18*4 shows a series adding network

for voltages. All the sources except one must be floating with respect to

the reference node. In this case the weighting factors are all the same:

the output voltage is equal to

Fig. 18-4.—Series adding circuit.

{E\ Ez ~h
• *

’ 4" En)Zr,

Zi + Z2 + * •
* + Zn + 2 i + 22 + • •

• + 2n + Zl

When the load impedance Zl is very large, the output is the sum of the

inputs with each weighting factor equal to unity. Transformers are

most frequently used for series adding; a schematic circuit is shown in

* See, for example, H. W. Bode, Network Analysis and Feedback Amplifier Design,

Van Nostrand, New York, 194*5, p. 12.
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Fig. 18*5. D-c voltage supplies such as batteries, tachometers, or

rectifiers with floating reference levels are also used. In any of these

cases the weighting factors may be varied by means of potentiometers

across the outputs of the voltage sources.

Because series addition may be done conveniently with alternating

voltages, modulation-demodulation

methods may be used to add d-c
Vi + ^2 V3 voltage differences when the d-c

levels are inconvenient for the use

of resistive networks Two such

methods are shown in Fig. 18*6; in

case (a) series addition with trans-

Fig. 18*5.—Addition by means of trans- formers is Used, and in Case (5) float-
formers. . Jmg rectifiers are used.

Bridge Adding Network .—Figure 18-7 shows a bridge adding network.

The principal advantage of using bridge networks is that the mutual

coupling between the inputs may be eliminated if the bridge is balanced

and the inputs are at pairs of opposite corners of the bridge. Here

again a floating voltage source is required for one of the inputs.

Fig. 18*6.—Carrier methods of adding d-c voltages independent of level.

The input impedance of a balanced bridge at either pair of terminals

{El or E^) may be calculated by series-parallel analysis on the assumption

that no current flows in one input branch as a result of the other input

voltage. Thus for purposes of analysis one branch may be considered

an open circuit or short circuit.

A useful special case of the balanced bridge is the equal-arm bridge



Sec. 18 -2 ] LINEAR PASSIVE NETWORKS 637

shown in Fig. 18*8. This circuit permits relatively easy analysis and
because of its symmetry may be used with a balanced voltage source

such as a push-pull amplifier. The analysis suggested shows that the

loading impedance at either input is simply Z. The output voltage and

the weighting factors may be found by setting up the mesh equations as

indicated in Fig. 18-8:

{^Z -f” Z])ii — Zii — ^Ziz — ^1
— Zi\ “1- {2Z z<i)ii "i" ^Ziz — — £'2

-2Zti + 2ZU + 4Zi3 = 0.

The output is Eo = uZ. Solution of the equations gives

- 1 [zfr, + zTz:]-

Moreover, it may be seen from the above equations that the mutual

coupling is zero, since the minor

formed from the coefficients of z'l and

iz in the second and third equations,

which is the coefficient of in the

solution for Z 2 ,
vanishes.

Addition of Different Frequencies,

If the waveforms to be added are of

sufficiently different frequency, paral-

lel networks may be used in such a way
that the weighting factor for each

input is nearly unity. An example

is the use of an RC coupling network

to add an a-c voltage to a d-c voltage

in a variable-bias amplifier as shown
in Fig. 18*9. Since for d-c voltages

the condenser is an open circuit, the weighting factor for the bias voltage

is unity; for a-c voltages the condenser is a short circuit, and if the grid

leak resistance is much greater than the output impedance of the source,

this weighting factor is also nearly unity.

Fig. 18-9.

—

RC coupling network.
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The injection of triggers and synchronizing pulses into relaxation

oscillators (Chap. 5) is another case in which the frequency spectra of the

two waveforms to be added are in different regions. Resistance-capaci-

tance coupling networks are also commonly used to perform this addition,

the synchronizing pulse being fed in through a condenser to the grid of a

multivibrator and superimposed on an exponential recovery waveform.

Transient Response ,—A limitation of adding networks—especially

when the input waveforms have sharp edges—results from the possibility

of undesired transients. These transients may be due to the presence of

stray capacitance or to interaction between reactances in the sources or

load and the reluctances of the network.

A type of waveform which is often affected by the transient response

of the adding circuit is one having a short rise time, either a rectangular

waveform or a narrow 4)ulse. The output rectangular waveform may
not rise rapidly enough, and as a result may not define precisely the

desired time interval; a short pulse may be decreased in amplitude by the

effect of a time constant in the adding network. In each case the limita-

tion results from the time required to charge the stray capacitance. The
capacitance to be considered will vary between wide limits, depending

on construction practice and on the output circuit. As an example, sup-

pose that a resistive network is to be used to add l-)usec pulses to rec-

tangular gates having a rise time of 0.1 ms^c. The adding network will

be assumed to consist of two 100,000-ohm resistances, and to have a

capacitance of 20 hij.1 from the output terminal to ground. For each

waveform there is a circuit which is equivalent on the basis of Th^venin^s

theorem and which has half the output resistance (i.e., 50,000 ohms) in

series with a generator producing a waveform of half the amplitude. The
corresponding time constant is (20 X 10^^^ X 5 X lO'*) sec. = 1.0 /xsec.

The gates will reach 90 per cent of peak value in 2.3 /xsec (the network will

have a similar effect on the trailing edge)
;
the pulses will reach only 63 per

cent of the peak amplitude in 1 /xsec. If a sharper rise or greater output

amplitude is desired, it may be necessary to lower the mixing resistances.

The extent to which these resistances may be lowered is limited by the

loading of sources which may occur when the mixing resistances

are low.

For some purposes, when an extremely short rise time is desired, a

resistor in the mixing network may be bypassed with a small condenser

and rapid changes thereby permitted to pass through. This device is

used, for example, in multivibrators. It increases the mutual coupling

for rapid pulses however. Better performance can be obtained by also

inserting a resistance in parallel with the stray capacitance; each branch

of the network will thus consist of a parallel resistance and capacitance,

and if the time constants are niade equal the distortion will be minimized.
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Another sort of undesired response is the overshoot that occurs when
an RC coupling network is used to add bias to pulses or rectangles. This

overshoot is particularly objectionable in high-gain video amplifiers. ‘

It results from the tendency of the coupling condenser to discharge

rather than maintain its charge for the duration of the waveform.

A third type of undesired transient is the shock-excited oscillation,

which may exist if the network has an underdamped resonant frequency

and if rapid changes occur in the operation of the circuit. These condi-

tions are present, for example, when a transformer is used for subtraction

and the load is a diode rectifier (see Fig. 18TO). The sudden start of con-

duction in the diode produces a train of damped oscillations in the trans-

former secondary and thereby

slightly increases the rectifier out-

put voltage.

Some general methods of re-

ducing the effects of transients are

(1) reduction of stray capacitances

by improved layout or choice of

different components; (2) in the

case of stray capacitances, reduc-

tion of charging time by lowering

the resistance through which the

capacitance charges; (3) in the

case of oscillation, damping by
means of resistance; (4) compensa-

tion by means of additional net- Fio. is* lO.—Transient oscillation produced

work elements. transformer and diode.

It is not possible to obtain immediately useful solutions for the

response of a network to general transient voltages or currents since each

input function and set of initial conditions determines a different solution.

The general transient behavior of networks^ is described in Vol. 18,

Chap. 1 of this series; the Laplace-transform method can be used to

determine the response of a specific network to a specific input waveform.

The effort involved, however, may be great, and it will be wise to consider

whether an exact transient solution is needed. Often it is merely neces-

sary to obtain an approximate solution if it can be shown that the net-

work is adequate for the specific problem.

The following rules are useful in determining whether a network

behaves adequately for specific transient conditions when addition with-

out distortion is desired;

^ Vol. 18, Chap. 3, ^‘High-gain Pulse Amplifiers.”

* These equations apply only to linear networks. Often source generators and
loads do not meet this requirement.
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1. The network must have a uniform pass band accommodating the

highest and lowest frequency components of the input waveform.

2. The network should not have any underdamped resonant frequen-

cies.

3. The source loading and mutual couplings must not exceed the

driving capabilities of the source.

4. The network must be capable of driving its load in any of its states

if the load is nonlinear.

5. If a transient exists, its amplitude must be sufficiently reduced

before the sum is to be observed.

Waveform s&aping by deliberate use of transients can be performed

simultaneously with adding. The coupling network of Fig. 18*9, for

example, will differentiate the input Ei if the time constant RC is small

relative to the interval of variation of Ei; it will also integrate E2 over

intervals small relative to the time constant.

18-3 . Addition and Subtraction by Means of Vacuum Tubes.—In the

design of adding circuits with passive networks, it is sometimes difficult

to lower input mutual couplings to the required degree without decreasing

the weighting factors to a point where the sum voltage is unreasonably

small; at other times it is difficult to obtain

the required bandwidth or transient re-

sponse without increasing the source loading

excessively. Vacuum tubes provide means
for isolating the network from The source

voltages and for changing impedance levels

between the network and the source volt-

ages. They may also be used directly as

adding devices or in feedback loops for ad-

dition. If the inputs are to grids that are

not drawing current, they can be affected

by the adding circuit only through inter-

electrode and stray capacitances.

Multiple-input Vacuum Tubes ,—Circuits utilizing multiple-input

tubes are suitable for adding with moderate or low accuracy, depending

on the particular tube or circuit used. Double input triode, tetrode, and

pentode amplifiers, in which the control grid and cathode are the input

terminals, are moderately linear. An example is shown in Fig. 18T1; in

this case Eo is the amplified difference between Ei and E2 , The magni-

tude of Eo and the input impedances of Ei and E2 may be calculated

on the assumption of linear tube characteristics (see, for example, Vol. 18,

Chap. 11). When a triode is used for subtraction by letting the control

grid and cathode be the two input terminals, the low input impedance at

Fig. 18 *11 .—Double input vacu-
um tube.
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the cathode (approximately l/gm) makes it necessary to supply the

cathode from a low-impedance waveform source. In time selection a

low-impedance rectangular waveform is sometimes used as a gate in the

cathode circuit. A particular example is a type of blocking-oscillator

frequency divider in which input pulses are effectively added to the grid

recovery waveform by introducing negative pulses in the cathode circuit.

In general, each grid of a vacuum tube can receive a signal voltage

that is capable of altering the flow of plate current. However, the

relationship between the plate current and the various inputs may be

far from linear. Generally, an operating point that permits all grids to

affect the plate current can be found, provided the input signals are not

too large.

Parallel-plate Addition .—The parallel-plate adding circuit shown in

Fig, 18 *120 has the advantages of high input impedance and almost zero

+ n

i-1
^

(a) Actual circuit (b) Equivalent circuit

Fig. 18' 1 2.—Parallel-plate adding circuit.

coupling between inputs (except for capacitance effects). The weighting

factors can be altered by means of input potentiometers although these

potentiometers increase the source loading, or by adjusting the amplifier

gain by means of cathode resistors. The parallel form of the equivalent-

plate-circuit theorem may be used to put the parallel-plate adding circuit

of Fig. 18T2a in the form shown in Fig. 18T26.

In this equivalent circuit the total current

Qmxei + + • •
• + gmrfin

flows through the parallel combination of the plate resistances and the

load resistance. If the reciprocal of the plate resistance Tpj is written

F„ and the load admittance Fl, the output voltage is
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For pentodes the Y/s are usually small enough to be negligible relative

to YiXrp^ Rl)
;
consequently

If the are alike, the weighting factors are all equal.

For rapid addition of waveforms low input capacitance is usually

desired. For this reason pentodes are preferable to triodes. It may be

Fig. 1813.—Differential amplifier.

desirable to perform more precise addition with relatively slow wave-
forms, however; in this case cathode degeneration may be used to make the

operation less dependent on tube characteristics variation). In this

case triodes are preferable because cathode degeneration in pentodes

produces undesired transfer of current between the screen and the plate. ^

Cathode Coupling ,— combination of two amplifier tubes with a

common cathode impedance, shown in Fig. 18*13, is known as a ^differ-

ential amplifier. Such a circuit involves feedback as does any circuit

with impedance between cathode and ground. This circuit produces a

voltage proportional to the difference of Ei and The theory and
practical details of this circuit are given in Chap. 9 and Vol. 18, Chap. 11.

The output voltage difference is given by the equation

ET __ g^RhiEi — E^
Tp + Rl

'

* For a discussion of this effect, see Chap. 7.

(6)
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subject to the assumption that the triodes have identical linear character-

istics given by

^ ^pk "I" l^^gk
Ip —

rp

If a single-ended output is desired, the voltage with respect to ground
may be taken from either plate. In this case the two inputs have slightly

different weighting factors (Vol. 21, Chap. 3 of this series), but by intro-

duction of a constant-current triode in series with the cathode resistor

the weighting factors may be made more nearly equal. The difference

in weighting factors is a measure of the common-mode variation, since

aci - bci = ^ (ci — 62) + ^
- ^

(ei + 62).

Over the same range of inputs

of El and £^
2 ,

the cathode voltage

Ek measures approximately half

their sum (plus a constant).

This adding property is a special

case of a general common-cathode

adding property, shown in Fig.

18- 14. By means of this circuit as

many voltages as desired may be

added by connecting the cathodes

of the triodes together. For the

circuit of Fig. 18T4, straight-for-

ward analysis assuming linear

characteristics shows that for varis

for which Eo measures the difference

Fig. 18-14.—Addition using common cathode
resistor.

ional voltages

M ^ e,- ^ e,-

Ck = — — « if M is large. (7)

Kk

This is essentially the same result as for a passive parallel network with

n equal resistances except that there is no mutual coupling between

sources other than that due to interelectrode capacitances. The output

impedance is very low—approximately l/{ngm)- The weighting factors

may be varied by inserting resistors between the cathodes and the com-

mon output node; this, however, increases the output impedance. The
amplitude of each input voltage is limited to approximately the grid base

if linear operation is desired.

Parallel Adding with Feedback .—One of the most useful methods of

addition uses negative feedback in connection with a passive network.
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In the circuit of Fig. 1815, a parallel adding network is connected to add

a number of inputs to the output of an amplifier
;
the sum of these voltages

is the input to the amplifier grid.^ An expression for the output voltage

Fig. 18-16.—Parallel network with feedback.

can be derived ^ by means of Eq. (6) for the parallel adding network and

the equation

Cq — A.Ci

for the action of the amplifier. This expression is

n

(8)

where the V/s are the admittances in the respective input branches as

before, and F/ is the admittance in the feedback branch. For sufficiently

large values of A, a simplified expression may be written:

n

The weighting factors are nearly the same in magnitude as for parallel

adding, but negative. An amplifier of this sort can thus be used to

produce the negative of a voltage sum, or to invert a voltage prior to

subtraction (Sec. 2-5). The input admittance for the jth source is

approximately F,- if A is large, since the grid node is nearly at a constant

potential. High impedances (or low F/s) may be used without the

danger of bad transient response; the input capacitance of the first stage

* The operation of this circuit is discussed in Sec. 2-5 for the case of a single input

voltage.

* A similar derivation taking into account the output impedance of the amplifier

is given in Vol. 18, Sec. 92 of this series.
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has hardly any effect since the grid voltage changes very little. This

may be considered to result from the high input admittance at the first

grid, (1 — A)Yf. Stray capacitance from portions of the resistors to

ground, however, still has effect.

The mutual coupling factors may be derived in a manner similar to

that in which these for the passive parallel-adding network were derived.

The current increment in the fcth branch resulting from a voltage incre-

ment in the jth is

A4
AC;

ASa ^Aeo ,, YkX Yk X -V-Acj ^Acj A

Substituting the weighting factor AeofAej from the approximate Eq. (9)

gives an expression for the coupling.

Aik _ —YjYk _ ~Zf
Ac, AYf ” AZjZk ( 10 )

Because this mutual transfer admittance tends to zero as A increases,

the inputs are nearly independent.

A circuit of this type then gives an output practically the same as

that of the passive parallel-adding network, but inverted in polarity.

The feedback circuit has the advantage that the output amplitude may
exceed that of the input. If a multistage feedback amplifier is used for

extremely sharp pulses, delays within the amplifier itself may have the

effect that the first grid is not returned to its equilibrium voltage until,

for example, 0.1 ^sec after a step function at the input. During this

time the amplifier may be overloaded.

An advantage of this circuit as compared with other vacuum-tube
adding circuits is that it requires only one amplifier, regardless of the

number of inputs to be added. If a large number (n) of similar inputs is

used, the loop gain goes down as 1/n, and extra gain may be necessary.

For an example of a circuit of this type see Fig. 19-27.

Instead of an a-c or d-c amplifier, a carrier amplifier (see Chap. 9) may
be used for this method of addition. For example, a mechanical modula-

tion-demodulation system with amplification may be used as the amplifier

in Fig. 18-15.

Another amplitude-discrimination device that may be used is the

‘^magnetic amplifier. The speed of computation of this device is also

limited by the frequency of the a-c carrier.

Subtraction by Vacuum Tubes .—It is possible to subtract voltages

by means of vacuum-tube circuits^ having high input resistance. Two

^ H. S. Sack et al.y ‘‘Electronic Computers for Division, Multiplication, Squaring,

etc.,’^ NDRC 14-435, Cornell University, 1944; see also Sec. 11-7 of this volume.

* J. W. Gray and D. MacRae, Jr., “Differential to Single-ended Potential Con-

verters,” RL Report No. 457, November 1943.
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such circuits designed to operate with d-c voltages are shown in Fig. 1816.

The first (Fig. 18*16a) is a symmetrical circuit producing two outputs

which vary as {Ei — E2)/2 and {E2 — Ei)/2 and have an additive con-

stant voltage. Over a range of about 80 volts for each input, the output

is accurate to within 0.5 per cent of the peak output variation; change of

tubes varies the d-c level by less than one per cent. If calibration

potentiometers are provided for varying the 750,000 ohm resistors, the

effects of tube change and resistor unbalance Can be compensated for

laboratory purposes.

The second circuit (Fig. 18-166) operates over a range of about 140

volts for El 100 volts for £^2 . The output potentiometer tap may

(a) Symmetrical circuit (6) Asymmetrical circuit

Fio. 18*16.—Difference-to-potential converters.

be adjusted to vary the weighting factors of Ei and The accuracy

of computation is similar to that of circuit (Fig. 18T6a); the principal

source of error (1 to 2 per cent) is a drift of the constant d-c level, but if

calibration controls are permissible the residual errors from linearity

are less than 0.5 per cent of the output range. As compared with differ-

ential amplifiers, these circuits have the disadvantages of requiring

adjustment and not providing amplification. For amplitude discrimina-

tion, differential amplifiers are preferable, but for fairly accurate sub-

traction over a wide range of inputs, these circuits depend less on tube

characteristics.

Combinations of the methods discussed may of course be used for

addition and subtraction. A combination series-parallel network may
be used, for example, when only one of the waveforms to be added is

available from a floating source; series addition may also be used in the

input or feedback path of an amplifier to produce addition or subtraction.
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18*4, Summary.—The following methods of addition and subtraction

have been discussed: (I) Linear Passive Networks: parallel, series, bridge.

(2) Vacuum-tube Circuits: multiple input, common plate, common
cathode, parallel adding with feedback. Some general conclusions may
now be stated which will indicate what methods are appropriate for

particular applications. The use of vacuum tubes introduces problems

of maintenance that might not otherwise arise, but stability problems,

except for slow drifts, may be solved by the use of feedback even though

vacuum-tube parameters may vary considerably (Chap. 3).

In Table 18T the various passive networks are compared from the

standpoint of desirable properties. In order to express the input and

output impedances and the coupling admittances conveniently, values

are given for the case when all inputs are alike; the impedance Z is

defined here to include the internal impedance of the source.

Subtraction with resistive networks always requires a separate

inversion of one input.

The effect of resistive networks on pulses or step functions depends

on the output impedance of the network and the input impedance of the

following element. An important source of delays is stray capacitance,

either input capacitance of vacuum tubes or strays from components and

wiring to ground.

The most significant data in Table 18T are that a parallel network

requires no floating inputs, and that a bridge network or a series network

operating into infinite impedance has no coupling between inputs.

Table 18 - 1 .—Comparison of Passive Adding Networks

Property Parallel Series Bridge

Number of possible

inputs

Any number Any number Two

Floating inputs
needed

None All but one One (may be push-

pull resp. ground

if bridge is sym-
metrical)

Weighting factors Easily adjustable;

1/n if inputs are

alike

Easily adjustable;

may be all unity

Adjustable

Mutual transfer ad- Decreases with in- Zero if bridge is

mittance between

inputs

nZ creasing load
;
zero

if load is an open

circuit

balanced

Input impedance Approx. Z nZ plus load; in-

finite if load is an

open circuit

Approx. Z

Output impedance Approx. ^ nZ Approx. Z
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Table 18-2 shows a similar comparison for vacuum-tube addin^t!;

circuits. In all the circuits listed in the table, inputs are measured with

respect to ground.

Table 18-2.—Comparison of Vacuum-tube Adding Circuits

Property Multiple input Common plate Common cathode
Parallel adding

with feedback

Number of in- Limited by num- Any number; Any number; Any number
;
ad-

puts ber of elec- each input re- each input re- ditional inputs

trodes quires one tube quires one tube do not increase

section section number of
tubes

Weighting Depend on tube Adjustable if se- Adjustable if se- P^asily adjust-

factors ries resistors ries resistors able
;
depend on

are used are used network

Transfer ad- Qm for grid and Zero with ex- Zero with ex- 1

mittance cathode inputs; ception of in- ception of in-
1

AZ
between in- low for grid-to- terelectrode terelectrode {A — gain of

puts grid capacitance capacitance amplifier; Z/ =

Zi)

zInput imped- — at cathode;
Due to interelec- Due to interelec-

ance Qm trode capaci- trode capaci-
high for grids

unless the elec-

trode draws

current

tance (large) tance (small)

Output im-

pedance
Approx. Vp Approx. —

n
_L
ngm

Zout

"X
(^out = output

Z without feed-

back)

Possibility of Yes, with cath- Yes, direct to No Yes, direct to

subtraction ode input plate plate

DIFFERENTIATION AND INTEGRATION

18*6. Methods of Differentiation and Integration.—The circuits to be

considered in Secs. 18*5 to 18*7 are those that produce waveforms approxi-

mately proportional to the derivative or integral of the input waveform.

The required accuracy varies considerably among the applications; more
elaborate circuits are required for higher accuracy. Emphasis will be

placed on purely electrical devices; a number of mechanical and electro-

mechanical devices are available,^ but their response time is generally

much longer than the duration of the waveforms considered in this

volume.

There are a number of applications in which only certain properties

' Sec, for example, Vol. 21, Chap. 4.
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of the derivative or integral are desired, and the operations need not be

performed with high precision. For example, if it is desired to produce

pulses from a periodic rectangular waveform, an RC ^‘differentiating’’

circuit can be used for this purpose (Fig. 18*17). If the duration of the

pulse is not of critical importance, a relatively large time constant may
be used; in this case the departure from true differentiation is considerable.

The process of filtering to remove alternating components from wave-

forms may be done by means of an RC integrating network. This is

commonly used with rectifiers. It may also be used to produce an

approximately triangular waveform from a rectangular wave (Fig. 18*18).

Input waveform Differentiating network Output waveform

Fig. 18-17.—Differentiation of a rectangular waveform.

Here also the requirement may be not accurate integration, but only

reduction of ripple by a specified amount.

One important application of accurate differentiation and integration

is in automatic computation (Vol. 21, Chap. 4). Integrating circuits

are used to produce triangular and parabolic waveforms (Chaps. 7 and

8), and differentiating circuits afford a convenient method of testing

the accuracy of these waveforms (Chap. 20). The differentiation of

triangular waveforms is used to produce rectangles in “ self-gating
”

triangular-waveform generators (Chap. 7). Accurate integrating circuits

Input waveform Integrating network Output waveform

Fig. 18-18.—Integration of a rectangular waveform.

have had considerable use in automatic-tracking devices (Vol. 20, Chap.

8).

The most common methods of performing differentiation and integra-

tion make use of the fact that the current through a condenser is pro-

portional to the derivative of the voltage across it. These methods

employ, first, the simple iSC-networks mentioned above; second, circuits

using a resistance and a capacitance with feedback (Fig. 18*19a and h)

for higher accuracy. In each case negative feedback tends to hold the

grid at a constant potential; if the grid did not move at all, the output

would be exactly proportional to the negative derivative or negative

integral of the input. Inductances and resistances may be used in a
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similar way (Fig. 18-20); the resistance of inductors introduces errors,

but the differentiation is satisfactory for many purposes. Another

method of performing approximate differentiation, which is of interest

but not widely used, involves a delay line. The effect is to subtract

from the value of a waveform at time t its value at some previous time

i At; the result is then a differencing process resembling differentiation.

e,

1

G
Amplifier

(b) Integrator.

Fig. 18-19.—Feedback circuits for differentiation and integration.

18*6. Theoretical Approaches. Fourier Analysis.—The response of

any linear network, and of differentiating and integrating networks in

particular, to an arbitrary input waveform may be expressed in terms

of the response to sine waves of all frequencies. A more convenient

expression is possible if the response to the complex exponential is

considered; in this case the phase- and amplitude-response functions of

the network are given together by a complex transfer ratio. The ratio

of output to input amplitude for a perfect differentiating circuit would

then be
R

So

Ci

a
= iw.

This implies that the amplitude re-
Fio. 18-20.—Simple LR differentiating « • -x

network. sponse 01 a diiterentiating circuit

should be proportional to frequency,

and the phase response should be a constant 90® phase lead. The response

of an RC ^differentiating” network of the type shown in Fig. 18-17 is

ei

R _ jooRC

]

r ” 1 + juRc’
''
ju>C

which is nearly equal to jcoRC for small values of a>RC. This necessitates

making the time constant RC small, however, and a corresponding

decrease in the output results. The effect of the network corresponds to

that of a perfect differentiator (the numerator of the fraction) plus an

RC integrating network (the denominator).
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Similarly, the response of a perfect integrating circuit is

c, ^ ^
Bi jJ

and that of the RC integrating network of Fig. 18-18 is

1

jcoC _ 1

1 \+3^RC'

which is nearly equal to \/jo)RC for large values of wi^C. Again the

region of accurate operation corresponds to small output. This can be

remedied by amplification, but a more stable output can be obtained if

feedback is used.

If the input waveform is periodic, the output may be calculated by
multiplying each of the Fourier components of the input by the cor-

responding value of the transfer ratio and adding; if the input is not

periodic, an analogous process may be carried out using the Fourier

integral.^ Either of these procedures usually involves considerable labor.

Laplace Transform ,—A similar result may be obtained by taking the

Laplace transform^ of each term in the differential equation of the net-

work; the result is an algebraic expression giving the ratio* of the trans-

form of the output to the transform of the input in terms of the complex

variable p. This expression has the same form as that arrived at by
Fourier analysis, except that p replaces jo). The output waveform may
be found by multiplying the transfer ratio by the transform of the input

waveform and finding the inverse transform. This procedure is com-
monly done with the aid of tables of direct and inverse transforms.

The transfer ratio of the RC differentiating^^ circuit of Fig. 18T7 is

<C(eo)

( 11 )

where £,{ef) = Laplace transform of output waveform.

£(et) == Laplace transform of input waveform.

This may be compared with the transfer ratio of a perfect differentiator;

the latter is simply p.

^ See, for example, E. A. Guillemin, Communication Networks^ Vol. II, Wiley,

New York, 1936, pp. 461-470.

* See Vol. 18, Chap. 1 and Sec. 2-7 of this volume.
* The following analysis applies only to zero initial values of e or i
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For the RC “integrating” circuit of Fig. 18- 18 the transfer ratio is

£(e.) _ 1

£(c.) 1 + pRC’ (12 )

as compared with 1/p for a perfect integrator.

Analysis ofFeedback Differentiator and Integrator.—The differentiating

circuit of Fig. 18T9a may be analyzed by combining the three equations*

and

fo — —GSg

— i

€% €g i dtj

where i is the current flowing through the RC from the input terminal to

the output terminal. The result is

€o

G
Ci -f"

G +
GltC

‘/ €o di.

By application of the Laplace transform, the transfer ratio is

£(go)

£(60

Gv

V +
G+ 1

RC (13)

This has the same general form as the ratio for an RC “differentiating^^

network without feedback [Eq. (11)]. The time constant is effectively

divided by G + 1, however; this would ordinarily imply a corresponding

decrease in the output amplitude, but the factor (—G) in the numerator

effectively compensates for this decrease. The result is an improvement

in accuracy corresponding to the decreased time constant, without the

attenuation of the output that results from decreasing the time constant

of a simple Jf^C-network. It is assumed here that G is constant for the

application at hand. Variation of G with frequency^ is a further source

of error in the differentiation of rapid waveforms.

The effect of this circuit may also be considered to be that of a perfect

differentiator with gain G, followed by an RC integrating network with

a time constant RC/(G + 1).

The integrating circuit of Fig. 18T96 may be analyzed in a similar

manner. The transfer ratio is

1 In the following derivation, —O is used for the gain of the amplifier without

feedback.

* The response of amplifiers to pulses is sometimes better expressed in terms of

rise time and overshoot. See Vol. 18, Chap. 3.
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Stjeo) G
£(ci) 1 + pRC(G + 1)

Comparison of this expression with that of Eq. (12) shows that the use

of feedback has effectively multiplied the time constant by G + I, and
at the same time multiplied the output amplitude by (—G). The result

again is an increase in accuracy such as would have been obtained by the

use of a simple f?G-network with

a larger time constant, without

the attendant decrease in output

amplitude.

Superposition Integral ,—A con-

venient physical picture of differ-

entiation and integration may be

obtained by means of the super-

position theorem,^ as applied to a

succession of voltage impulses fol-

lowing one another in time. This

theorem expresses the output volt-

age of a network as a function of

the input voltage and of the response of the network to a step function.

If the output voltage of the network in response to an input step

function is A{t)^ the output in response to an arbitrary waveform ei{t)

can be expressed in terms of A{t), provided the input waveform is

replaced by an infinite number of infinitesimal step functions, as shown
in Fig. 18-21. The amplitude of the step at time X, for example, is

Fig. 18*21.—Replacement of input waveform
by step functions.

dX. The output waveform is then obtained by superimposing

the effects of these step functions; it takes the form of an integral. If

the output voltage at time t is desired, the effect of a previous step de, at

de-
time X is (X)* A{t — X)dX; consequently, the response is

eo(<) = e<(0)4(<) + A c,(x) -Ait-XjdX, (15)

where the term ei(0)A(t) takes account of any initial step in e,-. Inte-

gration by parts makes possible the alternative expression

^ See, for example, V. Bush, Operational Circuit Analysis^ Wiley, New York, 1937,

p. 66 ff.
;
M. F. Gardner and J. L. Barnes, Transients in Linear SystemSf Wiley, New

York, 1942, p. 231 ff.; Vol. 18, Chap. 1, Radiation Laboratory Series. The same
result may be arrived at through the ^^convolution theorem” of Laplace transform

theory, but only the “physical” explanation is given here. Headers not interested

in the mathematical details may skip to the end of this derivation, where the results

are summarized.
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e.(0 = e.(0^(0) + j‘ ei(\) A(t - dK. (16)

In connection with differentiating circuits it is convenient to use the

form of Eq. (15). For a perfect differentiating circuit the response to a

step function, A(t), is given by the delta function.^ This is simply a

weighting function which, if multiplied by a function and integrated,

causes the value of the integral to be equal to the value of the function

at the point where the delta function has a nonzero value. If a delta

function is used for A(t — \) in Eq. (16), then for t ^ Oj the first term

drops out; the^jfttegral assumes the value of ~ei(\) at X = ty so that

For either the simple RC ^differentiating’^ network or the feedback

differentiating circuit, the transfer ratio has the form

£>(eo)

£>{ei)

Bp

P + ^
where B and T are constants, and the response to a unit step function^ is

.4(0 = Be

For small T this resembles a delta function in that most of its area is

concentrated in a small region along the ^-axis. In the case of the feed-

back differentiator [Eq. (13)], B = —G and \/T = (G + 1)/RC; as G
increases, the area under the curve remains nearly constant, but the area

of the function is concentrated more closely about t = 0.

If this function is substituted in Eq. (15), the result is

_i n d
eo{t) = ei(0) ’Be ^ ^

This means that the output voltage at time t is in error by an amount
depending on the weight given to the derivatives of the input voltage

at previous times \ < L The weighting function is shown in Fig. 18*22

together with an input waveform which is a linear sawtooth waveform

* Defined to be zero iix ^0 and infinite at a; » 0 in such a way that
j

S(x) dx **

1. See for example H. S. Carslaw and J. C. Jaeger, Operational Methods in Applied

MaihematicSy Clarendon Press, Oxford, 1941, p. 251.

* Provided that, in the case of the feedback differentiator, it is small enough not to

drive the tubes out of the linear region.
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starting at t = to. Since the weighting function is a function of (< — X),

it is plotted backward along the X-axis from \ = t. The deviation from

the correct output voltage at time t may be considered to be due to the

weighting of the zero derivative, at t < Uy in the integral of Eq. (17).

A delay-line circuit may be made to produce an output voltage equal

to ei(t + AO — The response to a step function is then a narrow

rectangle. This is another way of producing a weighting function that

has values only near t = 0 and resembles a delta function.

The superposition integral in the form of Eq. (16) may be used to

show the action of an integrating circuit. The response of a perfect

integrating circuit to a unit step function

should be a linear waveform, that is,

A(t) — t. If this function is substituted

in Eq. (16), the result is

eo{t) = f?t(X) dX,

for A(0) =0 the term Ci(OA(0) vanishes

and the weighting function

{d/d{t - 'K))A(t - X)

is identically equal to unity. For the

RC integrating network or the correspond-

ing feedback circuit the transfer ratio has

the form

£(eo) ^ B
je(et) I + pT'

where B and T are constants,

response to a step function is

_ j
A{t) = B{1 - e

Fig. 18-22.—Weighting func-

tion and differentiation of a linear

waveform. The voltage scales of ei

, , and Co are not necessarily the same,
and the Xhe departure of eo(0 from the de-

rivative corresponds to the portion

of the weighting function that coin-

cides with the zero-slope region of

ei{t).

The weighting function is equal to the derivative:

If this function is substituted in Eq. (17), the result is

^ dX. (18)

If T is large relative to the time interval of integration, the weighting

function is nearly a constant. For the feedback integrator, B — —G
and T = RC{G + 1); consequently for t«.T and (?» 1 the magnitude

of the weighting function is approximately equal to the constant, 1/RC.
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Figure 18-23 shows the weighting function, plotted backward along the

X-axis as before, together with a rectangular input waveform. The
deviation of the output from the integral corresponds to the departure

of the weighting function from a constant. As the integration proceeds

to increasing values of ty the weight associated with the initial values

of the integrand gradually decreases, as if the integrator were slowly

forgetting the old input information. In the case of slow-acting inte-

grators this is caused more often by leakage in the storage condenser

itself than by the finite gain of the amplifier.

The superposition-integral treatment thus provides an explanation

for the errors^f differentiation and

integration by networks and feed-

back amplifiers, and a method of

computation of these errors; this

treatment is applicable 'to any input

waveform encountered in practice,

t In arbitary units

Fig. 18-2.3.—Weighting function Fig. 18-24.—Waveform resulting from
and integration of a rectangular differentiation of a step function by an
waveform. The departure of Coit) /2C-network. The time constants T are
from the integral corresponds to the measured in the same units as the hori-
departure of the weighting function zontal axis.

from constancy.

including those that cannot be described by simple algebraic expressions.

The explanation of the errors is this: a differentiator, by weighting past

derivatives in the output, “remembers'^ values of the input derivative

that it should not have remembered'^; an integrator ^‘forgets" past

values of the integrand to some extent. The computation of errors by
means of these integrals has not been carried out to any great extent, but

it is believed that for small errors a convenient estimate can be obtained

by a series expansion of the weighting function in Eq. (17) or Eq. (18).

The behavior of the output of an RC ^‘differentiating" network may
be associated with a “direct-coupling" term, for when there is a constant-

voltage input the output tends asymptotically toward that value rather
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than increasing indefinitely. If there is a constant nonzero input voltage

to a feedback integrator, the output will start toward an asymptote of

approximately (—G) times the input, but the amplifier will usually

saturate long before this is reached.

Differentiation and Integration of Typical Waveforms .—Figure 18*24

shows the waveform resulting from differentiation^’ of a step function^

by an i2C-network: a sharp rise at i = 0 followed by an exponential

decay. The three curves shown correspond to time constants of 5, 1,

Fio. 18-25.—Integration of a step function. Fig, 18-26.—Differentiation of a linear

waveform.

and 0.2 times the time unit on the horizontal scale. The result of inte-

gration of a step function by a similar network is shown in Fig. 18*25.

The waveform resulting from ‘differentiation” of a linear waveform

is shown in Fig. 18*26. This method is used to check the linearity of such

waveforms. The Laplace transform of this waveform has the same form

as that of the “integrated” step function. For “integration” by a

passive network the ratio of transforms has the form 1/(1 + pT), and the

step function has the transform^ 1/p; therefore, the transform of the

output waveform is l/p(l + pT). Similarly, the “differentiation” of a

* A graphical treatment of this operation is given by G. P. Ohman, ‘‘Square-wave

Differentiating Circuit Analysis, Electronics^ 18, 8, 132 (1945). The input is assumed
to be a rapid exponential rise. Shunt capacitance is considered, and a number of

graphs are given.

* The Laplace transforms of waveforms differ from the Heaviside expressions by a

factor 1/p.
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linear waveform of slope \/T produces

PT .. I _ 1

1+pT^ p^T p{l + pT)

The difference is that in ‘‘integration’^ the initial transient of the output

waveform is important, whereas in differentiation as a slope-finding

process the steady state to which the network settles is the desired output.

Figure 18-27 shows the result of “integration” of a linear waveform with

various time constants.

Fig. 18-27.—Result of integration of a Fig. 18*28.—Differentiation of a parabolic
linear waveform with various time con- waveform,
stants.

Figure 18-28 shows the result of “differentiation” of a parabolic

waveform. This procedure is used as a rough check on the accuracy of

parabolic waveforms. The transform of this waveform has the same
form as that of the integrated linear waveform.

In the case of integration the errors, which are always smallest at the

start, increase with time. For differentiation the opposite is true: a

short time is required before the output waveform reaches its correct

value, after which it maintains that value as long as the input derivative

is constant.

18*7. Practical Circuits.—^The errors discussed above, which are due

to the departure of /2(7-circuits from perfect differentiators and inte-

grators, are important when feedback is not used. If a feedback loop

with sufficiently high gain is used, however, these errors become small
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relative to the errors caused by departure of components from the ideal

properties assumed in deriving the equations. In differentiating circuits,

stray capacitances cause a time lag around the feedback loop; such a

delay limits the rate of response of the circuit. If the input is a rapidly

rising waveform, the amplifier may be overloaded at first; the flow of

grid current in the input condenser may introduce serious overshoot

effects. In integrating circuits, especially those operating over time

intervals of several minutes, the effect of dielectric absorption in the

integrating condenser may cause errors.^ Another important source of

error in such integrators is leakage across the integrating condenser.

If the theoretical time constant {G + 1)RC is sufficiently large, the limit-

ing effect will be determined by the
leakage time constant. The leak-

age conductance may be decreased

by special mounting, insulation,

or cooling of the condenser. The
effect may also be reduced by ad-

justment of d-c levels in the cir-

cuit so that at the center of the

output range there is no voltage

across the condenser (Fig. 18-29).

If this circuit is used, the drift

will always be toward the center

of the output range, rather than

being always a decrease in voltage,

as in the case of the single-stage

Miller integrator.

By means of a more elaborate circuit, compensation over the entire

output range may be obtained. The leakage resistance of the condenser

contributes a current proportional to the voltage across the condenser; in

order to compensate for this it is necessary to withdraw an equal current

from the grid node. This can be done by means of an appropriate

resistance if a voltage is available which is proportional to the negative

of the voltage across the condenser. The circuit of Fig. 18-30 may be

used for this purpose; the feedback amplifier connected to the plate of

the Miller integrator produces a voltage (— Cp/A;) which withdraws

through the adjustable resistance RL/k a current equal to the leakage

current. The effect is that of a negative resistance^ in parallel with the

positive leakage resistance.

In feedback differentiators and integrators there are several methods

1 See Vol. 21, Chap. 4.

* See E. L. Ginzton, Stabilized Negative Impedance,'^ Electronics (July-Septem-

ber, 1945).

+

Fig. 18-29.—Compensation for leakage
at center of output range. The potenti-
ometer P may be adjusted to make the drift

rate zero at the center of the range of output
voltage.
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which the designer may use to increase the loop gain and correspondingly

reduce the variation in potential of the first grid. The most obvious is

to use more than one stage of amplification. Another, shown in Fig. 18*32

below, is the use of a constant-current tube as the plate load of a pentode.

A third is the use of a large inductance in the plate circuit of an amplifier.

Examples of this method are given in Chap. 7 and in Vol. 21, Sec. 6*6.

Feedback Differentiators .—Figure 18*31 shows a differentiating circuit

designed to operate with relatively rapid changes of the input voltage.

Its response time is of the order of magnitude of several microseconds;

this means that if the input waveform is triangular, the output waveform

will be a rectangle whose front edge is an exponential with a time constant

Fig. 18*30.—Compensation for leakage in

storage condenser over entire output range.

+250 V

Fig. 18*31.—Feedback-differentiating cir-

cuit.

of several microseconds. The first stage is a cathode follower, for the

differentiator has an input impedance approximately equal to that of

the input capacitance. The differentiator itself has one stage of ampli-

fication, followed by a cathode follower with a VR tube in the cathode

circuit to correct the d-c level. The adjustable 200,000-ohm-feedback

resistor permits variation of the over-all gain as the input-rise rate varies

from one waveform to another. With a value of 200,000 ohms in the

circuit, an input rate of 25 volts/msec produces one volt at the out-

put. Input and output voltage amplitudes of at least 50 volts can be

accommodated.

Figure 18*32 shows another design in which several improvements

have been made. The power supply provides a higher voltage (+575
volts). A decoupling filter is included in the plate circuit of the first

cathode follower. In addition to the rheostat gain control, a switch is
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provided so that either of two condenser values may be used. The gain

of the pentode amplifier stage is increased by the insertion of a constant-

current tube in the plate circuit.^ The output tube is changed to a 6V6
for higher power and lower output impedance. The d-c levels in the

feedback loop are made consistent by feeding back from a tap on the

cathode resistor; this also produces higher output but lowers the loop

gain. Because of the different d-c levels at which the cathodes of the

tubes operate, separate windings are provided on the power transformer

Fig. 18-32.—Another feedback-differentiating circuit.

to supply heater voltage to the tubes whose cathodes are considerably

above ground potential. The 0.1 M resistance from the heater winding

to the cathode of the 6V6 permits the heater to remain at the proper

d-c level without allowing appreciable stray pickup from the transformer

to reach the cathode. The condensers shown with dotted lines in the

grid circuit of the output tube are inserted to stabilize the loop. Wave-

forms produced by this circuit are shown in Chap. 20

Figure 18-33 shows a similar circuit* designed to operate with less

power drain and to accommodate much lower rates of change of input

^ For a detailed discussion of amplifier circuits of this type see Vol. 18, Chap. 11.

* This circuit is discussed in Vol. 21, Chap. 4.
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voltage. Only positive output voltages (negative input rates) are pro-

vided by this circuit. The output voltage is increased by feeding back

only part of it; an input rate of only 0.4 volt/min suffices to produce an

output of one volt. The network R 1R 2RZ feeds back a fraction of the

output voltage and at the same time sets the d-c level to that of the first

grid. The input condenser must be chosen carefully, because in some

makes of condensers dielectric absorption causes errors in differentiator

operation.

Current feedback may also be used for differentiation and integration.

If an amplifier has a capacitance in the cathode circuit and a resistance

Fig. 18-33.^—Example of feedback amplifier type of /2C-differentiator.

in the plate circuit, for example, it will resemble a differentiator, for the

cathode voltage is proportional to the integral of plate current. The

feedback forces the cathode voltage to be approximately equal to the in-

put voltage; the plate current therefore varies as the derivative of the

input voltage. A number of other variations of the cathode-follower

circuit for differentiation and integration are given in Vol. 21, Chap. 4.

Bootstrap Integrators .—One method of reducing the error that is

characteristic of the simple RC integrating network is shown in Fig. 18-34.

The input current may be made independent of the voltage on the inte-

grating condenser by adding the condenser voltage to the source voltage.

A circuit of this type, in which the voltage difference between two ter-

minals is maintained constant by feedback from one terminal to the other,

is known as a bootstrap circuit. A floating source (certain types of
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detectors, for example) is necessary if this method is to be used. A further

refinement is to use a unity-gain amplifier instead of a cathode follower.

Figure 18 *350 shows another circuit type that makes use of feedback

from one terminal of an element to another. The feedback is from the

grid of the triode to the junction of the integrating condensers Ci and C2 ,

although the action of the circuit is not

such that a constant voltage is maintained

across a condenser. This circuit performs

approximately the operation of double

integration of an input current. It has

been used in automatic range-tracking

loops, ^ the object being to provide mem-
ory of position and velocity. In order to

make a tracking circuit ‘^remember,” it is

necessary that during intervals when there

are no input data the output voltage shall

continue from its last known value at a

rate equal to that previously established.

This property makes it possible for tracking to continue when the inter-

mittent input data again appear.

The operation of the circuit may be described fairly easily, subject

to the simplifying assumption that the cathode follower is a unity-gain

+

Fig. 18-34.—Integrator using float-

ing voltage source and feedback.

•V

4

(a) Schematic diagram (6) Typical memory circuit.

Fig. 18-36.—Double-integrator memory circuit.

amplifier. In this case a relation between the input current i and the

output voltage eo may be found by straightforward netvvork analysis:

RiCiC,^ = i + + Cs) (19)

If there is no input information (i == 0, di/dt = 0), the output voltage eo

^ Automatic range tracking is discussed in Vol. 20, Chap. 8.
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will continue to vary linearly with a slope and zero determined by the

preceding tracking operation. A more exact equation taking into

account the gain G of the cathode follower shows that the actual curve

is a slow exponential having a time constant {GRiCi)/{l — G) . Although

the performance of the circuit as an integrator is good when there is zero

input, a serious departure from the double integral is introduced when
there is an input i because of the linear com-

bination of i and di/dt on the right-hand side

of Eq. (19). In a tracking loop this departure

from double integration is not objectionable and

is often necessary for stability of the loop; this

circuit, however, is not suitable for precise

integration in computers.

Figure 18*356 shows a typical circuit of this

F,o. 18.36.-Miiier circuit?
^ incorporated in the input

circuit to prevent spurious signals from being

integrated during the intervals when there are no data. The neon tube

acts as an amplitude selector. The 4.7-megohm feedback resistor keeps

the potential difference across the neon tube small during these intervals.

The resistances used are typical in that Ri is usually considerably greater

than R 2 . An input condenser can be used because the current i is

supplied in pulses.

B +

+350V

Positive

gate

Fio. 18*37.—Diode switch for establishing starting level of integrator. The VR91 is a
British tube type.

Miller Integrators .—A number of feedback-integrating circuits

designed to produce specific waveforms are discussed in Chaps. 7 and 8.

One of the most generally applicable circuits and one of the simplest

is a single-stage amplifier with capacitive feedback from plate to grid

(Fig. 18*36). This is known as ‘Hhe Miller circuit'^ because of the
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resemblance of its operation to an effect described by J. M. Miller,^ which

concerns a similar feedback resulting from the grid-plate capacitance

of a triode. The analysis of Eq. (14) is applicable. In the generation

of periodic waveforms it is frequently desirable to start the output wave-

form from a predetermined level. ^ Figure 18*37 shows a method by
which this can be done. Normally Vi is cut off and 72 is conducting.

The plate of Fs is then set at a potential determined by the resistive

feedback network consisting of Ri and /? 2 . When a positive gate is

impressed on 7i, current begins to flow through the integrating condenser

Cl (150 and thereby generates a negative sawtooth waveform at the

plate.

An important application of the Miller integrator is in automatic

tracking.® Figure 18*38 shows two such circuits used for this purpose.

+350 V

The network between the two integrators contains an additional con-

denser necessary to the stability of the feedback loop of which these

circuits are a part.

Figure 18*39 shows an integrator designed to operate over longer

periods of time. The principal feature which makes this possible is the

mounting of the resistance and capacitance and other input components

in a hermetically sealed container to minimize leakage. The second

differential-amplifier stage is provided with positive feedback by the

resistors from each plate to the opposite grid. The positive feedback

must be carefully adjusted, however, for over-regeneration'' produces

errors. A push-pull output was desired for this particular application;

positive and negative output voltages, symmetrical with respect to

ground, are produced. A switch is provided for adjusting the starting

' J. M. Miller, Dependence of the Input Impedance of a Three-element Vacuum
Tube upon the Load in the Plate Circuit,” Nat, Bur, Standards Sci, Paper 351.

2 See Chap. 7.

® Vol. 20, Chap. 9.
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level, or integration constant. The output rate is 50 volts/hr for an

input of 2.3 volts. Critical factors in the design of circuits of this type

are grid current, which must be small relative to the input current; and

differential tube drift, which may produce undesired integration. In

this circuit a change of grid current of 0.00056 /jl^j or a differential drift

of the 6SU7 of 23 mv, will give an error of 0.5 volt/hr.

Magnetic Amplifier .—A nonlinear core of magnetic material^ may
be used in place of a differential amplifier as an amplitude discriminator.

+300 V

Fig. 18*39.—Electronic integrator for slowly changing output voltages. The dotted line

includes components that are hermetically sealed.

One winding supplies a carrier frequency to the core, and several other

windings carry currents whose sum is to be made equal to zero. If

there is a net d-c flux in the core, a second-harmonic output is produced;

this is used as an error signal in a feedback amplifier which restores the

d-c flux to zero by adjusting one of the currents. By the use of a con-

denser in series with one of the d-c windings, differentiation or integration

is possible. The carrier frequency limits the speed with which differ-

^entiation can be performed. Tests of a differentiating circuit of this

type with an exponential input haying a time constant of about 0.3 sec

showed a mean error of 0.6 per cent of maximum output.

^ H. S. Sack ei al.^ NDRC 14-437; H. S. Sack et al,^ *'tJse of a Specially Designed
Magnetic Amplifier in Computing C^ircuits,” Cornell University, May 10, 1945. See

also Sec. 11*7 for a more detailed treatment.



CHAPTER 19

MATHEMATICAL OPERATIONS ON WAVEFORMS-^-II

By F. B. Berger and D. MacRae, Jr.

19*1. Introduction.—The operations to be considered in this chapter

are multiplication, division, squaring, and the extraction of square

roots. These operations are difficult to perform with linear circuit

elements, even with the aid of feedback amplifiers. The methods used,

therefore, involve either nonlinear or multivariable elements.

In selecting devices for these operations, the designer usually has a

choice between accuracy and speed of computation. The most accurate

multiplying methods use electromechanical devices^ potentiometers)

and feedback systems with carrier waveforms (Sec. 19-5). Either of

these methods may give accuracy of the order of magnitude of 0.1 per

cent of the range of output, but both are limited in speed of response

—

the electromechanical devices being limited by inertia to response in

about 10”"^ sec, the carrier-type amplifier being limited by the period

of the carrier waveform (response times as low as 10“® sec have been

obtained). On the other hand, there are multiplying devices having

instantaneous^' response (within a few tenths of a microsecond), such

as logarithmic circuits and multiple-input vacuum tubes. The accuracy

obtainable with these devices depends directly on the characteristics of

the elements used and is rarely better than about 1 per cent of the range of

output. The variation of characteristics with temperature and with

change of elements is an additional source of error.

Among squaring devices there is also a choice between accuracy and

speed. Sections 19-6 to 19-9 will be concerned chiefly with “instantane-

ous" squaring; this is done, for the most part, by means of the nonlinear

characteristics of vacuum tubes. The best accuracy measured has

been about 0.5 per cent of the range of output, and careful calibration is

required to realize this. “Noninstantaneous" squaring may be done

with considerable accuracy but less speed by means of a repetitive

parabolic voltage waveform generated by integration (Chap. 8); a

voltage varying as the square of an input may be produced from it by
time selection,

An aspect of the problem that might be considered further is the

development of vacuum tubes having more nearly the desired character-

\yol 21, Chap. 3.

667
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istics. Another subject that remains to be investigated is the nature of

fundamental limitations on computing speed in these devices. For

devices making direct use of tube or crystal characteristics, the speed is

probably limited by stray capacitances; for carrier-type multipliers the

maximum carrier frequency may be limited by stray capacitive coupling

from one circuit element to another.

MULTIPLICATION AND DIVISION

19*2. Relation of Multiplication and Division to Other Operations.

—

The process of amplitude modulation is in many cases a process of multi-

plication in wljjyg^h the carrier amplitude after modulation is proportional

to the modulating signal and to the amplitude of the input carrier. In

other types of modulation the output amplitude is proportional to the

product of input carrier amplitude and some prescribed function of

Fig. 191. —Division performed by the use of a multiplying circuit and a feedback loop.

input signal—for example, the output of a synchro is equal to c* sin dy

where e* is the input voltage and 6 is the shaft rotation. Any precision

modulator of these types may, therefore, be considered as a multiplier.

Electrical and electromechanical modulators are discussed in Chaps. 11

and 12 respectively.

Squaring^ is a special case of multiplication in which the multiplier

and multiplicand are equal or proportional. Thus multiplying devices

may be used as squarers. Conversely, squaring circuits may also be

used as multipliers by means of the relation

(x + yy — (x — yy = Axy, (1)

Logarithmic devices may be used for multiplication by means of the

relationship

log X + log ^ = log xy, (2)

A multiplying device may be used to divide, by means of feedback,

as shown in Fig. 191. The output of the multiplying circuit is eo = keie 2 \

the operation of the amplifier is described by the equation A (e^ — es) = e^,

* Squaring and the extraction of square roots are discussed in Sec. 19*6 to 19*9.
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These relations give

e, = — (3)

which for large A is approximately equal to Cz/kei, A similar method
is discussed in Sec. 19-8 where square-root extraction is accomplished by
this type of circuit and a squaring unit replaces the multiplying unit of

Fig. 19- 1.

With the use of logarithmic devices, division may be performed

analogously to multiplication by means of the relationship

log X - logy = log

19*3. Multipliers Using Tube Characteristics.—In order to make a

vacuum tube serve as a multiplier, the output signal must be proportional

I /

Plate volts

(a) Ideal characteristic. (6) 6K6 characteristic.

Fig. 19-2.—Multiplier characteristics.

to each of two parameters independently—for example, if a triode is used,

the plate current should obey the relation

Xp ^ kCffCpy

which is illustrated in Fig. 19-2. No available triode satisfies Eq. (4)

over a very wide range of values of the variables. For the 6K6 con-

nected as a triode, in the range where ep is less than 25 volts and Cg is

between 0 and +20 volts, Eq. (4) is approximately satisfied if Cg is

measured from an appropriate reference level. Figures 19*3a and 19*36

show two ways in which this property can be utilized to get an output

voltage proportional to the product of two independent input voltages.

If a circuit of type a is used, input 62 must be able to supply the tube

current and the transformer must have a response suitable for passing

the output waveform without undue distortion. The output transformer

must have a low-impedance primary winding, to avoid superimposing

the output voltage on the plate voltage. Circuit type 6 is essentially a
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cathode follower,^ F2 ,
with the multiplying tube Vi as the cathode

impedance. This circuit eliminates the difficulty encountered in type a

by making it possible to measure the output at a different point from the

C 2-input. The cathode of ^2 (plate of Fi) will assume a voltage approxi-

mately equal to 62 ;
the plate current through Fi (and F2) is then

proportional to 61^2 . The source of input voltage ei must have low

impedance if the grid is to be operated at positive potentials. The circuit

may be used for d-c inputs as well as for a-c inputs.

Other tubes, for example the 6L6 and 6V6
,
roughly satisfy Eq. (4),

but none are very good over a wide

range.

A second relationship that is

approximately satisfied for some

tubes and that may be used for

multiplication is

ip = aeg^Cg^y (5)

where ip is plate current and Cg^ and

Cg^ are the voltages on two grids of

the tube. Of the available mul-

tigrid tubes the 6SA7 and the 6AS6
most nearly satisfy Eq. (5), eg^ and

Cg^ being the voltages on the first

and third grids respectively.* In

the case of the 6AS6 it has been

found that more accurate multiplication is possible if the voltage Cg^ is

measured with respect to eg ^—that is, the relation satisfied is more nearly

ip = ^17j)*

19*4. Logarithmic Devices.—Contact rectifiers and diodes have been

found under some conditions to have very nearly exponential variation

of current with voltage, or logarithmic variation of voltage with current.

According to Eq. (2) these devices can be used for multiplication. After

two logarithms are produced and added, the antilogarithm of the sum
must be computed. This may be done either by employing an expo-

nential characteristic directly, or, if this is inconvenient, by using a

feedback loop.

A fundamental limitation of logarithmic devices in waveform multipli-

cation is their inability to handle inputs that go through zero. A possible

but untried remedy for this is to add constants to the inputs until the

^ For theory of cathode follower see Vol. 18, Chaps. 9 and 11.

* See Sec. 19*7 (multigrid squalors), Fig. 19*19.

Fig. 19*3.—Multiplying circuits em-
ploying vacuum tube for which ip =
kcf^p, (a) Transformer-coupled output,

(6) cathode-follower type.
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resulting quantities are positive throughout the region to be used, then

to multiply and subtract out the undesired terms.

Obviously, by adjustment of scale factors, a logarithmic multiplying

device can be used to compute the function where a and b are

arbitrary real exponents. The difficulty in practice is to keep it from
doing this since careful calibration is required to set the exponents at the

desired values.

Contact Rectifiers ,—It has been observed that the impedance of cer-

tain contact rectifiers^ follows the law E = rlog i over a substantial range

of their forward characteristics. Commercial copper-oxide rectifiers of

various makes and sizes were found to follow that law consistently for a

current range of 1 to 50 above a potential of about 0.070 volt per con-

tact layer. Certain microwave mixer-type crystal

detectors follow the logarithmic law through a cur-

rent range of at least five decades, from the lowest

measured value of 1 /xa (with 0.16 volt) up to

about 10 ma (0.50 volt) in any circuit, and up to

about 0.25 amp. if the linear contribution to the

IR drop in the semiconductor is canceled.

The simplest electrical circuit for obtaining

logarithms is the voltage-divider circuit shown in

Fig. 19-4. The output of this voltage divider is

strictly logarithmic only if

—

1. The ohmic resistance Ri within the rectifier

is negligible compared with the logarithmic

contact resistance Z.

2. The source, or series resistance Rsj is large

compared with Z.

3. The load, or meter resistance Rm, is large

compared with Z,

An alternative circuit for the production of

logarithms is the bridge circuit shown in Fig. 19*5. For convenience,

symmetry will be assumed, with Ri = R^ = Raj Zz = Z^.

Nonlinear bridges of this type are known to have an output-vs.-input

characteristic as plotted in Fig. 19-6 for negligible load current {Rm = «> ).

All curves were plotted with Ri = R 2 = 100 ohms, with Zz and Z4 each

consisting of two layers of 0.85-in.^ copper-oxide rectifiers in series, and

with values of Rz = Ra varied from 0 to 100 ohms as indicated. The
larger are these resistances, which are in series with the rectifier contacts,

the higher is the input voltage at which the bridge balances (Em ~ 0).

^ This material is taken from H. E. Kallmann, ** Three Applications of Nonlinear

Resistors,” Report Ja-5, Part III (Oct. 19, 1945).

Fig. 19-4.—Voltage
divider. Ri is the ohmic
component of the recti-

fier resistance; Z is the
logarithmic contact re-

sistance; Rs = source re-

sistance; Rm ~ meter re-

sistance.
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In particular, when fii = ^2 = -Ra == Rh the output voltage Em
no longer goes through zero. It then presents an exact replica of the

voltage on the copper-oxide rectifiers, rising logarithmically with rising

bridge input. This result will be seen more clearly if the curve

Rs = Ri = 100 ohms

is replotted on a semilogarithmic scale as in Fig.

19*7. The straight line indicates a strictly loga-

rithmic relation over an input range of 34 db.

An evident merit of the bridge circuit is that

the residual resistivity Ri of the contacts can be

^allowed for in the adjustment of the resistances

jRa and Ra, As in the voltage-divider circuit,

the output of the bridge circuit departs from

the desired law at the low-current end of the

range when Z groAvs comparable to R.

Logarithmic circuits lend themselves to combinations for the purpose

of electrical multiplication or divi-

sion. Figure 19-8 shows, as an

example, the combination of two

logarithmic bridges. Their out-

puts are connected in series and

fed, with opposite sign, to a meter,

Fia. 19-6.—Characteristics of bridge Fia. 19*7.—^Logarithmic plot of bridge

Circuit. characteristic.

which thus reads the difference of their output currents. The current is

then

(

E
^02

which is proportional to the logarithm of the ratio of the two bridge

inputs. The meter may thys be calibrated directly in decibels of quo-
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tient with a linear scale. Two small resistors p with adjustable taps

are shown in Fig. 19*8 for the initial adjustment of bridge balance. A
model with each R = 200 ohms, each Z one layer of 0.85-in. ^ copper

oxide, p = 5 ohms and a meter for

0.1 ma full scale with Rm = 1800

ohms was found reliable within

± 2 per cent of full scale for either

input voltage varying from 0.14

volt to 7 volts—that is, up to

ratios of “ + 36 db. (For the

temperature-sensitivity of crystal

characteristics, see Chap. 3.)

If circuits of this sort are to be

used to obtain the product of

rapidly varying waveforms, it is

±db

Fig. 19*8.—Combination of logarithmic
bridges for division.

necessary to compute automatically the antilogarithm of the output

current.

Fig. 19-9.—Use of logarithmic diode characteristic for multiplication. The grid voltage
of each triode varies logarithmically with grid current.

Diodes ,—For a diode at low-current values the variation of current

with voltage is very nearly an exponential. By the use of a large series

resistor the current may be made the independent variable, the voltage

output then being a logarithmic function of current. This property
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has been used^ in a multiplying device; the grid-cathode current charac-
teristic of a triode is used to produce a logarithmic variation of grid

potential, and the grid-plate characteristic to amplify this variation.

Three such devices may be combined in a feedback loop as shown in

Fig. 19*9. Errors may result from variation of contact potential of the
diodes, or from variation of heater voltage.

19*6. Miiltiplying Devices Using Carrier Waveforms. Variation oj

Waveform,—One method of multiplication is to vary the amplitude and
duration of a rectangular waveform. If the bottom of the rectangle is

Fig. 19-10.—Block schematic of “carrier” multiplier circuit.

held at zero potential, the average or integral of the waveform is pro-
portional to the product of amplitude and duration. Several computers
using this principle have been designed^ at Cornell University. A feed-

back circuit is employed in such a way that some errors cancel out.

Multiplication of two voltages has been accomplished with errors of

0.2 per cent or less of maximum output. The inputs cannot, however, go
through zero.

A similar procedure using triangular waveforms could conceivably
be used to produce the function xy, the amplitude being varied as y and
the duration as x.

Gain Control Using Feedback at Carrier Frequency.—A multiplying
circuit developed at TRE makes use of a variable-gain amplifier whose

^ For a more detailed treatment see Vol. 21, Chap. 3.

* H. S. Sack et al.y Electronic Computers for Division, Multiplication, Squaring,
etc.'^ NDRC 14-436 Cornell University, 1944; Vol. 21, Chap. 3.
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gain is controlled in accordance with an input signal by means of a

feedback loop. A block diagram is shown in Fig. 19*10. A standard

reference signal of 500 kc/sec is put through a variable-gain amplifier.

The 500-kc/sec output component of the amplifier is compared with one

of the input signals, Vi, and the difference is integrated and fed back to

control the amplifier gain. The result is that when the loop is in equi-

librium the gain of the amplifier is proportional to Fi. A second signal

Fe modulates a 200-kc/sec wave, which is also fed to the input grid of

input

(Oto-lOOv)

‘Carrier” multiplier circuit. The tube types indicated are British.Fio. 1911.-

the amplifier. The output at 200-kc/sec is then proportional to the

product F 1F2 . The two outputs of the amplifier are separated by tuned

circuits. Figure 19*11 shows a circuit of this type which was found to

operate satisfactorily. The two signals entering the variable-gain ampli-

fier (VR53) are regulated in amplitude (the 500-kc/sec signal amplitude

being kept constant, the 200-kc/sec signal varying proportionally to F2)

by means of feedback loops in which the output is rectified and varies

the gain of a tube. Additional flC-networks are provided to stabilize

the AVC loops. The ‘‘misalignment amplifier” is a Miller integrator^

^ For a discussion of the use of integrators in feedback loops see Vol. 20, Chap)S. 8
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(Sec. 18-7). Controls are provided for the region of operation of the

integrator and for the sensitivity of the entire feedback loop. For

proper operation it is necessary that the variable-gain amplifier remain

in its linear region—that is, the output signals of the amplifier cannot

exceed about 50 volts. The output measuring ViV2 is rectified and the

d-c output is taken from a cathode follower. The output level is adjust-

able by variation of the level of the final rectifier; thus the output can be

set to zero at zero input.

The chief advantages of this method of multiplication are that it

does not depend to a first order on tube characteristics, and does not

require special t^es. A similar method has been used at Bell Telephone

Laboratories to linearize the characteristics of the 6AS6 as a multiplier.

Time selection rather than frequency selection might be used in a multi-

plier of this sort; one pulse train might set the gain of the amplifier, and

another measure the second input signal.

Multiplication by the Method of Coincidences .—A method making use

of probability^ may be used to compute the product of any number of

inputs. It is a well-established result of probability theory that if

several events occur with a random distribution in time, the probability

of simultaneous occurrence of all of them is the product of their separate

probabilities. This result may be extended to periodic waveforms whose

periods have no common divisor. In particular, if rectangular waveforms

of independent frequencies are superimposed, the time during which all

the waveforms are positive will be proportional to the product of the

duty ratios of the waveforms. One method of making use of this

principle is to adjust the d-c levels of the rectangular waveforms which

are to be added in such a way that a tube will be turned on only during

the time when all the input waveforms are positive. The result will be

that the average current drawn by this tube is proportional to the product

of the input duty ratios.

It is first necessary to produce at each frequency rectangular waves

of variable duration. This may be done by means of a time-modulation

device and a prf generator (see Chaps. 5 and 13). The method actually

used in the equipment constructed was to generate a triangular wave

(see Fig. 19*12) and to select a portion of it by means of a variable bias

level. The resulting amplitude-selected wave was converted to a square

wave by amplification and limiting. The duration of the positive portion

of the rectangular wave then varied linearly with the input bias level.

These rectangular waves were added by means of a resistance net-

work and the sum fed to the grid of a pentode (Fig. 19*13). The d-c

' lliis method of multiplication was described by Professor A. C. Hardy of M.I.T.

at the M.I.T. Physics Colloquium on Jan. 31, 1946. It was used in connection with

the solution of three simultaneous third-order equations (Vol. 21, Chap. 3).
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levels were so adjusted that the tube conducted only when all three waves
were positive. When this coincidence occurred the tube was driven to

zero j^rid bias. The current flowing in this case could be adjusted to Ji

predetermined value by means of the screen potential. The average

current in the tube then measured the product of the inputs.

The three trains of rectangular waves

used to multiply three quantities in this

equipment were generated at frequencies of

approximately 18, 21, and 24 kc/sec. The
computation of a product could be com-

pleted in approximately 500 jusec. The er-

rors of computation in a computer using" 24

of these devices ranged from 1 to 4 per cent

of maximum output.^ These figures for

speed and accuracy, however, are not deter-

mined by fundamental limitations
;
the design

was so made that the performance was

satisfactory for the problem at hand. Fur-

thermore, these figures do not include errors due to time modulation.

Reference should be made to Chaps. 5 and 13 for more precise methods of

performing this operation. The principal accuracy limitations seem to be

those resulting from linear time modulation and from variation with time

of the current through the vacuum tube at zero grid bias. If the input

Triangular waveform and
variable bias level

_rLi^
K— r—

H

^ =duty ratio

Corresponding rectangular

waveform

Fio. 19- 12.—Generation of

rectangular wave of variable

duration.

Fig. 19-13.—Superposition of rectangular waves for multiplication.

variables are measured by the averages of the corresponding rectangular

waves, the time-modulation errors are irrelevant.

A distinguishing characteristic of this method of multiplication is

1 These results were obtained from work done at the research laboratories of the

Interchemical Corporation, New York City.
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that any number of inputs may be used. Moreover, the operation of

multiplication itself does not depend on the characteristics of vacuum
tubes or nonlinear elements. The method does not, however, provide

for a change of sign of the inputs.

SQUARES AND SQUARE ROOTS

19*6. Circuits for Producing Squares and Square Roots.—By a

squaring or square-root-extracting circuit is meant a circuit the output

of which is proportional to the square or square root respectively of the

input signal. The duration of the waveforms used in these circuits

ranges from ab^mt 30 /xsec to several thousand microseconds. The
response to very rapid input rates is limited chiefly by stray capacitances.

Most of the circuits to be discussed are amplifiers whose output

signals are proportional ^o either the square or the square root of the

input signals. For these circuits the input is usually to a grid, and the

input impedance is high. The peak input signals range from 3 to 50 volts,

depending on how much of the tube characteristic may be used. The
errors of these circuits when properly calibrated range from 0.5 to 10 per

cent of maximum output. The circuits that depend directly on vacuum-

tube characteristics require calibration controls, for the output may vary

considerably with heater voltage or aging, or from one tube to another.

Squaring and the extraction of square roots may be done by means of

other mathematical operations. A multiplying circuit in which the

inputs are equal has an output proportional to the square of this input.

Similarly, a dividing circuit in which the quotient’^ and ^‘divisor” are

somehow made proportional to each other serves to extract the square

root of the dividend.

A

voltage waveform proportional to the square

of the time elapsed since its start may be produced by actually squaring

a waveform in which the voltage is a linear function of time, but it may
also be obtained by integrating the linear waveform.^ By means of

time selection a voltage proportional to the square of a time interval

may be obtained from a parabolic waveform.

A squaring circuit can serve as a frequency doubler (Chap. 15),

cos^ o)t = ^ i cos 2(joL

This equation may be used for squaring if two sine waves are available,

one of which has twice the frequency of the other. By amplitude com-

parison of a cosine waveform with an input variable x, a time interval

proportional to the inverse cosine of x may be defined. This time interval

is then used for time selection of the double-frequency sine wave, and a

voltage proportional to the amplitude of the double-frequency sine wave,

or to 2x^ — 1, is generated.

^ See Chap. 8; and Chap. 4, Vol. 21.
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Uses ,—The grouud-range sweep for a radar cathode-ray-tube display

requires a hyperbolic voltage waveform^

e ^ a y/

where a and h are constants and t is time. One method of generating

this waveform has been to take the square root of a delayed parabolic

wave of the form

Whereas the ground-range sweep application requires computation

of a Junction within the repetition interval of the radar, other applications

may require only a single value of the function.

Another use for quadratic amplifiers is in ^Hriangle-solving” com-

puters;^ voltages are given which are proportional to two legs of a right

triangle, and it is required to generate a voltage proportional to the

hypotenuse. Methods other than

quadratic amplifiers, however, are gen-

erally more suited to this application.*

Approximate square-root response

for video amplifiers is sometimes desir-

able in radar applications.^ In the

synthesis of certain radar displays^

quadratic functions are employed.

19«7. Squaring Circuits. Direct Use

of eg-ip Characteristic .—If the grid volt-

age Cg of a triode or pentode is plotted

against the plate current ip at constant

plate voltage, the curve resembles that

shown in Fig. 19T4. The characteristic curve may be expressed by the

series®

Fig. 19- 14.—Typical ip — eg curve.

ip — a + ^{Cg — Co) + y{eg — CqY + 5(e^ — eo)* + * *
•

, (6)

where a, /S, 7 . . . are constants of the vacuum tube and eo is a reference

value from which the input is measured. A similar expression is possible

for a triode with a constant plate load. The linear term fi{eg — eo) may
always be eliminated by proper choice of Co (i.e., by a shift of the zero of

^ See Sec. 8*5 to 87.
* The above example (hyperbola) may be considered as a special case of ^Triangle

solution.

* See Vol. 21, Chap. 6.

* This is to compensate for the quadratic response of a square-law detector.

* M. A. Starr, RL Report No. 678.

® See, for example, M.I.T. E.E. Staff, Applied Electronics, Wiley, New York, 1943,

p. 672 ff. etc.
diK
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the horizontal axis). If a vacuum tube could be found such that all con-

stants beyond 7 were zero, then its characteristic could be put in the form

ip = <x + y(eg — eoY. (7)

This tube could be used as a squaring circuit: an output signal pro-

portional to ip could be obtained

across a plate resistor,^ this output

signal being a constant plus a signal

proportional to the square of the

input signal (see Fig. 19T5). If the

required range of operation of

the squaring circuit for a given ap-

plication is] from to where the

range Cg^ — Sg^ is not large relative

to 601 — Co, it is not difficult to find

a tube that will come rather ^near

satisfying Eq. (7) over the required

range (see Fig. 19T6). This condi-

tion is equivalent to saying that the region of operation shall not be near

the vertex of the parabola. If this restriction cannot be'imposed, as in the

case where eg — eo must go to zero, no tubes are available that will meet

the requirements.

The plate-current characteristics as a function of screen voltage for

pentodes or tetrodes with fixed grid

bias can, of course, be expressed by

equations analogous to Eqs, (6) and

(7).

If the characteristic of a vacuum
tube cannot be expressed by Eq. (7)

for the range of operation desired, but

can be expressed by the equation

tp = a + — eo) + y{eg — 6o)S (8)

methods can be devised which elimi-

nate the contribution of the linear

term and permit operation near

eg == eo (i.e., near the vertex of the

parabola). If the proper amplitude

of input signal is subtracted from

the plate signal, the resultant voltage will be, within a constant value,

^ For a pentode the ip vs. €g curve is practically independent of €p over a wide range

of values for €p; for a triode Eq. (6) may be considered as determined with a given

plate load. ^

Fig. 19* 16.—Approximation to ideal

characteristic by actual curve.

Epp

Fig. 19-15.—Simple squarer
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proportional to the square of the input signal. Figure 19-17 illustrates

a way of doing this, provided both and R% are much larger than R,

The output impedance will of course be correspondingly higher.

Suitable Tubes .—Of the tube types available a few are much better

suited to this application than the others. The desirable feature in a

tube is that the ip vs. eg characteristic have a parabolic shape. Since

gm = dipldegy it follows that will be a linear function of eg for those

tubes that are of interest here. This relationship is one that may be
detected reasonably well by inspec-

tion of gm vs. eg curves in a book of

tube characteristics.^ Figure 19T8 1400

shows the curves for a 6B8 pentode.

It is seen that gm is approximately 1200

a linear function of eg over the range

1000

Output

800 h

600 h

400 h

200 h

Fio. 1917.—Linear compensation.

-15 -10 -5
Cg In volts

Fio. 1918.—6B8 characteristics.

of eg from —8 to —15 volts. Some recommended tube types are listed

in Table 191.

Table 19-

1

Type Characteristic of interest Remarks

6B8 ip vs. €g small linear contribution; 7 v useful grid

swing

1S6 ip vs. eg small linear contribution; only 2 or 3 v

useful grid swing

6SN7 ip vs. eg fair with 10 k plate resistor

6D6 1

6U7GJ
ip vs, e,g 40 V swing usable

38 ip vs. eg 30 V swing usable

Sylvania 1205 ip vs. eg small linear contribution

^ See, for example, RCA Tube Handbook HB-3.
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In designing a squaring circuit of the simple type just discussed, one

must consider that the shape and position with respect to the origin

of the characteristic curves varies from one tube to another.^ It is

found that for the 6SN7, for example, both the shape and ‘‘cutoff’’ of

the tubes vary considerably with the sample (see Chap. 3). For the 6B8,

on the other hand, the shape is reasonably consistent, with the curve

shifting within a range of about a volt along the eg axis from tube to tube.

It should be pointed out that the plate voltage-plate current char-

acteristics of some triodes (e.g., the 6SQ7) are approximately of the form

fp =* y{^p “ and thus can be used for squaring (see Sec. 19*8).

Also for some jjjgntodes^ Cp is, except for a constant difference, almost

(a) Circuit diagram. (h) Performance of circuit.

Fig. 19*19.—Multigrid squaring circuit. Circles are experimental points for the slope of

ip —
C(/3 curve.

proportional to the square of the plate current measured from an appro-

priate reference value.

Multigrid Squarer .—In Sec. 19-3 the multigrid tube as a multiplier is

discussed. To operate such a tube as a squarer places similar but much
less stringent restrictions on the characteristic. If the Qm of the tube is

varied in proportion to the change in Cgi if the change in plate current

is proportional to ACg, times and if and Cg^ are proportional, then

Aip = kAe^^j when A; is a constant.

Tube types that have been found most suitable for this application

are the 6SA7, 6AS6, and 7A8. Figure 19-19 demonstrates a typical

circuit and a curve showing the accuracy attained in that case. The
derivative of the output, which should be a linear function, is compared

with a straight line.

‘ The effects of variation of tube characteristics are discussed in Vol. 18, Chap. 11,

‘*D-c Amplifiers.''

* For example, 6B8, 33, 6Y6G.

Slope

in

ma/volt
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Push-pull Squaring Circuit.—A principle that has been used in elec-

tronic wattmeters^ has been successfully applied to a squaring circuit.

If in Fig. 19-20 the input voltage to tube V i is defined by Cg^ — Co = Ci„,

Eq. (6) may be rewritten

ipi = a + Pcin + yel^ + + eet, •
*

• (9)

If now Cg^ — Co is made equal to — —that is, if the grid of y2 is driven

from the reference voltage, eo, by an amount equal in magnitude but of

opposite sign to the signal on the grid of V i—we have

ip^ = a — iSCin + + ee^ -- • •
• (10)

If the plate currents of Vi and V2 flow through a common plate resistor

Rj as in Fig. 19-18, the common plate voltage Cp will be

Cp = Epp — iR = Epp — 2R{a + yefn + • • •). (11)

It is assumed in Eqs, (9), (10), and (11) that the plate voltage does not

materially affect ip; this will be true if Vi and F2 are pentodes, if R is

very small, or if the constants are deter-

mined for the tubes operating together

(Fig. 19-18). In the last case, even

when there is interaction, it can be shown

from symmetry considerations that the

output will be a function containing only

even powers of Cin.

If a tube is used for which e and all

succeeding coefficients of even power

terms are small enough to be ignored,

Eq. (11) gives for the a-c output voltage

Acp = —2Ryet, (12)

which shows that the change in output voltage varies as the square of

the input signal. The tube types listed in Table 19*1 are those best

suited for use with this type of circuit.

It is to be noted that the present circuit, as contrasted to those

discussed above, will give an output signal proportional to the square

of an input signal of either sign, the circuit of Fig. 19-17 being the only

other mentioned so far which has this property.

D-c tests were made on pairs of 6B8^s with the suppressors tied to

the cathodes, with 105 volts on the screens, and with a 300-volt plate

* H. G. Reich, Theory and Application of Electron TuheSy McGraw-Hill, New York,

1939, pp. 682-583.

cuit.
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supply. With 11.1 k as plate resistor, for a typical 6B8 it was found'

that

ip = 0.2G5 + O.lOlAc^ + 0.051 (13)

where Acg is measured in volts and ip in milliamperes. The reference

potential eo for this tube was —12.6 volts. The absence of interaction

was measured as follows: the static characteristic for another 6B8 was

€g in volts measured from reference level of -12.6 v

Fia. 19-21.-—Output vs. input for push-pull squaring circuit.

determined; the expected output of the pair, connected as in Fig. 19-20

and driven push-pull, was calculated. Actual measurements on that

pair connected in that way were made. Figure 1,9-21 shows that the

calculated and observed results are in excellent agreement. This means

that the plate currents add with little interaction. Over a range of ± 5

volts for the input, the output varied parabolically to within i per cent

of maximum output.

* This was done by fitting the measured characteristic curve at three points.

The term in was unfortunately omitted.
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A circuit designed to accept an input signal consisting of a triangular

waveform of from 100- to SOOO-^sec duration and of 5 volts of peak

amplitude is shown in Fig. 19-22. One of the most difficult problems

encountered in circuits of this type is that of proper zero-set—that is, of

adjusting the biases so that the minimum output signal corresponds to

zero input signal (as measured from the reference level). The electron-

ray tube (‘‘magic eye”), 6E5, (Fe in the figure), affords a simple means

of properly adjusting the biases; Ri and R 2 are adjusted until the “F”
of the “magic eye” is maximized with the 6.3-volt sinusoid driving the

cathodes push-pull and with the normal input signal at zero level. This

corresponds to a minimum 6B8 plate swing, which obtains when the

effective grid biases are equal. The triodes F3 and F4 constitute a

push-pull amplifier with Fs serving as a very high impedance common-

cathode load. It has been found since the design of this circuit that a

triode with cathode degeneration is preferable to the pentode V5 as a

constant-current tube. The reason for this is that transfer of current
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between the plate and the screen effectively decreases the impedance

seen at the plate. A screen battery might also be used to reduce the

effect.

19*8. Square-root-extracting Circuits. Direct Dependence on Tube

Chardcteristics ,—One method of constructing an amplifier whose output

voltage is proportional to the square root of the input voltage makes use

of the fact that for some pentodes the plate current varies roughly

as the square root of the plate voltage. Such a circuit is shown in Fig.

19-23, where V2 is the pentode the ip vs. ep characteristic of which is

being relied on, and Fi is a cathode follower that serves to make Cp,

approximately ggual to Cin. If ip for W is proportional to y/ep„ then the

Fig. 19-23.—Cp — ip square-
root-extracting circuit.

Fig. 19*24.— eg — ip simple
square-root-extracting circuit.

cathode current in Fi will also be proportional. Actually, however,

since the best ep-4p curves obey the ideal square-root relationship over

only a small range, this method is of only very limited usefulness. For

example, the ep-4p curve of the 6L7 at = — 5, from 0 to 50 volts input,

fits a parabola to within 10 per cent of maximum output. Additional

errors are caused by variation of tube characteristics.

Another equally direct method makes use of the fact that for some

tubes the change in plate current varies approximately as the square

of the change in grid voltage [see Eq. (7)]. If current is made the

independent variable and if voltage is made the output or dependent

variable, a square root is produced. In Fig. 19*24 the tube having the

parabolic characteristic is 72. The plate current of Fa is controlled

by the constant-current tube Fi so as to be proportional to e^. The grid-

cathode drop of Fa assumes the value consistent with this value of plate
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current. Since is fixed, is the desired output signal. Inasmuch
as for all tubes tried the contribution to plate current of the term that is

linear in [see Eqs. (6), (7), and (8)] is not negligible, this amplifier has
an output signal only very roughly approximating the square root of the

input signal.

Methods Employing Cancellation of Odd-power Terms .—An elaboration

of the method just discussed, which is capable of much greater precision,

consists of replacing the quadratic element in Fig. 19-24) by a push-

pull squaring element of the type discussed under Squaring Circuits

(see Fig. 19-25). The greatest drawbacks to this circuit are the difficulty

Epp

Fig. 19-25.—Square-root-oxtractiiig circuit with push-pull quadratic element.

in maintaining the proper grid biases for the squaring pair and the

necessity of a noninverting amplifier of gain 2 in order to achieve the

push-pull operation.

The inadequacy of the simple circuit shown in Fig. 19-24 led to the

development of a circuit that can make use of tubes for which Eq. (8)

is true—that is, instead of requiring that Atp be proportional to the square

of Acgj it requires only that

Mp = fiieg — Co) + y(eg — eo)^. (14)

This will permit more freedom in the choice of Co.

The discussion will refer to the circuit shown in Fig. 19*26. Rewriting

Eq. (8) in terms of Ae^,, the grid-cathode voltage of V2 ,
the plate current is

= /3(~A6*,) + yi-ACkry. (15)
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The voltage at the grid of Fi is given by

Ae„, = <>i„ + 6(— Aefe), (16)

and for the cathode follower V i

Ac
Atpi = Aip, = — ignoring screen currents.

H

Substitution of Eqs. (15) and (16) into this last relationship yields

= —RfiAek, + Ry{Aek,y = Cin — bAck,. (17)

If now the attenuation factor b is chosen to be equal to 72/3, Eq. (17)

reduces to

C(out) = Acjtj —

which shows that the circuit response is of the desired form.

Figure 19*27 shows a practical circuit embodying the principle just

discussed. It is designed to accept waveforms of duration of about

100 /xsec. The output for a 40-volt input signal is about 40 volts in ampli-

tude. As an example, if the input is a parabolic waveform (e^ = IciP)

of 100-/isec duration and 40-volts amplitude, the output will be a saw-

tooth waveform (cout = k^t) of the same duration and peak amplitude.

The cathode follower V2 has its grid bias established by 724, the diode

insuring that the effective bias is independent of input waveform (see

Chap. 3 for a discussion of d-c level restoration). The quadratic element

is the 6D6 (Fi), the screen voltage-plate current characteristic of which

is approximately expressed by Eq. (15) for a fixed grid bias. The cathode

follower V

A

affords a low-impedance output circuit and supplies the grid

bias for Vi. The high-frequency response of the circuit is improved by
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using the cathode follower, which isolates the cathode of Vi from other

stray capacitances.

Tube Vz serves as the adding circuit discussed in connection with
Fig. 19*26. The resistance Rz is adjusted to secure the proper bias for

the adding tube. The variable input resistor serves as the attenuator

shown in Fig. 19*26. The capacitance Cs can be shown to compensate

partially for the stray capacitance

from the cathode of Fi to ground.

Another method of designing

a square-root-extracting circuit

consists of using feedback in such

a way as to force the output of

a squaring circuit to be equal to

the signal whose square root is

Knnirht—thft inniit. to the soiiar-

iiig circuit then being the desired

output signal . Consider the block

diagram of such a circuit shown in Fig. 19*28. Assume a perfect

squaring circuit that gives an output signal with an input

signal Xy where a is a constant. Let the input signal, the square root of

Fici. 19-28.- -Block diagram of feedback
square-root-extracting circuit.
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which is desired, be y. An adding circuit is employed to give a signal

equal to the difference between the magnitude of the input, 2/, and the

output aa;2 of the squaring element. This difference, amplified by a

factor A, is supplied to the input terminal of the squaring circuit, but this

input signal is also x. The amplifier output, is then determined by the

condition that

X = A{y — ax"^), (19)

By rewriting in the form

2/
= 0^2 + (20)

it is readily seeiT^that for sufficiently large gain. A, the term x/

A

can be

neglected, giving for the approximate output

as desired.

More exactly, Eq. (20) yields

- - ij + yjdp +
1

- (22 )

If the input waveform is parabolic (y = bP), the output will be approxi-

mately linear. For relatively large values of t the actual output is nearly

Fig. 19'29,—Output of feedback square-root circuit.

a straight line parallel to the ideal output function (Fig. 19*29); the out-

put waveform is effectively delayed in time by a small amount.

A practical circuit is shown in Fig. 19*30. The 6B8^s, Vi and F2,

constitute the quadratic element (Sec. 19*7), which is driven push-pull

from the plates of the differential amplifier F3 and Va. The cathode

resistance Ri is chosen so that the amplifier is not driven beyond the

range over which it is nearly linear. The diode return potentials —Ex
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and —Ei are adjustable around the level of - 12 volts. The circuit was
generally operated with a negative parabolic waveform (c = —kt^) of

30-volt peak amplitude and lOO/t sec duration as the input. Optimum
operation under these conditions is achieved for —Ecc within a volt or
two of ground, with between 5 and 15 k, and with Rt = 10 k. If the
loop gain is made too great (e.g., if R 3 exceeds 25 k), the circuit oscillates.

10 V amplitude 4300 v

-105v

Fig. 19-30.—Feedback push-pull square-root circuit.

The designer should be cautioned that the establishment of the d-^

level of the input waveform to a square-root-extracting circuit is very

important. At the start of the waveform an error of 1 per cent of the peak

amplitude will result in a 10 per cent error in the output (x/rW = t^)-

19«9. Other Quadratic Elements. Magnetron .—Consider a simple

magnetron consisting of a long straight wire emitter surrounded by a

coaxial cylindrical plate, both placed in a uniform magnetic field directed

along the electrode (Fig. 19*31). If the current as a function of the plate

potential for a given field Hi is measured, it is found that the current

increases from almost zero to a saturation value for a small increase in
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plate voltage, the higher the field strength the higher being this critical

or '‘cutoff’^ voltage (see Fig. 19*32). It is found that the relationship

between the magnetic field strength and the plate potential at cutoff’^

is expressed by an equation of the form^

Fco = kH\ (23)

Since the field is proportional to the current in a solenoidal coil producing

the field, the magnetron together with the solenoid can form the nucleus

I V —

^

Fig. 19*31.—Magnetron. Fig. 19*32.— Magnetron current vs. plate

potential.

of a quadratic circuit. The chief difficulty with such a device is encoun-

tered in trying to secure a magnetron in which the t vs. V curve (Fig. 19*32)

is steep enough and for which the cutoff is complete enough. It is

difficult also to produce rapid changes in the magnetic field H.

Crystals ,—The nonlinearity of the voltage-current curve for crystals

may be utilized in various ways.^ For example, the circuit shown in

(a) Schematic circuit. {h) Idealized characteristic.

Fig. 19*33.—Crystal circuit with idealized nonlinear characteristic.

Fig. 19*33a may give roughly a square-root or cube-root response, the

exact nature of the response depending on the crystal used. Figure

19*336 shows the response of the circuit in Fig. 19*33a for a 1N21B

^ See, for example, G. P. Harnwell, Principles of Electricity and Electromagnetisniy

McGraw-Hill, New York, 1938, p. 285; J. G. Brainerd et al.y Ultra-High-Frequency

TechniqueSy Van Nostrand, New York, 1942, p. 312.

* See Chap. 11; also Sec. 19*4, ‘‘Logarithmic Devices.'^
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crystal.^ This circuit has a pass band extending up to about 1

Mc/sec.

Thermistors, varistors, diodes, photoelectric cells, and other devices

involving nonlinear relationships between the parameters have been

used as the basis of circuits designed to give various nonlinear responses

(Chap. 3).

19-10. Testing of Circuits Producing Squares and Square Roots.—For

direct-coupled circuits designed for operation with slowly varying input

signals, quadratic circuits may be tested simply by measuring with d-c

instruments the output voltages corresponding to a series of input

voltages. By plotting the square of one variable against the other

variable or by plotting the log of one against the log of the other, the

quadratic nature or departure therefrom may be ascertained.

In the case of circuits designed for rapidly varying input signals,

however, this procedure is not necessarily applicable. Methods are

available (see Chap. 20) for accurately measuring the input and output

waveforms. For some applications and in most preliminary design

work, the more rapid testing methods of Chap. 20 are useful.

^ For characteristic see Vol. 16, Chap. 2.



CHAPTER 20

OSCILLOSCOPE TECHNIQUES IN WAVEFORM MEASUREMENT

By Britton Chance

20- 1. Introduction.—The testing and calibration of the circuits

'^iescribed in the previous chapters require apparatus for the viewing

and measurement of the waveform. The properties of the cathode-ray

oscilloscope are of outstanding importance in the study of these circuits.

The following material will attempt to summarize oscilloscope techniques

of proved usefulness or “fextreme novelty that have been applied in the

course of the development of the circuits described in this book. In

doing so, the material of this chapter anticipates the content of Chap. 7,

Vol. 20, and Vol. 22 of the Radiation Laboratory Series. But in nearly

all cases the treatment of the subject material differs greatly. Further-

more, the description of complete oscilloscopes is deferred to the appropri-

ate chapters in Vol. 21, Part IV.

20‘2. Oscilloscopes and Meters.—The two-coordinate intensity-

modulated display, the good frequency response, and the high input

impedance of the electrostatic cathode-ray oscilloscope make it extremely

versatile for the display and measurement of a large amount of informa-

tion. On the other hand, it is insensitive, inaccurate for direct measure-

ment, fragile, dangerous in view of the high voltages employed, expensive,

and bulky. Conventional meters when used with vacuum-tube input

circuits have extremely high input impedance, are sensitive, accurate,

relatively rugged, and compact. The frequency response of ordinary

meters is low, and they do not permit the observation or measurement of

more than one quantity at a time. Furthermore, their operation is

adversely affected by the extremely low and variable duty ratios encoun-

tered in pulse techniques, polarity effects, and confusion due to lack of

time selectivity. The inadequate frequency response and the resulting

lack of time selectivity make the ordinary meter unsuitable for measure-

ments of rapid and complex waveforms. If external time-selective

circuits are added to a vacuum-tube metering circuit, however, the equip-

ment becomes nearly as complex as the oscilloscope. Even then metering

circuits lack the most useful attribute of the oscilloscope—its apparently

simultaneous display of many waveforms. Further discussion of these

devices will therefore be omitted. However, their usefulness in stand-

ardized test procedures based on meters should not be belittled.

694
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20-3. Amplitude Measurements. Direct .—The amplitude of a rec-

tangular waveform may be measured by connecting the waveform
directly to the vertical plate of an oscilloscope. The deflection sensitivity

of the 5-in. tube, although roughly twice that of the 3-in. tube, is only

between 60 and 70 volts/in. for type 5CP1 operating with an accelerating

voltage of 2 kv (for a single plate). Although the sensitivity may be

increased by reducing the accelerating voltage, the consequent loss in

focus and intensity greatly offsets this advantage, and therefore wideband
amplification of the input waveform is employed where necessary.

The input capacitance of the deflecting electrode brought out through

the base is approximately 7 ju/if. Those tubes having the deflecting

plates brought out directly through the side wall of the tube (5JP1) per-

mit a reduction of this value to 3 /x/xf.

The electron current to the deflection plate may limit the permissible

value of the source resistance for low-frequency signals. Usual speci-

fications on this characteristic indicate that a 10-megohm resistance in

series with one deflecting plate should give less than a 10-mm deflection.

A conversion of this specification to equivalent current gives approxi-

mately 2 /xa, a factor that must be taken into account in narrow-band

amplifiers employing large plate resistors.

In the absence of stray magnetic fields, the linearity of the deflection

characteristic of an oscilloscope can usually be relied upon to be some-

what better than 1 per cent. A much more significant error is likely to

be the variation of deflection sensitivity mth accelerating voltage or the

variation of the zero point of amplitude measurement due to variations

of the spot-positioning voltages. The drift of the spot with time or

with mechanical vibrations is not known, but it is usually essential to

check the zero point of amplitude measurements every time the oscillo-

scope is used.

Often the amplitude of a particular member of a pulse train is required,

and in this case a linear time base is applied to the horizontal axis of the

oscilloscope in order to give time selectivity as shown in Fig. 20*L This

figure clearly demonstrates that the amplitude of the separate parts

of the waveform may be easily determined. This measurement repre-

sents a distinct fmprovement compared with the operation of the vacuum-
tube voltmeter which would, of course, give only the amplitude of the

third pulse if it were peak-reading or the average amplitude of all four

if it were average-reading. In the cathode-ray-tube display variations

in duty ratio affect only the intensity of the trace; polarity is immediately

indicated; and confusion with other parts of the waveform is eliminated

as indicated in the figure.

Substitution .—The amplitudes of the pulses of Fig. 20*1 may be

measured by substituting a steady potential that has a known value and
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is adjusted to be equal to the amplitude of any particular pulse to bo

measured—for example, the first. Also the amplitudes *of the other

pulses may be determined directly in terms of the deflection sensitivity

calibrated in this manner.

Subtraction .—A more convenient method is indicated in Fig. 20*2,

where a voltage of polarity opposite

to that to be measured is connected

to the opposite deflecting plate and

adjusted until the amplitude of the

input signal is returned to the base

line (the position of the trace in the

absence of signal). The accuracy

of this procedure is, of course, inde-

pendent of the deflection sensitivity

of the cathode-ray tube and depends

upon the equality of the sensitivity

Fig. 20- 1 .—Oscilloscope display of wave- plates, the linearity of the
form amplitude.

, j. i e
potentiometer, and the accuracy or

the voltmeter. These three factors are stable and accurate.

Amplitude Selection .—Instead of depending upon subtraction between

the two plates of the oscilloscope, amplitude selection may be used and

an example is shown in Fig. 20-3. The particular configuration is

Fig. 20*2.—Amplitude measurement by Fig. 20-3.—Amplitude measurement by
subtraction. selection.

operative for positive signals only. The bias of the cathode of 7i is

adjusted so that the peak of the input waveform is selected and is dis-

played on the oscilloscope. The point at which the waveform disappears

from the display indicates that the potentiometer has been moved through

an>amount corresponding to the peak voltage of the desired waveform.
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The potentiometer should, of course, be of low impedance compared with

Ri. Amplitude selection with thermionic diodes is accurate only for

signals of the order of 200 or 300 volts since errors of \ volt may be

expected. Amplification of the waveforms to a high level is, therefore,

desirable. A reversal of the diode connections will give operation suitable

for negative signals.

Amplitude Discrimination .—If it is desired to indicate the equality

of two voltages, they may be directly connected to the plates of the

oscilloscope and subtraction will be accomplished
;
equality of the voltages

is indicated by the fact that no displacement of the spot occurs on their

connection. Greater sensitivity may be obtained by employing those

amplitude discriminators described in Sec. 9-22 that have appreciable gain.

Care must then be taken, however, lest the variation of the level of the

two signals alter the balance point of the amplitude discriminator. The
plates of the cathode-ray tube are insensitive to level as far as balance is

concerned, but considerable defbcusing will occur if the level of one pair

of plates deviates much from the potential of the other pair or of the third

anode.

Several examples of the use of the cathode-ray tube for subtraction

of two waveforms have been indicated in Chap. 11, where the differential

output of modulators is displayed on the screen. A typical example is

shown in Fig. 11*2.

Summary .—For signals producing an appreciable deflection on the

oscilloscope, there is little to choose between subtraction and selection.

Smaller signals require amplification previous to subtraction or selection.

But amplification may follow the latter process. This method gives a

much more sensitive indication of

equality of the two voltages, and
differences of a few millivolts may be

detected. Under these conditions,

the stability of the amplitude selector

and of the reference voltages may
become the limiting factor.

20'4. Time Measurements. Di-

rect Displays .—If a triangular wave-

form is applied to the horizontal

plates of an oscilloscope, the duration

or spacing of portions of a wave-

form connected to the vertical plates

may be obtained as indicated in Fig. 20-4. The deflection sensitivity

along the horizontal axis may now be represented in time units per

division, and time-delay measurements between any two points may be

made directly. The deflection sensitivity in time units may be computed

Fig. 20*4.—Measurement of wave-
form duration by display on a linear time
base.
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from the known slope of the waveform (volts//isec) and the deflection

sensitivity of the oscilloscope in volts per division. A subtraction method

similar to that shown in Fig. 20*2 may be employed to return the rise or

fall of the pulse to some reference line on the vertical scale; in this way
the effects of variation of deflection sensitivity are avoided. But the

other important variable in this case is the slope of the timing waveform,

and this may be calibrated by the method described in the next paragraph.

Substitution of Fixed Pulses.—A train of fixed pulses of known period

may be substituted for or superimposed upon the unknown waveform,

and its duration may be obtained by interpolation as indicated in Fig.

20-7.

In a much more useful and ac-

curate method the delayed pulse of an

accurately calibrated time modulator

can be set to the edges of the wave-

form as in Fig. 20*5. Its duration

is, therefore, read directly in time

units. A survey of the large num-
ber of methods for accurately setting the coincidence of marker and pulse

is given in Vol. 20, Chap. 7.

2'ime Selection and Discrimination.—Instead of matching the overlap

of the pulse from a time modulator and the unknown waveform upon the

cathode-ray tube, these two waveforms may be connected to a time

selector (Sec. 10-3) and the outputs displayed upon the cathode-ray

tube. Similarly, the inputs may be connected to a time discriminator

(Sec. 14-5), and the output of the discriminator connected to the vertical

plates of the oscilloscope. The first method gives no appreciable gain in

accuracy as compared with direct display. The output of the second is

more often indicated on a meter and is, of course, more sensitive, provided

adequate amplification follows the discriminator.

Expanded Sweeps.—Occasionally greater accuracy may be obtained

through expansion of the time base. If, for example, the waveform to be

measured is initiated by one of a series of crystal-controlled pulses,

another member of this pulse train may be selected just previous to the

termination of the unknown waveform and made to initiate the display

waveform. The number of pulses intervening between the start of the

unknown waveform and the start of the display waveform is counted,

perhaps on a cathode-ray-tube display, the time increment from the

start of the expanded display to the termination of the unknown wave-
form is added, and a highly accurate total Value of the time interval is

obtained (see Sec. 13*3; also Vol. 20, Sec. 7*24);

Much more convenient than the selectionjof one of a member of a

train of fixed pulses is the employment of a high-frequency circular sweep.

Fig. 20*5.—Measurement of the dura-

tion of a rectangular wave by setting a
movable mark to the trailing edge.
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The unknown waveform is initiated in synchronism with the circular

sweep, and the terminal portion is displayed by means of a radial-

deflection cathode-ray tube (3DP1). The integral number of oscillations

to the termination of the input waveform is determined by direct display

on a linear time base or by means of a crude time-modulation circuit,

employed to intensify the particular cycle of the circular sweep on which

the termination of the unknown waveform is displayed. The remainder

of the time delay may be obtained by direct interpolation on the face of a

cathode-ray tube that is provided with a circular scale. Circular sweeps

of a variety of frequencies may be obtained by the methods of Chaps. 4

and 15, of Vol. 20, Chap. 7, of Vol. 21, Part IV, and Vol. 22. Lower-

frequency circular sweeps may be employed to obtain the integral value of

oscillations of a sweep of higher frequency. The advantages of the circular-

sweep system are the accuracy of the scale—roughly 0.5 per cent, the

independence of the scale factor from changes of accelerating voltage, and
the ease with which the sweep may be generated. Although the deflection

sensitivity of type 3DP1 is extremely low—^roughly 100 volts for i in.,

the input capacitance is only 2 ju^f . The calibration of the circular sweep

is much simpler than that of the linear sweep, and simply adjusting the

pattern to appear circular gives a display linear to 0.5 per cent. It is,

however, necessary to ensure that the display and scale are concentric.

The deflection sensitivity of the central electrode is unfortunately a

function of circular diameter, and, for a given circle diameter, a nonlinear

function of deflecting voltage. The display is therefore of little use for

amplitude measurement, but is wholly satisfactory for time measure-

ments. A typical display is shown in Fig. 20-13.

Pulse-sharpening Circuits .—For the precise measurement of a slowly

varying waveform, it is essential to obtain sharply rising pulses marking

its initiation and termination in order to obtain accurate measurements

on expanded sweeps. Practical pulse-sharpening circuits are given in

Sec. 9*14, for example, the Multiar circuit. The influence of pulse-rise

time on the accuracy of measurement is described in Vol. 20, Sec. 7*8.

Usually a timing accuracy of one twentieth of the rise time of the pulse is

obtainable.

20-6. Waveform Measurements.—^The linear, exponential, or hyper-

bolic character of voltage or current waveforms may be determined by
oscilloscope displays.

Direct Displays .—A well-known method for the determination of

waveforms involves direct display against a linear time base as shown in

Fig. 20*6. The accuracy of the tesultant curve depends not only upon

the linearity of deflection but also upon the linearity of the time base.

At best the accuracy of this method does not exceed 2 per cent. If the

unknown waveform has a shape other than linear—for example, para-
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bolic— may be compared to a suitable overlay having this character-

istic. In both cases, parallax between the trace and the scale must be

avoided. Scales applied by direct inking or by optical projection are

most satisfactory.

Fixed Time Indices,—If, for ex-

ample, the unknown waveform is

applied directly to the horizontal

plates of an oscilloscope, and if tim-

ing indices of a fixed spacing are

applied to the vertical plates, a con-

stant spacing will verify linearity of

the waveform as shown in Fig. 20-7a.

Figures 20-76 and 20-7c indicate that

other waveforms may be studied in

display on a linear time base. this manner but With Considerably

more difficulty. This method is not,

however, independent of the characteristics of the cathode-ray tube

since the deflection linearity of the horizontal axis is still a determining

factor. In fact, this method is often used'as a means for determining

linearity of deflection in cathode-ray tubes (see Vol. 22).

(c)

Fig. 20-7.—Waveform determination by display on a linear time base and superposition

of fixed time markers; in (o) on a triangular waveform, in (fe) on a hyperbolic waveform,
and in (c) on a sinusoidal waveform. In {a) and (6) the spacing of the pulses is approxi-

mately 2.4 ^(sec. In (c) the spacing of the pulses is 12 /xsec.

Differentiation ,—A simple and straightforward method^ of determin-

ing the character of triangular and parabolic waveforms depends upon

differentiation once in the first case and twice in the second case to obtain

^ Unfortunately, the accuracy of the differentiators used for this purpose is rarely

greater than that of the integrators used in waveform generation.
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a rectangular waveform of constant amplitude if the waveforms are in

accordance with the required functions. Single differentiation of a tri-

angular and a parabolic waveform is shown in Figs. 20*8 and 20-9. A
differentiating circuit of good transient response with sufficient gain is a

Fig. 20-8.—Differentiation of a tri-

angular waveform to obtain a rectangular
waveform. The constancy of amplitude
of the rectangular waveform displayed
in the lower trace is indicative of the
linearity of the triangular waveform.
The sweep duration is approximately
120 Msec.

Fig. 20*9.—Differentiation of a para-

bolic waveform to obtain a linear wave-
form. The linear waveform may be differ-

entiated again to produce a rectangle as

in Fig. 20'8.

sensitive indicator of the waveform. In addition to this, the deflection

of the oscilloscope may be calibrated in terms of speed of the waveforms

in volts/jusec, provided the values of resistance and capacitance employed

in differentiation are known. Such differentiation devices are described in

Sec. 18-7. Alternatively, a tri-

angular waveform of known speed

may be employed for calibration.

Although thismethod of waveform

measurement is more sensitive

than that employing fixed pulses

described in the preceding section,

it has not been used so exten-

sively, and it is not so precise as the

methods that follow.

Amplitude Comparison,—Pre-

cision methods of waveform deter-

mination depend upon amplitude comparison and time demodulation (see

Sec. 9*8) as indicated in Fig. 20-10. The pulse output of the amplitude

comparator occurs at the moment of equality of its reference voltage

with the unknown waveform. The time delay with respect to the

initiation of the waveform may be determined by synchronizing it with

any accurate time-measuring system—for example, a circular-sweep

Center

electrode Index

Reference
voltage

Fig. 20- 10.—Waveform determination by
amplitude comparison and time demodula-
tion. The unknown waveform must be
synchronized with the circular sweep.
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display. The readings of the circular-sweep oscilloscope, which are

then plotted against the reference voltage, give an exact reproduction

of the input waveform. The accuracy of a circular-sweep timing system

is sufl&cient for these purposes (see Vol. 20, Sec. 7*18), and the over-all

accuracy of this method of measurement may be easily 0.01 per cent.

Time Comparison,—Alternatively, the voltage of the unknown wave-

form corresponding to a known time may be determined as shown in

Fig. 20*11 (see Sec. 14-5). In this case the unknown waveform is again

synchronized with an accurate time-modulation system. The pulse of

accurately known time delay with respect to the initiation of the unknown
waveform is connected to the time

Output
comparator which gives as a steady

voltage output the voltage of the unknown
waveform at the moment of the

selector pulse. This output volt-

age may then be measured by a
Fig. 20- 11.—Waveform determination by voltmeter or a potentiometer. This

time comparison.
method has, however, the drawback

that the output is of very high impedance and has a slight but perceptible

carrier content.

Summary .—For qualitative observations the direct display upon a

cathode-ray tube is satisfactory. But all quantitative measurements of

triangular and other waveforms made in this laboratory have been

carried out by means of amplitude comparison and display upon a

circular-sweep timing system. This is in every way an extremely pre-

cise, simple, and satisfactory method.

20*6. Frequency Measurements. Continuous Oscillators .—The fre-

quency of continuous oscillators may be readily measured by direct

comparison with the frequency of a standard oscillator. The two

frequencies are applied to the plates of the cathode-ray oscilloscope to

produce the Lissajous or roulette figures.^ Where a circular sweep is

available, the unknown frequency may be applied to the center electrode.

The ratio of the two frequencies is equal to the quotient of the number of

waves displayed upon the circular pattern and the number of revolutions

that the cathode-ray-tube spot makes in completing this display. This

pattern is difficult to interpret for large frequency ratios or for unstable

patterns.

Since a number of the oscilloscopes used in the calibration of timing

circuits contain accurate time-modulation circuits that may be externally

triggered (see discussion of DuMont type 256B, Vol. 20, Sec. 7*24), time

measurement may be used for a simple and exact method of frequency

^ See H. J. Reich, Theory and Application of Electron Tubes, 2nd ed., McGraw-Hill,

New York, 1944, p. 644.

Unknown
Wive form

Selector pulse
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determination as shown in Fig. 20-12. The sinusoid of unknown fre-

quency is converted into pulses by amplitude comparison (see Sec. 9-8).

The spacing of these pulses is precisely equal to the period of the sinusoid.

If these pulses are connected to a scale-of-two, or, in fact, to the gate

generator of most oscilloscopes, the display will be triggered at a fraction

of the period of the sinusoid. A few pulses will, therefore, be displayed

on the time base, and the delay between them may be measured with an

accuracy of 0.1 per cent by the time modulation circuit. The calibration

of the latter may be referred to pulses from a crystal-controlled calibrat-

ing oscillator.

Pulsed Sinusoids .—The Lissajous pattern or other patterns employing

sinusoidal time bases have been found to be of little value for the fre-

quency measurement of pulsed sinusoids. Often the duty ratio of the

pulsed waveform is so low that the

intensity of the pattern is small.

Furthermore, starting and stopping

transients may very nearly com-

pletely obliterate the desired figure,

and the phase deviation in the

starting transient may be of con-

siderable interest. In addition, the

spacing of pulses derived from the

pulsed oscillator is usually required.

The most simple and accurate

method is to display pulses obtained

from the oscillator by amplitude

comparison upon a circular sweep

by means of radial deflection. The
adjustment is made most conveniently if the two frequencies are equal,

since the majority of the pulses from the pulsed oscillator coincide as

indicated in Fig. 20- 13a. The following important data may be deter-

mined by this method;

1. Alignment of all members of the pulsed oscillator ensures equality

of frequency to an accuracy l/200n, where n is the number of

pulses of the oscillator displayed on the circular sweep.

2. The delay of the output pulses with respect to the trigger pulse may
be measured.

3. The error of the first few pulses that is due to the starting transient

may be observed.

The indication is similar for integral multiples of the circular sweep as

shown in Fig. 20-14.

Another method of comparable sensitivity and time selectivity is

Sinusoidal input

^

Output of amplitude comparator

Timing wave

Fia. 20-12.—Frequency determination by
time measurements.
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Fig. 2013.—Frequency determination by display on a circular sweep. Figure 2013a
indicates the output of an S2-kc pulsed oscillator, adjusted to the frequency of the 82-kc

circular sweep; (h) indicates that the frequency of the pulsed oscillator is too high and (c)

indicates that the frequency of the pulsed oscillator is too low.

Fig. 20*14.—Display of pulses from a 410-kc pulsed oscillator on a 82-kc sweep. The fre-

quency of the pulses is adjusted to an exact multiple of 82 kc/seo.

indicated in Fig. 20*15. The sinusoids of unknown frequency are dis-

played upon a linear time base, and calibration markers are superimposed

by intensity modulation. For equal frequencies the calibration markers

intersect the sinusoids at the same point on each cycle. This method

does not, however, indicate the delay of pulses derived from the oscillator
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with respect to a trigger, and it does not indicate the error due to the

starting transient so clearly as does the circular-sweep method. Greater

sensitivity is obtained if pulses derived from the unknown waveform
are displayed instead of the sinusoids.

Fig. 20* 15.—Frequency determination of a pulsed sinusoidal oscillator by display on
a linear time base in comparison with fixed intensity markers. In (o) the pulsed sinusoid

is too fast, in (6) too slow, and in (c) exactly on frequency. The frequency is 82 kc/sec.

20*7. Phase Measurements.—Rough measurements of the phase of

two sinusoids may be obtained directly by applying the two voltages,

separately adjusted to give equal deflection, to the plates of the oscillo-

scope. The direction of the major

nanaiainfiaiaxis of the ellipse gives relative

phase shift between the two volt-

ages as indicated in Fig. 20* 16. The
accuracy of this method, of course,

depends upon the deflection line-

arity of the oscilloscope.

A method that employs this pat-

tern as the null indicator uses the

phase modulators of Sec. 13-16 to

reduce the phase shift between the

two sinusoids to zero. Iheoscillo- Lissajou figure. The phase angle ^ is

scope pattern is then a straight line. ©Qual to tan-i Yi/Yx, where Yi is the

rr.1 r xi-- xi. j • intersection of the ellipse with the ordinate
The accuracy of this method is at X **» O and Fi is the intersection of the

limited by the phase shifter and at ellipse with the ordinate corresponding to

1 , . . X 1 1 o the maximum value of YX,
best IS approximately 1 .

When pulses are derived from the two sinusoids by amplitude com-

parison, one pulse train may be made to trigger a time-modulation system

similar to that shown in Fig. 20*12 for frequency measurements. The

other pulse train is displayed upon the oscilloscope, and one of its pulses
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will appear upon the cathode-ray-tube display. The time-modulation

circuit may be used to measure the phase shift accurately. In this case

measurement may be good to 0.1 per cent or 0.4°. Considerably better

accuracy may of course be obtained with multiple-scale systems (see

Vol. 20, Chaps. 3 and 7).

20"8. Impedance Measurements.—The characteristics of an unknown

impedance may be directly determined by phase and amplitude measure-

ment. First, the two deflecting amplifiers of an oscilloscope are adjusted

so that they have equal gain (by adding a sinusoidal voltage and adjusting

the relative gain until a 45° line is obtained on the face of the oscilloscope).

An alternatin^^oltage is connected to a variable resistor in series

with the unknown impedance. The variable resistor is adjusted until

Fig. 20-17.—Determination of harmonic distortion of a pulsed oscillator by a frequency-

selective circuit. In (a) the distortion of the pulsed o.scillator i.s negligible even though

the output displayed upon the scope has been considerably amplified. The effects of the

starting and stopping transients are clearly indicated. In {h) is indicated the output of

the selective circuit due to the distorted sinusoid of the upper trace, and the lower trace

shows, with no further amplification, considerable harmonic distortion.

the figure on the oscilloscope has equal horizontal and vertical amplitude.

Under these conditions the value of the resistance is equal to the unknown

impedance. The phase angle of the voltage across the impedance is

determined directly by measurements of the geometry of the pattern as

mentioned previously in Fig. 20*16. The advantages of this method are

that the measurements can be made over a wide range of frequencies and

that the technique is extremely simple.

20*9. Harmonic Distortion in Pulsed Sinusoids.—It is often of con-

siderable importance to measure the harmonic distortion of a pulsed

sinusoidal oscillator. None of the commercial harmonic analyzers is

suitable for these measurements since the harmonics generated in the

starting transient of the sinusoidal waveform would obscure those which

follow. If a frequency-selective circuit (twin-T) is added to the input

to the oscilloscope to discriminate against the fundamental frequency,

the output indicates the harmonics as shown in Fig. 20*17.



CHAPTER 21

STORAGE TUBES

INTRODUCTION

By P. R. Bell, G. D. Forbes, and E. F. MacNichol, Jr.

21«1. General Definition of a Storage Tube.—A storage tube may be

defined as a cathode-ray tube containing a surface which may be charged

by the electron beam to provide a record of information over the length

of one sweep, and which may later be discharged to obtain the stored

information in the form of voltage variations, or may be recharged by the

beam with a second set of information in such a manner as to obtain an

output containing only the difference between the first and second sets of

information.

21-2. General Methods, Applications.—Storage methods are used in

television pickup equipment of the Iconoscope and Orthicon varieties.

In these tubes the storage surface is charged by the electron beam, and

the charge is modified by photoelectric emission. The most satisfactory

photoemitters are metals or semiconductors. Hence the storage surface

must be broken into a mosaic of photosensitive particles to prevent

conduction across the surface. In the storage tubes described here,

photoemission plays no part. The metallic mosaic is therefore unneces-

sary and the storage surface consists of a plate of uniform highly insulat-

ing material. The only requirements imposed on this material are the

conditions that it must emit more than one secondary electron for each

primary electron striking it, and that it must have extremely high

resistivity.

In addition to the storage surface, the storage tube comprises an

electron gun, a deflecting system, a secondary electron collector, and a

signal plate capacitively coupled to the storage surface. In operation,

electrons from the gun strike the storage surface and cause emission of

secondary electrons. These electrons redistribute themselves until a

condition of equilibrium is reached. Information is stored by modulating

one of the electrodes of the CRT when the surface is scanned by the

electron beam and recovered when the surface is again scanned. The
stored signal is recovered in the process of redistributing the charge on

the storage surface to fit the conditions imposed by the second scan.

Although the Iconoscope and Orthicon have been successfully used
707
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for several years, techniques for storage of electrical signals are still in

the early experimental stage. Most work to date has been directed

toward their use in pulse-to-pulse amplitude cancellation of radar video

signals.

Supersonic delay lines have been successfully used for this purpose,

but their use requires that the delay of the line be exactly equal to the

pulse-repetition interval of the radar, a condition difficult to maintain

in some systems. Supersonic lines also become very large and compli-

cated when low PRF’s are used (see Vol. 20, Chap. 12).

Storage tubes have also been applied to equipment in which it is

desired to obtSIh output signals only when two signals have appeared

consecutively with the same delay with respect to a fixed reference pulse.

This application may be considered the inverse of pulse-to-pulse ampli-

tude cancellation and 1ms been employed to increase the signal-to-noise

ratio in radar systems^ and to eliminate unsynchronized interfering pulses

from responder-beacon displays.

Some synchronization systems have been proposed in which it is

desired to compare waveforms at incommensurable recurrence frequencies

and on different time scales. The externally synchronized crystal-

controlled range-mark generator described later is an example of this use.

Several methods have also been proposed for using storage tubes to

record randomly occurring high-speed transients, which are then played

back repetitively at a slower speed for photography or observation.

Methods are also under development for using storage tubes as memory
devices in pulse-operated computers.

In most of the work described the storage tube is a standard electro-

static cathode-ray tube of the 3BP-, 3FP-, or 5CP-type, with or without

phosphors. The glass wall of the tube and the phosphor are used as the

storage surface. Modulation has been applied to the grid, focus elec-

trode, second anode, and deflecting systems with varying results. A
special high-voltage Orthicon-type storage tube has been used by Radio

Corporation of America.^ In this tube modulation is applied to the signal

plate. Before describing the results obtained with these tubes the theory

of operation of the storage surface will be discussed.

^ Delay lines were actually used for this purpose.

* At the time this chapter was written storage tubes were in a very early develop-

mental state and their action was very imperfectly understood. Since that time a

great deal of work has been done. References: “A Storage System for Use with

Binary Digital Computing Machines (a report by the Electro-Technical Laboratories

of the University of Manchester, England). Haeff, '^A Memory Tube,^' Electronics^

20, p. 80 (1947); Forgue, ^‘The Storage Orthicon,^^ RCA Review^ 8, p. 633 (December

1947); McConnell, Video Storage by Secondary Emission,'^ Proc, IRE, 36, p. 1258

(1947). A storage tube designed^especially for digital computation is described by

J. A. Rajchman in IRE Convention Paper #49, February 1947.
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21*3. Theory of Storage Action.—Intensity Modulation .—There is no

comprehensive theory that explains the action of the cathode-ray-tiibe

storage device. In its place a tentative physical argument based upon the

observed experiments on these tubes and upon data on the secondary-

emission coefficient of glass has been evolved.

When a constant intensity electron beam is swept across a glass

surface in a storage tube, secondary electrons are emitted from the glass.

By this action and by the redistribution of the emitted secondary elec-

trons a charged condition of the surface is obtained.

The secondary-emission coefficients of glass depend somewhat upon

the type of glass. For Pyrex, the secondary-emission coefficient at 200°

to 300°C is as shown in Fig. 21 T.^ It is assumed that this curve holds

roughly for the glass in an ordinary CRT at room temperature. The

secondary-emission coefficient is greater than one for the voltages used.

The spot under the electron beam,

therefore, will receive positive

charge. Eventually the field due

to the positive charge will attract

as many electrons as escape to

other parts of the tube and steady

state potential distribution will

be attained. At this time no

further change of charge will occur

at the spot. Some of the second-

aries that are attracted back to the

spot strike the surface near the

spot and, since the glass is an

insulator, they are unable to

escape. The result will be somewhat as shown in Fig. 21*2, which repre-

sents a positively charged spot surrounded by a negative hill of charge.

If the beam is caused to move across the surface, a different situation

is found. In front and to each side of the spot there is a negative hill of

charge, but behind it there is the distinctly positive track left by passage

of the spot. Some of the secondaries fall into this track and reduce

its positive charge. After a number of repetitions of the sweep, there

will remain a positively charged track with a more positive spot at its

end where the beam was suddenly shut off and no secondaries were

available to fall back into this portion of the trace and discharge it. Sur-

rounding this track on all sides will be the negative charge hill, so nega-

tive that no secondary electron will be able to reach the surface in that

region. The charged condition of the section of this trace along its

center is shown in Fig. 2T3a. When the next trace starts (Fig. 21-36),

1 The data for this curve were taken from C. W. Mueller, “The Secondary Emis-

sion of Glass as a Function of Temperature and Voltage,*’ Sc.D. Thesis, M.I.T., 1942.

Fig. 21-1.—Ratio of secondary electrons

emitted to primary electrons striking Pyrex-
glass surface plotted as a function of acceler-

ating potenti^.
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the beam suddenly charges the beginning of the track more positive, and

many of the secondaries escape to the anodes since a negative hill sur-

rounds three sides of the spot. When the beam has advanced well out

on the trace, electrons are falling on the trace both before and behind the

spot, but, since the passage of the spot leaves the trace in the original

condition, there is no output from the signal plate since there is no net

change of charge instant by instant, as shown in Fig. 21 -Sc.

Side view of

beam^king
storage surface

Electron beam

Secondaries

emitted

Storage

surface

Plan view of beam striking storage surface

Potential distribution over cross section X-X'

Fig. 21-2.—Potential distribution around charged spot on storage surface.

As the spot approaches the very positive region at the end of the

trace, many of the secondaries fall into it causing a negative output

voltage, since more of the electrons of the beam appear to “stick

somewhere on the surface (Fig. 21 -Sd). Finally, when the beam reaches

the end of the trace, the secondary electrons cannot fall ahead of the

spot on account of the negative hill at that point, and the output goes

positive, then falls to zero as the beam is turned off (Fig. 21 -Se).

If the electron beam is intensified for a short interval during the sweep,

the output voltage and charge conditions appear on the first sweep, as
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shown in Fig. 21*3/. The increased beam current gives an increased

number of secondary electrons, and more of them fall on the charged

trace discharging it to a greater extent than the weak beam. More
electrons return to the surface near the beginning of this intensified

region because of the more positive trace close to the spot than near the

end of the intensified region where there is a less positive region of

trace behind the spot^ (Fig. 21-3gf).

After the intensified pulse ends and the weaker beam passes over the

end of the less positive region left by the intensified beam, the output

voltage is positive because of the decreased tendency of the secondaries

to fall into th«airace behind the spot. It falls to zero as the spot gets

far away from the intensified region (Fig. 2T3/i).

Fig. 21-4.—Model of potential distribution produced by moving beam on storage surface.

During the next sweep, when the beam spot approaches the previously

intensified portion of the surface, a positive output voltage is obtained

because of the decreased tendency of secondaries to fall into the less

positive region (Fig. 2T3t). When the beam is suddenly intensified this

time, there is a sudden change to a negative output voltage since the

greater flux of secondaries finds the trace behind the spot more positive

than it would be in the center of a long trace made by a beam of this

intensity. As the spot approaches the center of the intensified region,

the output voltage is more nearly zero since the charge on each side of the

spot has almost reached a steady state (Fig. 2T3j). The output has a

similar form near the other end of the intensified region, but in reverse

sequence (Fig. 21-3/:). During the third sweep the action is quite similar

to that during the second. Nearly complete equilibrium is reached with

the result that the center of the intensified region produces little output.

If on the next sweep there is no intensity-modulated region, the output
‘ The large negative pulse in the output when the intensity of the beam is changed

is due to the charge induced in the pickup plate by the “electron cloud ” passing over it.
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signal will contain a positive pulse with smooth edges because of the

smaller tendency for secondaries to return to the screen in the region

where the track is less positive (Figs. 21 -Si and m); this is the main
stored signal. The track is not returned entirely to the normal charged

condition for the weak beam because of the slightly greater number of

secondaries produced as the surface is charged positively. The result will

be that on the following sweep another smaller stored output will be

obtained. A three-dimensional model of the potential distribution

on the storage surface after scanning is shown in Fig. 21-4.

In some applications the cancellation of signals which do not vary

from pulse to pulse is desired. For this purpose deflection modulation

in ordinary cathode-ray tubes and signal-plate modulation in the SDT-5
appear to be satisfactory (see Secs 21*4 and 21-5). In other applications

storage of the video signals without cancellation is desired. For some
purposes, such as pulse computation and time-mark generation, fidelity of

output amplitude vs. input amplitude is not important. In other applica-

tions good linearity is required. The most effective noncanceling method
thus far used is grid modulation of the electron gun (intensity modulation).

The stored signal is a very nonlinear function of the modulating potential

because the beam current is a nonlinear function of this potential, and

because the stored signal is also a nonlinear function of the beam current.

214, Deflection Modulation.—When the electron beam is swept

across an insulator surface but is kept at constant intensity and is

deflected perpendicularly to the direction of the sweep with a rectangular

pulse, only a very small output is obtained after the surface has come

to equilibrium (reached a steady state). This small output occurs at

the beginning and at the end of the pulse, and its form can be seen from

Fig. 21T3b as the signal produced by the large, fixed-amplitude pulse.

When the pulse height is changed a positive pulse is obtained. This

positive output is obtained every time there is a difference in deflection

amplitude from trace to trace. It appears even when alternate traces

are identical, so that only two tracks are produced on the surface with

the beam tracing first one then the other. It is evident that the action

is distinctly different from that with intensity modulation, since in that

case there were two separate processes, each giving an output of opposite

sign depending upon whether the surface accumulated or lost a net charge.

Figure 21*5 is taken from an experiment in which amplitude modulation

was used. The output from the pickup plate is plotted as a function of

the separation between the two traces (difference in modulation intens-

ity). The solid line shows the results when two paths are traced alter-

nately. The dotted line was obtained when the deflection was modulated

sinusoidally at a frequency incommensurate with the PRF. This

resulted in a pattern having many different traces that did not superpose.
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The presence of the two traces side by side must therefore affect the way
in which secondary electrons return to the storage surface so that second-

ary electrons will fall back into the region of the two closely spaced traces

although they are emitted from other parts of the trace ahead of and
behind the space occupied by the double trace. When the two traces

are more widely spaced, the probability of attracting extra secondary

Maximum separation in mm of the two traces caused by

applying rectangular pulses of different amplitudes

(1 mm w 1 spot diameter)

Fig. 21*5.—Output of deflection-modulated storage tube as a function of deflection-ampli-

tude difference between two successive traces.

electrons falls rapidly with increased spacing; there is, therefore, little

extra charge to be removed by the beam and to give positive output.

At considerable distances the field from a positively charged line bor-

dered by two negatively charged lines falls away as the inverse fourth

power of the distance away from the lines. The field produced by the

combination when measured at a moderate distance will decrease as the

spacing between the lines is decreased, even though the charges are

adjusted so that the field appears constant at a great distance. This

effect might allow the closely spaced double trace to cause more second-

aries to return to it from distant parts of the screen than would return
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to the traces if they were at such a distance that one had little effect

upon the other.

The experimentally measured variation of output with separation of

the double trace (Fig. 21-5) agrees qualitatively with such a theory.

21*5. Signal-plate Modulation.—Modulation of the electrode behind

the storage surface has been attempted and appears to be successful

under certain conditions. In the first method tried, the signal plate was
modulated by the incoming video pulses while the charging current was
measured. If equilibrium exists between the beam and the emitted

secondary electrons, no charging current will flow. If the signal ampli-

tude changes, a pulse of charging current appears. This method was

unsuccessful because of the difficulty of removing the high-level video

signal from the low-level output.

Attempts have also been made to modulate the signal plate and

obtain the stored signal from the Aquadag coating on the inside of the

CRT. This method was unsuccessful for two reasons. First, most of

the secondary electrons emitted from the surface fall back onto other

parts of the surface; few of them reach the Aquadag coating directly.

Second, there is sufficient capacity coupling between the signal plate

and the Aquadag coating to produce a direct signal which is much larger

than the stored signal.

The only device which successfully uses signal-plate modulation is

the RCA type SDT5. This is a tube of the Orthicon type in which the

electrons are constrained to travel down the tube by means of an axial

magnetic field. Deflection is accomplished electromagnetically. Unlike

the ordinary Orthicon, the accelerating potential is high enough to cause

a secondary-emission ratio greater than unity. The tube operates as

follows: An unmodulated electron beam is made to trace across an

aluminum-oxide insulator surface behind which there is a metal back

plate and in front of which there is a fine wire-mesh screen through

which the electron beam penetrates. The signal to be stored is applied

between the back plate and the wire screen (screen on ground end of

signal) . The incident beam charges the spot it strikes to about the volt-

age of the wire mesh. If the spot is more positive than the screen,

most of the secondary electrons produced return to the spot making it

more negative. If the spot is more negative than the screen, most of

the secondaries are accelerated toward the screen. Because of the action

of the axial magnetic field, the emitted secondary electrons travel back

down the tube in nearly straight lines. Those electrons which are not

collected by the screen travel the entire length of the tube and are col-

lected and amplified by a five-stage electron multiplier which surrounds

the electron gun.

When the video signal changes, the spot now under the beam is
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charged to a new potential with respect to the back plate, but it is charged

to the same potential with respect to the wire mesh. When the surface

is retraced by the beam, the surface touched by the beam is point by

point the same potential as the wire mesh (assuming complete ecpiilibrium

on the first sweep) if the video signal is exactly the same as before. If,

however, at some point the video signal is not the same height as on the

previous trace, the insulator surface will be above or below screen poten-

tial and more or fewer secondaries will have to leave to restore the voltage

of the surface to screen potential. The secondaries penetrating the

screen are amplified by the electron multiplier and appear as an output

signal.

The output current is constant and proportional to primary beam
current as long as the insulator surface being hit is at screen potential,

but it increases or decreases when the surface is differently charged and
is restored to screen potential by the action of the secondaries.

For some purposes this is a satisfactory tube, which gives a good can-

cellation ratio even on sweeps that are very long compared with the pulse,

but complete equilibrium is not established on each trace; some tubes

require perhaps six traces to reach a steady state. This charging time

is undesirable in applications involving cancellation although it may be

desirable for some other purposes.

21-6, Focus Modulation.—Focus-modulation storage has been tried

briefly with only moderately successful results. In this method the spot

area is changed by the video signal, and the output signal is obtained

from a pickup plate behind the insulator surface being scanned by the

beam. When the same set of signals is applied on successive sweeps,

the output contains some pulses that occur at the beginning and end of

the signals. The output obtained when a modulated pulse is used as a

signal is larger than these pulses, but the difference is only about two to

one in voltage, although under some conditions a difference of ten to

one has been obtained. The ten-to-one cancellation was obtained when
the storage surface was surrounded by a short solenoid. The field from

this solenoid apparently changes the distribution of the secondary elec-

trons that return to the surface.

21*7. Frequency-modulated Carrier with Intensity Modulation.

—

Where the stored signal must reproduce the input signal with good fidelity

it has been proposed to impress the video signals upon a high-frequency

carrier by means of frequency modulation. The frequency-modulated

carrier would then be applied to the grid of the storage tube producing a

series of spots of variable spacing on the screen. The stored carrier

\vould then be recovered by retracing the surface with a constant-intensity

beam. The output carrier is then amplitude limited to get rid of ampli-

tude variations and applied to an f-m discriminator which demodulates
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it. The output signal should then be a faithful reproduction of the

original signal. The principal disadvantage of the method lies in its

requirement of a higher rate of sweep on the CRT. The minimum
resolvable signal on the storage surface will be at least a spot width

long. If a carrier is used, it must be several times the frequency of the

highest frequency component in the stored signal. A resolvable spot

must be produced for each cycle of the carrier, so that the sweep speed

must be several times that which would be required if the signal were

stored directly.

DESCRIPTION OF APPARATUS USED IN STORAGE-TUBE EXPERIMENTS

21*8. Intensity Modulation Tests.^—Ordinary electrostatic cathode-

ray tubes were used and the power supply and positioning circuits were

Fio. 21-6.—Connections to intensity-modulated storage tube.

conventional as shown in Fig. 21-6. Horizontal deflection was provided

by a conventional linear sweep. The accelerating voltage used was about

1500 volts.

The time sequence of the intensity-gate voltage, the voltages of the

sweep, and the signal output are shown in Fig. 21-7.

Tubes containing various insulator targets were prepared by Allen

B. Du Mont Laboratories, and from these it was found that mica yields

as large a signal as glass, but on account of the presence of bubbles and
^ For a description of sonic-delay-line cancellation system see Vol. 20, Chap. 12
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surface irregularities no satisfactory large surface has been obtained; it

does not seem to give any greater output than glass. Tubes with PI

and Pll phosphors give the same result as glass, although in some

samples of Pll screens one or more small points were found on the screen

that gave an output whenever the beam struck them; P7 phosphors were

Signal

Fig. 21*7.—Timing diagram of signals used in intensity-modulated storage-tube tests.

much more irregular than PI phosphors or glass. The antiarc coating

used as a surface insulator between sections of conductive coating inside

high-voltage cathode-ray tubes gives no stored signal whatever.

One tube had samples of glass of various thickness from 0.001 to 0.25

in.; no difference in stored output was obtained when the different thick-

nesses were used.

Some tubes \yere made with ground and polished-end faces similar

to type 4AP-10. When these were tried there was no noticeable dif-

ference between them and ordinary cathode-ray tubes.

As a result of these tests, ordinary 3BP-1 tubes were used for much
of the later work.

A 1-/X sec-pulse output can be made as large as 0.2 volt through a

1-megohm input circuit with a i-Mc/sec bandwidth using a 5CP1A tube
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with a trace speed of 10 /xsec/in., provided that the special negative-

capacitance amplifier described in Appendix I is connected to the signal

plate.

Many types of pickup plates outside the tube end were tried and al-

most any type of conductive coating on the tube face seems to be satis-

factory. If an Aquadag (colloidal graphite) stripe is painted across the

face of the tube and contact to it made by a bit of copper foil attached

to it by scotch tape, a satisfactory output can be obtained. If the trace

of the electron beam is moved so as to be parallel to the conducting

stripe, but above or below it on an uncoated section of the tube face,

very little reduction in output is found until the beam is about ^ in. away
from the edge of the conducting stripe.

A flat metal plate near the glass or not more than in. away will do

as a pickup, although a smaller output is obtained as the section of glass

being touched by the beam becomes progressively farther from the

metal plate.

A cell containing an electrolyte (salt water), which allows a free view

of the tube face, has been used and found to be satisfactory. A coarse

metal screen was tried, but was found to produce considerable wiggles in

the base line on account of the crossing of the screen wires by the trace. A
fine metal screen 100 meshes per inch gave satisfactory results when made
flat and, although it was not tried, it is believed that a thinly sputtered

transparent film of chromium or platinum would be equally satisfactory.

It is very desirable to have a somewhat transparent pickup plate to

allow the beam to be centered and focused by eye, thus permitting quicker

adjustment of the tube. The effect of varying the total accelerating

potential was tried over the range of 500 to 2200 volts. It is unfortunate

that voltages up to 3000 volts were not used, because no change in stored

signal resulted other than a small change in character due to defocusing

near 500 volts. Some change of results could have been expected on the

basis of the present theory of operation if the total accelerating voltage

had reached about 2500 to 2600 volts, since above some voltage in this

region the number of secondary electrons emitted by the glass of the

tube is believed to become less than the number of primaries striking it

(see Fig. 21.1).

The stored signal is a nonlinear function of the intensity of the storing

beam and is also a function of the intensity of the reading beam used to

take off the stored signal. In particular, the degree to which the stored

signal is ‘‘wiped off'^ by the reading beam is greatly influenced by the

intensity used; when a very weak reading intensity is used, the stored

signal is only partly removed, and up to 200 outputs can be obtained

from one stored signal before the signal becomes too small to be discerned
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in the thermal noise* of the output circuit. If the reading-beam intensity

is high, less than 10 per cent of the stored signal may remain after a

single passage over the screen.

As might be expected, the spot focus has considerable effect on the

output and sharpness of the stored signals; and it is most important to

maintain a uniform degree of focus from one part of the screen to another,

or the output pulse will contain a large varying voltage from one end

of the sweep to the other. Figure 21*8 shows this effect.

As a consequence, a push-pull sweep must be used, and the average

voltages of the deflection-plate sets and the second and third anodes

must be distributed properly to maintain uniform focus over the tube

face. Different CRT's require slightly different voltage distributions,

and astigmatism controls should be provided to adjust them (see Fig.

21 *9).

It was found that the most satisfactory reading intensity was different

for different sweep speeds, and it was observed that the optimum intensity

for different sweep speeds gave approximately the same visual brilliancy

of trace; this seems to indicate an approximately constant current density

for optimum results. The output pulse obtained with the same signal

was larger for faster sweeps. This fact might be expected; since the

storage effect is obviously some change of the charged condition of the

screen surface and since the optimum condition involves approximately

a constant current density, the output could be expected to be greater

for a greater number of inches per microsecond covered by the trace.

* For a discussion of noise in video amplifiers see Vol. 18.
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No change in the output was found with any phosphor or glass when
the repetition rate of the sweep was varied from 20 to 2000 cps. This

seems to indicate that the effect of conduction along the surface of the

glass or phosphor is negligible, at least for sec.^

To obtain cancellation of signals of constant intensity one set of

signals is compared with another, with the result that only the difference

between them is left.

One could, for example, store the first set of signals, and then when
the second set was being received, read off the stored signals and sub-

tract them, instant by instant, from the incoming signal; thus only the

part of the signal that was different \vould give any output. Unfor-

tunately, the stored signal is a nonlinear function of the initial signal,

and a complex signal could, "therefore, not be completely canceled by the

stored signal. It was necessary, therefore, to store the first signal in

one storage tube and th^second signal in another identical tube, then

read off the two stored signals together, trusting that the two tubes

would have similarly nonlinear outputs. It is possible to do this and

leave uncanceled residues about 25 to 30 db smaller than the signal, but

considerable equipment is needed and the adjustments are complex and

difficult.

21*9. Deflection Modulation Tests.—Deflection modulation was next

tried since cancellation of fixed signals occurs directly on the storage

surface as explained in Sec. 21*4. Here a beam of constant intensity is

deflected m a direction perpendicular to the trace motion as in the

ordinary A-scope. When a signal of constant height is impressed upon

the vertical deflecting plates, a very small output is found on the pickup

plate; when the height of this signal is changed, an output is obtained;

this output is always positive at the 'pickup plate, whether the signal be

increasing or decreasing (see Fig. 21T0).

A cathode-ray tube used in this way performs the complete function

of a signal canceler; that is, the output contains almost nothing except

the differences between successive sets of signals fed into it. This pro-

duces a much simpler arrangement than the intensity-modulated method,

and considerable work was done to find the best conditions for signal

cancellation.

A signal generator was constructed giving both a positive or negative

pulse of adjustable duration and amplitude and a modulated pulse of

adjustable duration, amplitude, and modulation frequency. The two

pulses could be made coincident in time or not, at will. The modulated

pulse varies in amplitude from a positive to a negative maximum in a

^ The University of Manchester group reports a leakage time-constant of i sec

for commercial British cathode-ray tubes.
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sinusoidal manner so as to represent the radar return from a moving
target on a system equipped with a coherent oscillator. The circuit

diagram of this signal generator is shown in Fig. 21-11. A complete
test setup for deflection modulation is shown in Fig. 21-9. Several

3FP1 and 5CP1A tubes were tested with this equipment.

One RCA 5CP1 was found that gave very poor results and later

another RCA tube was found that was unsatisfactory. All Du Mont
5CP1A tubes tried were satisfactory. Any hum voltage applied to the

deflecting plates, of course, gives a large hum output from the pickup
plate. Alternating magnetic fields have the same effect. The storage

tube must therefor^ be shielded by a mu-metal shield (or its equivalent)

and even then must not be exposed to strong fields. A voltage-regulating

Intensity

Fig. 21 10.—Timing diagram of signals used in deflection-modulation tests.

transformer several feet away caused serious effects even with a shield.

The power supply for the video amplifiers supplying the deflecting plates

and for centering voltages must be well filtered and preferably regulated.

Any hum voltage on the accelerating voltage supply also gives hum in the

output with the result that the supply must be extremely well filtered.

The intensity of the beam has an optimum value, and a change in acceler-

ating voltage will increase or decrease the amplitude of the output signals

undesirably. It was found necessary, therefore, to regulate this voltage.

Figure 21•12a shows the maximum modulated-signal output and

residual pip height obtained with best adjustment as a function of sweep

speed for 17, 46, and 160 /xsec/in. Figure 21-126 shows the product of

peak output due to the moving target and the square root of sweep in

microseconds per inch plotted against the length of the pulse in inches

on the tube. Muliplying by the square root of sweep speed seems to

correct for the increase of output due to the use of more storage surface

per microsecond and leaves only the effect of geometrical factors. Since

the intensity was always set so that the uncancelled residue due to the
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unmodulated signal was about the same size, the region on this curve (Fig.

21 •12a) for very short pulse length gives little output because of the rela-

tive increase of the uncancelled residue. At the other end of the curve the

relative output decreases; the reason for this effect is not clear, but it may

be due to the smaller amount of unmodulated trace or base line near the

modulated region. This belief is supported by the fact that, when a

modulated signal is superimposed upon a large fixed signal, the output

from the modulated part is somewhat smaller when the duration of the
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1.2 /I sec pulse
12 fji sec pulse

( A.2 /usee pulse

20 40 60 80 100 120 140 160
Sweep speed In /u sec per inch (a)

fixed signal is equal to that of the modulated one, although when the

fixed signal is more than three times as long as the modulated one there

is no change in th^ output whether the fixed signal is present or abs^t.
The modulated signal input

was decreased until the output it

produced was equal to the maxi- ’ \
mum positive value of the uncan- \\
celled residue of the largeunmodu- *3

20 -

lated signal. The ratio of the g

fixed signal amplitude to the mod- |
ulated signal amplitude, under i ®

i2 ;u secpuisV**^*^'^**^"^^'''^"^^^
these circumstances, is called the I

^
1.2 /usee pulse

cancellation ratio. The value of
^ ^

the cancellation ratio (in decibels) ^0
20 40 60 so 100 120 i40 I60

obtained at various sweep speeds
Sweep speed m ft sec per inch (a)

is shown in Fig. 2T12c. The mod- 2.

ulated signal amplitude is meas- 1^7
ured from the base line to either x

the positive or negative maximum. ^ L ,

The fixed signal amplitude was ^ °®(
6)

about X in. for these results. (on tube face)
40 r —— ..

The output is a distinctly non- | 12 /u sec pulse

linear function of the input ampli- | -h ,

tude and also depends greatly upon g 20 - 1.2 m sec pulse
'

the ratio of modulation frequency 1 20 -

to repetition rate of the sweep.
|

When the ratio of the modula- 20 40 60 so 100 120 i4o 16O

tion frequency to repetition rate Sweep speed in m sec per inch (c)

is exactly so that one pulse is Fiq. 2112.—Output and cancellation ratio as

... Jit. i. X* functions of signal length and sweep speed.
positive and the next negative,

the output rises rapidly as the deflection modulation increases and

then falls smoothly to a very small value. Figure 21*5 shows this

effect for frequency ratios, i and an incommensurable ratio near 7 .

The output is in arbitrary units of signal potential; the input is

in millimeters of signal height peak-to-peak on the tube face. There

seems to be no other explanation of these output curves except that

the presence of two traces close to each other affects the way in which

secondary electrons return to the screen from more distant parts

of the trace. The pulse length for this test is about 7.4 mm, and the

0.2 0.3 0.4 0.5 0.6

Signal length in inches
(on tube face)

12 /u sec pulse

1.2 /i sec pulse

U 20 40 60 80 100 120 140 160

Sweep speed in /u sec per inch (c)

Fia. 21 12.—Output and cancellation ratio as

functions of signal length and sweep speed.

output for the two-trace patterns has passed through the peak and fallen

of to i when the traces are separated by 2.5 mm. The effect, therefore,

is not simply one of the geometric relations of the pulse-top regions to the

parts of the base line before and behind the trace; the multiple-trace

pattern obtained when the modulation frequency is substantially incom-
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(1^ (/)

Fig. 21-13.—Waveform photographs obtained with deflection-modulated storage tube.

A indicates transients due to the starting and stopping of the sweep; M is the output due
to the modulated signal; F is the uncancelled residue of the fixed signal.

mensurable with the sweep repetition rate also gives a large output that

does not decrease much even for large amplitudes.

Photographs of the signal input and 5CP1A storage-tube output as

seen on an A-scope are shown in Fig. 21*13. Figure 21* 13a shows the

input signals, each about one milRrosecond long and spaced about 5 ^sec
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from each other. The ratio of modulated to unmodulated signal is

10 db. Figure 21*136 shows the storage-tube output as shown on the

same oscilloscope^ The storage-tube sweep speed is about 46 /xsec/in.

The fuzziness of the base line is caused by thermal agitation voltage

in the resistor attached to the pickup plate. Figure 21* 13c shows the

same signals displayed on a scope trace ten times slower. The pulses

have been spaced about 50 pisec apart for greater clarity.

The next photograph (Fig. 21*13d) has the same signal input and
scope sweep, but the storage-tube sweep has been changed to about

17 Msec/in. The modulated-signal output is now much larger compared
with the amplitude of the uncanceled residue. In Fig. 21 -136 the modu-
lated signal is 32 db smaller than the fixed unmodulated signal yet the

output signals are of equal amplitude indicating a cancellation ratio of

32 db. Figure 21*13/ shows a signal ratio of 30 db, but the pickup video

bandwidth has been made three times as wide and the amplifier has been
adjusted to be slightly overpeaked. From these tests it was concluded

that the storage-tube system using deflection modulation was feasible

for use in a radar moving target indicator as a replacement for sonic

delay lines. Such a system was built and tested. Cancellation of fixed

signals of about 25 db was obtained and moving aircrafts were clearly

indicated. In a practical system the trace length would have to be

increased to cover the full range of the radar equipment. This could be

accomplished by using a multiple scan of vertically displaced traces or

by use of a spiral sweep.

21*10. Storage-tube Synchronizing Devices. Externally Synchronized

Crystal-controlled Time-mark Generator .—In many time-measurement

applications it is desirable to produce a train of accurately spaced time

marks which can be initiated by a phenomenon which occurs more or

less at random. Pulsed LC-oscillators have been used successfully but

their stability is not high (Chap. 4 and Vol. 20, Chap. 4). Pulsed

crystal oscillators have also been used, but transient effects cause the

first two or three marks to appear with incorrect spacing. A storage-

tube technique has been developed that permits the use of a continu-

ously running crystal-controlled oscillator to determine the spacing

between the marks in a discontinuous pulse train while a randomly occur-

ring pulse determines their phase. This method is shown in Fig. 21*14.

The crystal oscillator and phase splitter produce 2-phase sinusoids

which are applied to the deflecting system of the storage tube and cause

the spot to follow a circular trace. This circular trace causes no output

from the signal plate provided precautions are taken to minimize capacity

coupling between the pickup circuits and the deflecting circuits. Since

sharp pulses are desired in the output, a high-pass filter that attenuates

the circular-sweep frequency may be placed in the pickup amplifier circuit

without detriment to the desired output signals. The beam is momen-
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tarily intensified by the input pulse and a positive spot is thereby caused

to appear on the circular trace. The next time the weak beam passes

the spot a pulse will appear on the signal plate as the steady state is

gradually restored. By making the intensified beam very strong and the

normal trace very weak a large number of output pulses may be produced,

each trace discharging the intensified spot by only a very small amount.

In an experimental setup, using an 82-kc/scc circular sweep on a 3BP-1

tube, triangular pulses 1 ^isec wide at the base were obtained. By proper

adjustment of the beam, the 100th pulse had i the amplitude of the

first stored pulse. The amplitude of the 100th pulse was about 5 times

the noise level (t^rmal noise and pickup from the deflecting system).

The negative-capacitance amplifier was not used in this test though it

is believed that its use would have greatly improved the operation.

Attempts were made to erase the pulses that remain after the desired

Fiq. 21-14.—Storage-tube time-mark generator.

number of pulses are obtained. Modulation of the beam with a pulse

having a sharp rise and a slow exponential fall that lasts for at least

two cycles of the circular trace appears to be partially effective for this

purpose. To reduce pickup from the deflecting system magnetic deflec-

tion appears to be desirable.

21* 11. Storage-tube Time Demodulator. Sensitive Time Dis-

criminator Employing Storage Tube .—The desirable characteristics of sig-

nals and indices for visual time discrimination are described in detail

in Vol. 20, Chap. 7, and a number of practical displays for accurate time

measurement are included. A particular configuration of signal and

index called superposition gives much more sensitive discrimination

than any of the other types. In this method the shapes of the signal

and index are identical, and their superposition to give the appearance

of a single trace gives a sensitive indication of time difference. A more

sensitive indication, however, is obtained by displacing the two traces

by a line width and adjusting the point of contact between the two nearly

superposed traces. With pulse-rise times of 20 /isec, an accuracy of time

discrimination of 0.002 psec was obtained visually when optimal sweep

speeds were used (see Vol. 20, Sec. 7-12).
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An electrical method of simulating the visual-matching process is

shown in Fig. 21*16. The signals A and B modulate alternate traces of

the storage tube in accordance with the following sequence which is

repeated in a four-pulse cycle operated by a scale-of-four circuit. On the

first trace, signal A is selected by selector Ai and applied as vertical

deflection. On the second trace signal B is selected by selectors Bi and

jBs. The separation between the two traces produces an output in the

pickup amplifier which is applied to the rms detector and filtered. On

Fig. 21*15.-—Uwe of storage tube for sensitive time discrimination.

the third trace signal A is again selected by selector Ai, and another

pulse proportional to the average separation between A and B is obtained.

On the fourth trace signal B is delayed by DLi, an amount slightly

greater than two trace widths, and selected by selectors B^ and Bz. A
pulse proportional to the separation between B2 and A is produced and

detected. On the fifth trace a pulse is produced which is again propor-

tional to the separation of B2 and A, and the cycle repeats. The pulses

proportional to the separation of and A and B2 and A are compared

in a differential time-sensitive detector which gives a null output when
A is half way between Bi and J82 . Experimental tests of this device

have not been made, but the data already presented indicate its feasibility.



CHAPTER 22

ELECTRICAL DELAY LINES

By Vernon Hughes

22«1. Introduction.—Electrical networks can be used for delaying

electrical signals because of the finite propagation time of the signals.

Such delay lines^ can delay video signals faithfully for periods of time

ranging from a fraction of a ifiicrosecond to about 10 /xsec. Rise times of

the output pulse of a few hundredths of a microsecond can be achieved

although 0.1 fjLsec or greats is the more usual figure; rise time is propor-

tional to delay time. Signals with a peak-to-peak amplitude of 200 volts

or less are easily handled. The input and output impedances of electrical

delay lines are between several hundred and several thousand ohms.
In general, electrical delay lines are of one^ of two types: (1) lumped-

constant lines, which consist of combinations of inductors and capaci-

tors; (2) distributed-constant lines, which are continuous structures.

Both these types are low-pass filters. The first type is illustrated in

Fig. 22-1 by a simple Lr-filter. A common type of distributed-constant

o—
Input

terminals

o T T 1

Output

terminals

o
Fig. 22*1.—A low-pass LC filter type of lumped-eonstaiit electrical, delay line.

delay line consists of a cylindrical-shell conductor with longitudinal slots

on which is wound insulated wire in the form of a solenoid. A layer of

dielectric may be placed between the solenoid and the inner cylinder.

The equivalent circuit of this continuous line is a single LC-section of Fig.

22*1, where C is the capacity between the solenoid and the inner con-

ductor and L is the inductance of the solenoid. In Vol. 17, Chap. 6 there

is a detailed discussion of the design of electrical delay lines of both types.

The uses of electrical delay lines for the synchronization of waveforms

and for marker generation are treated A more d^ailed dis-

cussion of rectangular-pulse generators using electrical de|ay lines is in

Chap. 6; coder and decoder applications are treated in Ch^p. 10, Vol. 20.

Some theoretical considerations concerning electrical delay lines will now
be discussed.

730
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THEORY OF ELECTRICAL DELAY LINES

22*2. Propagation Function and Characteristic*impedance Function.

Importance.—It is both possible and useful to discuss the behavior of

electrical delay lines in terms of three complex functions of frequency—
the propagation function, 7(co), and two image-impedance functions,

Zoi(o}) and

The lumped-constant delay line involves no sources of emf, and its

components are ordinary lumped constants. Hence it is a passive linear

network. It is in general a four-terminal network; accordingly, its

behavior can be described^ in terms of 7(0)), 2oi(aj), and Z02(03). Usually

the delay line is symmetrical; that is, two pairs of terminals cannot be

distinguished. In this case Zoi(o)) and Zo2(o)) are equal and their com-
mon value, Zo(co), is called the “characteristic-impedance function.^^

The distributed-constant delay line also is in general a linear, passive

symmetrical four-terminal network,

and it will be found that the predic-

tion of the behavior of a distrib-

uted-constant delay line based on a

use of Zq(o3) and y{o3) is in good

agreement with the experimental

results.

Definitions.—The definitions of

the functions 7(«), Zoi(w), ZoiM, 22-2.-A four-terming network repre-

and Zo(aj) can be given with the aid

of Fig. 22*2, in which the box with four terminals represents an electrical

delay line. Under steady-state conditions^

TP — EgiZoie'^ + Zo2yRe~'^)
~ (Z. -h Zoi)(e^ - 7.T«e-")’

^ ^

where

Zoi, Z02 are the image-impedance functions,

7 is the propagation function,

Z, is the sending-end impedance,

Zr is the terminating impedance,

_ Zr — Zoi

+ ZoV

— Z02

Z, + Zoi

In the figure Eg is a single-frequency voltage that equals

The image-impedance function Zoi is the impedance looking into an
^ See E. A. Guillemin, Communication Networks, Vol. II, Wiley, New York, 1942,

Chap. 4.

2 Ibid. p. 165.
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infinitely long chain of identical structures, all of which are oriented with

their Ends 1 on the left and Ends 2 on the right. There is a similar

physical interpretation for Z02. If the box is symmetrical with respect

to terminals 1 and 2, Zoi and Z02 are equal and their common value,

Zo, is the characteristic impedance. If Zh = 2oi, Eq. (1) reduces to

Eq. (2).

Eq Eg

= |E,

Zs + Zqi

I
Zqi

Zg + Zq

(2)

If Zqi and Zg are pure resistances, as is usually approximately true, the

following physical interpretation of y can be made. If y = 71+^72,
where 71 and 72 are real functions of frequency, then except for the con-

stant factor ZqI/{Zg + ZZ.)y is the ratio of the amplitude of the output

voltage Eq to that of the input voltage Eg, and the function 72 is the phase

angle of Eq relative to Eg. 71 is called the ‘^attenuation function or

“amplitude function,” and 72 is called the “phase function.”

Usefulness.—The primary interest is in the response of electrical delay

lines to video pulses, and the usefulness of discussing delay-line operation

in terms of 7, Zqi, and Z02 is due* to the fact that this response can be

deduced from a knowledge of these three functions. It will be shown

later that for any line these functions can always be determined experi-

mentally and can sometimes be determined theoretically.

Response of Networks with Particular 7 and Zq functions

The response of a network to a step function is an important indica-

tion of the response of a network to video pulses, since a rectangular

pulse can be considered as the superposition of two step functions of

opposite polarity and equal amplitude whose steps are separated by a

time interval equal to the duration of the pulse. In the following sec-

tions there is presented the response of certain idealized networks to step-

function or pulse inputs; a study of these responses is most useful in

predicting the behavior of actual delay lines.

22‘3. Ideal Transmission Network and Distortion.—In Fig. 22*2

Zr is taken equal to Zqi, Z, and Zqi are pure resistances, and Eg is a

step-function voltage. According to the well-known methods of Fourier

analysis^ the output voltage Eq is

Eq = J
g{($))H{(a) dc*> (3 )

*See K. A. Ouillemin, op. cii., Chap. 2; and Vol. 18, Chap. 1.
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where
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H{o3) = - the network function,
^8 -r Aioi

E
fif(cj) = the Fourier transform of a step-function voltage, U{t)

U{t) = ^

E,

t < 0.

t > 0.

If Y = iiC + jo)tdf where K and td are real constants,^ it will be seen

that this is a distortionless network. Since Zoi and Z, are resistances,

Eo =
Zg + Zoi

Zqi

r + <o

Uit - td)

(4)

Zs + Zqi

Therefore, except for the reduction in amplitude by the factor

Zoi

Zg + Z^
- e‘~

the output voltage is also a step-function voltage, but the step does not

appear at the output until a time interval td after it is impressed on the

input. Thus a delay of td with faithful reproduction is achieved with

a network having an attenuation or amplitude function, which is a con-

stant, and a phase function, which is a linear function of frequency.

When a network has a 71 that is not constant or a 72 that is not a linear

function of frequency, it is said that the network has amplitude distor-

tion or phase distortion. In practice, most networks involve both

amplitude and phase distortion.

22*4. Amplitude Distortion. Idealized Low-pass Filter ,—The ideal-

ized low-pass filter characteristics are shown in Fig. 22-3. It will be

noticed that only amplitude distortion is present. The response of a

network with such a propagation function is^

where

So = i/'
{^
+ i SiMt -

<„)] j»

Si [(0c(< - td)] =

E'

"ueit— td)

0

Zoi

Sin u
u

Zs + Zoi
^

(5)

The output is a delayed and distorted reproduction of the input (see

^ This is a physically realizable form of propagation function.

* E. A. Guillemin, op. cit.y p. 479.
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Fig. 22-4), If the delay time is defined as the time interval between the

time of appearance of the step at the input and the time at which the

output pulse attains one-half its final value,

it equals tdf which is the slope of the charac-

teristic. The step at the output has a finite

rise time which it is convenient to define as

Cl) 0)c E'

(dF^\

Hence, by Eq. (5),

Ta =

Fig. 22-3.—Amplitude and
phase characteristics of ideal low-

pass filter; «c = cutoff frequency.

The rise time is thus inversely proportional

to the width of the pass band of the low-

pass filter. For an actual low-pass network

the pass band is not sharply defined; if the 3-db bandwidth is chosen and

the rise time from 0.1 to 0.9 amplitude is taken, then r times (band-

width) = 0.25 to 0.3.

The ripples appearing on the top of the pulse have a frequency of

approximately Wc. The existence of a response before < = 0 is, of course,

a physical impossibility and is an indication that the 71 and the 72 assumed

are incompatible.^

* See Vol. 18. Despite the physical unrealizability of the ideal low-pass filter,

a study of its behavior is valuable in understanding the response of actual
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Other Cases of Amplitude Distortion ,—The attenuation characteristic

of distributed-constant delay lines is often well represented by 71 = Ko).

If a network has 7 == i^co + then the response to a unit step func-

tion is (see Fig. 22*5)

jp Zqi fl , t —
I

1

1

As for the ideal low-pass filter, the delay time is td. The rise time,

defined as the maximum amplitude of the output voltage divided by the

rate of change of voltage at f = fd, is Kt, There are no overshoots or

ripples in this case.

Fig. 22*5.— Response of network with 7 = Ko) jcotd to a unit step function applied at

t = 0.

The step function has an odd symmetry with respect to the time at

which the discontinuity occurs, and the single pulse has an even symmetry
with respect to the time corresponding to the center of the pulse. It is

easily seen by an application of Fourier analysis that these symmetries

are not affected by amplitude distortion alone. It is evident in Figs.

22*4 and 22-5 that these symmetries are not affected by passage through

the networks with amplitude distortion. More generally, it can be

shown by Fourier analysis that amplitude distortion alone does not

affect the symmetry of any signal. It will be seen in the next section,

however, that phase distortion does introduce asymmetry.

22'5. Phase Distortion. Some Examples ,—Networks having only

phase distortion, like those having only amplitude distortion, are not

encountered, but a consideration of certain networks of this type is

low-pass filters whose characteristics approximate those of the ideal filter. This is

true because by only slight modifications in the assumptions about the characteristics

of the ideal low-pass filter a physically realizable structure is obtained; it is very

reasonable to suppose that these modifications will not materially affect the main

features of the response.
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instructive. In Figs. 22*6 and 22*7 are shown the outputs from a net-

work with 7 =
j

^6oaj f where fh is the highest frequency

considered in the input signal (a l-^sec pulse). Both cases considered

involve phase distortion that is larger than that ordinarily exhibited by
delay lines. Ripples and asymmetry are introduced by the phase dis-

tortion. In the case for which the slope of the phase characteristic

decreases with frequency, high-frequency ripples appear before the dis-

Mn/isec

(Pulse is applied atts >6^

Fig. 22-6.—Output voltage vs. time (positive bi),

continuities of the pulse (Fig. 22*6). In the other case these ripples

appear after the discontinuities of the pulse (Fig. 22*7).^

It can be shown in general for small phase distortion that when the

phase function is convex upward, ripples appear before the discontinui-

ties and the asymmetry is as shown in Fig. 22*7, and, when the phase

function is convex downward, ripples appear after the discontinuities

and the asymmetry is as shown in Fig. 22*6. Proof is readily given by
the method of ‘‘paired echoes, according to which

‘ These graphs were computed with the approximation that 10 Mc/sec is the

highest frequency present in the l-jusec input pulse.

* H. A. Wheeler, “Paired Echoes,” Proc, I.R.E.j 27, 359 (June 1939).
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E,{t) + Jo(-h,) Uo(t - bo)

+ •! \{^bi) ” feo +

where

Eo{t) is the output voltage for a 1-Msec pulse input voltage

Uoit) is a unit-amplitude l-jusec pulse,

t(w) = j (bool + bi sin 6i « 1,

fh — highest frequency considered in 1-jLisec pulse,

J’s are Bessel functions.

t in M sec

(Pulse is applied at t --60)

Fig. 22-7.—Output voltage vs. time (negative 61).

Since 61 is small, Eo(t) can be written

Eo(t) = 4- ^ C/o + Uoit) Uo (6)

These three terms and their sum are plotted in Fig. 22-8. The case

plotted is for bi positive, which implies a dyido) that decreases with fre-
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quency. This is seen to have asymmetry of the same type as that shown

in Fig. 22*6. In a similar way it can be shown that if 6i is a small negative

number, the type of asymmetry shown in Fig. 22-7 will be obtained.

A Qualitative Approach .—A useful way of regarding phase distortion,

which can be justified rigorously, is merely suggested here.^ The Fourier

integral expression for the response of a network to a step function, is

Eo

where 0(a)), a nonlinear function of frequency, is the phase characteristic

of the networ^ whose amplitude characteristic, is assumed to be

0 1 2

t in M sec

Fig. 22-8.—Paired-echoes method ol analyzing phase distortion. [Equation (1); fei = 0.1,

6o = 1 Msec.l

1 for all frequencies. The integral is difficult to evaluate because 0(a))

is a nonlinear function of frequency. It can be written as the sum of a

large number of integrals of the form

r +«*

j2iro)

in which Ao) is so small that it is a good approximation to regard 0(a)) as

a linear function of w in the range from o)* to o)* + Ao), and to regard l/o)

as a constant. This elemental integral indicates that frequency com-

ponents in the neighborhood of a)t will be delayed by a time
do)

Applying this concept of the delay of a single frequency component to the

type of network with a phase characteristic it = hoo) + hi sin a)/2/A

(6o, ?>i positive), it is seen that the higher-frequency components are

delayed a shorter time than the low-frequency components; hence if a

pulse is put into this network, a high-frequency ripple preceding the

discontinuous portions of the pulse is expected (Fig. 22*7). For the

1 E. A. Guillemin, op, citf p. 492.
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network with 72 == &o<*>
— hi sin (t)/2fh (60, Expositive), high-frequency rip-

ples appearing after the discontinuous portions of the pulse (see Fig. 22-6)

are expected.

22‘6. Amplitude and Phase Distortion.—All practical delay lines

exhibit both amplitude and phase distortion and generalizations about

(a)
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Fia. 22-9.- Photograplis of input and output pulses for 4-Atsec delay line, (o) l-ftsec

input pulse and 5-Mc/sec. calibrating sine wave, (h) leading edge of input pulse and
5-Mc/sec-calibrating sine wave, (c) falling edge of input pulse and 6-Mc/sec-calibrating

sine wave, (d) input pulse, delayed output pulse, and 5-Mc/sec-calibrating sine wave,
(e) output pulse and 5-Mc/sec-calibrating sine wave.

the response are difficult to make. In some cases it is apparent that

either amplitude or phase distortion alone is the more important and in

this case the results of the previous sections can be applied. Often,

however, a numerical solution must be undertaken, or crude estimates of

the distortion are made on the basis of idealized cases such as were con-

sidered in the previous sections. These estimates usually neglect the



740 ELECTRICAL DELAY LINES [Sec. 22 '6

(&)

Fig. 22*10a.—Amplitude characteristic of 4-/isec delay line. Fig. 22*10h.—Phase charac-
teristic, divided by « vs. frequency for 4-/tsec delay line.
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interaction of phase and amplitude distortion. It is often possible to

specify the limits within which the amplitude and phase distortion must
be kept in order that the distortion of the pulse shall be within certain

limits. For example, the 3-db bandwidth may be specified in order that

the rise time shall be less than a certain value.

Response of Line with Large Amplitude and Phase Distortion .—The
results of a numerical calculation on a high-distortion 4-;isec delay line

will now be presented. Figure 22-9 shows a number of photographs

taken on the input and output pulse. It is seen from Figs. 22*96 and

22*9c that the rise and fall times of the input pulse are about 0.02 jusec.

Time in ^ sec

(Input pulse applied at t = - 4 /i sec)

Fio. 22-11.—Computed output pulse from line with characteristics shown in Fig. 22-10

for a 1-^sec unit-amplitude input pulse.

The output pulse is very much distorted. The rise and fall times are

about 0.3 psec
;
the pulse is attenuated to about one-half its original ampli-

tude and an undershoot and overshoot appear at the beginning and end

of the pulse, respectively. The amplitude and phase characteristics of the

4-iusec delay line are plotted in Fig. 22*10; these characteristics were

measured experimentally as described in Sec. 22*13 and 22*14. In

Fig. 22*11 is shown the output pulse to be expected when a perfect l-/isec

pulse is put into a delay line with such characteristics.^ It can be seen

that the computed output pulse agrees very well with the observed out-

' The long and laborious computation was made by the method of multiple echoes.

See H A. Wheeler, op. dt.. Appendix.
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put pulse; indeed, quantitative measures of the salient features of the

two agree within a few per cent. This example illustrates the adequacy

of the phase and amplitude characteristics for specifying the behavior

of a delay line.

22*7. Reflection.—The only case that has been considered thus far

is that in which the delay line is perfectly matched at its receiving end and

in which Z, and Zoi are pure resistances. In practice it is usually possible

to terminate the delay line nearly perfectly with a resistance; that is,

Zoi is a resistance and Z* is often a resistance.

If the termination is perfect, that is, Zr = Zoi, no energy of the input

pulse will return to the input terminals, or, equivalently, there is no

reflection of energy at the output terminals. If Zoi or Z« are not pure

resistances, there will stilf be no reflection if Zr = Zoi, but the results

of the last section would have to be modified to take into account the

frequency dependence oT Zoi and Z« [see Eqs. (2) and (3)]. If the termina-

tion is not perfect, a fraction of the energy of the input pulse that reaches

the output will be reflected. The ratio of the amplitude of the reflected

wave to the amplitude of the incident wave is^

Zo2(Zr — ZoOc""^

Zoi(Zr + Z02)

The shape of the pulse at the output will be affected by a mismatch at

the receiving terminals [see Eq. (2)]. If Z« ^ Z02, another reflection at

the input terminals will occur.

The reflection phenomenon is illustrated in Fig. 22T2. It is seen that

when the output is terminated in its characteristic impedance of 1150

ohms, no reflected wave is observed at the input a. If the output is

terminated in a resistance greater than the characteristic impedance,

a reflected pulse of the same polarity as the input pulse is observed at

the input. On the other hand if the output is terminated in a resistance

less than the characteristic impedance, a reflected pulse of polarity opposite

to that of the input pulse is seen at the input. The magnitude of the

reflected pulse depends on the amount of mismatch at the output termi-

nals. A series of reflected pulses is present at the input and output when
both input and output are improperly terminated (Fig. 22A2h.)

One important use of reflection is in the formation of a series of pulses

from one pulse (Chap. 6). This is closely related to the coding problem.

Secondly, reflection can be considered to double the effective length of a

delay line.

TYPES OF DELAY LINES

Since the design of various types of delay lines is treated in great

detail in Vol. 17, Chap. 6, only a very brief discussion will be included

* E. A. Guillemin, op. cit., p. 165.
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Fig. 22-12.—Series of pictures involving l-/usec input pulses and a l-jutaec line with
various types of termination. Zo = 1150 ohms for the line, (a) Input and output wave-
forms. Line properly terminated at both input and output, (b) Waveform at input with
output short-circuited and input properly terminated, (c) Waveform at input with output
terminated in 575 ohms and input properly terminated, (d) Waveform at input with
output terminated in 950 ohms and input properly terminated, (e) Waveform at input
with output and input properly terminated. (/) Waveform at input with output ter-

minated in 2300 ohms and input properly terminated, (g) Waveform at input with output
open-circuited and input properly terminated, (h) Waveform at input with output short
circuited and input terminated in 100 ohms.

here. As has been mentioned, delay lines are of one of two types:

lumped constant or distributed constant.

22-8. Lumped-constant Lines.—Any low-pass filter constructed of

lumped-constant elements can serve as a delay line. By employing the



ELECTRICAL DELAY LINES744 ELECTRICAL DELAY LINES (Sec. 22-8

well-known techniques of conventional filter theory,^ it is possible to

design lines with widely varying characteristics.

The simplest type of delay line is the constant-/: low-pass filter whose

L/2 L L L/2

JfzC Jjzc Jpc

Fig. 22*13.—Constant-/c low-pass filter with half-F section terminations.

form is indicated in Fig. 22* 13. The propagation and characteristic-

impedance fun«lions are given by

(0 ^ W ^ 0)c)

where

71 = 0 ^

72 = 2itsin"

7 i = 2n cosh"

7fi = 7m

n = number of sections of filter,

2
Wc = - = cutoff frequency,

y/LC

(S)-

Thus there is no attenuation over the pass band, and the delay of a

frequency group centered at co is

dy 2 2n 1 1Aft i /irpy ^= U y/LC —p^===========.

For w/wc 1 this time is a constant and is inversely proportional to Wc
With this same approximation, 2^0 = y/LjC.

Fig. 22*14.—Low-pass LC filter with mutual inductance between adjacent coils.

The low-pass LC filter with mutual coupling shown in Fig. 22*14 can

exhibit considerable improvement over the constant K low-pass LC-filter

1 See E. A. Guillemin, op. ciL, Chap. 9.
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as regards constancy of delay as a function of freciuency. If the coeffi-

cient of coupling between adjacent coils is 0, the structure is a low-pass

filter that has a convex phase characteristic; if the coefficient of coupling

is 1, the structure is an all-pass filter with a concave phase characteristic.

It has been found that for a coefficient of coupling of about 0.36 the most

linear phase characteristic is achieved.^ This result assumes that there

is appreciable coupling only between adjacent coils.

^

22*9. Distributed-constant Lines.—The distributed-constant line

consists of a conductor, often of cylindrical shape, on which is wound a

solenoidal conductor. The two conductors are separated by a dielectric

layer, and the inner conductor has lengthwise longitudinal slots or is

otherwise constructed so that the magnetic flux of the solenoid can pene-

trate the entire area within the solenoid. Roughly speaking, the line

can be regarded as a transmission line along which

the guided wave’^ follows the solenoid. It is useful

to consider the equivalent circuit shown in Fig. 22T5
for the distributed-constant line.^ In this figure C is

the capacity between the turns of wire and the cylin-

drical conductor and L is the total inductance of the

solenoid. The total inductance of the solenoid is com-

puted under the assumption that the cylindrical con-

ductor is absent. The turn-to-turn capacity along the line is neglected.

The capacitor C is independent of frequency, but the value of the

inductance is a decreasing function of frequency. At low frequencies

the inductance is

L

Fig. 2215.—
Equivalent circuit

of distributed-con-

stant delay line.

L = 10~^ • TT^ • nH% henrys,

where

d = diameter of coil,

k = Nagaka's correction factor for coils of finite length (see Vol. 17),

n = number of turns.

To obtain this value of inductance it is assumed that the actual solenoid

is a current sheet along which all the currents are of the same phase.

This is approximately true at low frequencies, but at higher frequencies

the wavelength is comparable to the length of the coil and the currents

along the line are out of phase. It is clear that this will result in a reduc-

tion of the inductance at high frequencies.

The delay time is given by t = y/LC and the impedance by

' E. L. C. White, I.E.E. Convention, March 1946.

* See Vol. 17 of the Series for construction details and a further discussion.

* No attempt is made to prove the validity of the equivalent circuit.
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Because of the decrease of inductance with frequency, r is a decreasing

function of frequency.

As to the relative merits of distributed-constant and lumped-constant

lines, it is often true that the former will be more economical in size and

cost. The distributed-constant types are limited

to applications for which impedances between 400

and 2000 ohms are acceptable. The temperature

coefficient of delay of lumped-constant lines can be

kept lower than that of distributed-constant lines.

The latter have been made with temperature coeffi-

cients as low as about 0.01 per cent/®C over the

temperature range from — 30°C to -f80°C.

22*10. Correction Methods.—Phase and atten-

Fiq. 22- 16,—Form uation correction methods are sometimes employed
of bridged-T phase- delay lines. The most obvious method of
correction network.

i i /• ii
correcting the phase characteristic of any delay

line is to cascademth it a lumped-constant network whose phase character-

istic is such that the over-all phase characteristic of the two cascaded net-

works is a linear function of frequency, and whose pass band is sufficiently

great to introduce no appreciable attenuation.^ The all-pass bridged-T

Fig. 22-17.—Amplifier stage correcting amplitude distortion of delay line.

network shown in Fig. 22*16 is an example. It has been found that two

sections of equalizer per microsecond of delay are sufficient for many
purposes. An ^^nternaP^ method of phase correction employing turn-

to-tum capacity has been used for distributed-constant lines (see Vol. 17,

Chap. 6).

^ Some all-pass networks for phase correction are discussed by E. A. GuiUemin,

op. cit.f Chap. 8.
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The amplitude attenuation can be corrected by the use of amplifiers.

A form of amplifier that was used to boost the high frequencies relative

to the low frequencies is shown in Fig. 22T7. A 30-Aisec delay line was
constructed by the use of some ten elemental structures of the type shown
in the figure. This SO-jusec delay line did not produce much more dis-

tortion than did one of its component delay lines.

if- . .

'

.

Fig. 22-186.-

Q>)

P"iG. 22- 18a.—Lumped-constant l-^vsec electrical delay line.

-Distributed-constant 4-/isec electrical delay line with compensating networks.

Photographs of a l-/isec distributed-constant line with internal phase

correction and of a 10-/xsec lumped-constant line employing mutual

inductance are shown in Figs. 22* 18a and 22T86.

USES OF DELAY LINES

This subject is treated in various parts of this volume and other

volumes. Reference will be made here to these treatments, and a brief

discussion will be given of applications not mentioned elsewhere.

22* 11. Sjmchronization and Generation of Waveforms.—The syn-

chronization of waveforms is an obvious application. One important

aspect is to delay waveforms appearing near the time at which the opera-

tion of a measuring instrument is initiated so that they can be examined

at a time when the measuring instrument is operating properly. Test

oscilloscopes and radar-range-measuring systems often use delay lines

in this way
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Delay lines providing a variable time delay can be used for time

modulation (Chap. 13).

The generation of waveforms is a second general category for applica-

tions of delay lines. Their use in pulse generation is treated in Chap. 6.

Circuits are described in which rectangular pulses are generated from

step functions and short pulses are derived from long pulses. The genera-

tion of a series of pulses is also discussed. Many coder systems utilize

electrical delay lines to generate series of pulses with various charac-

teristics (see Chap. 6 of this volume and Chaps. 10 and 11 of Vol. 20).

Decoders sometimes use delay lines to analyze a series of pulses (see

Chap. 10).

Fig. 2219.—Example of waveform generation with a delay line of characteristic imped-
ance Rq. (a) Input pulse; (6) output pulse when delay time r of line is greater than pulse

width; (c) output pulse when r is less than'pulse width.

An example of the generation of waveforms with delay lines is given

in Fig. 22T9. If a pulse of duration shorter than the delay time of the

line is applied to the input terminals, two pulses separated by the delay

time of the line are observed at the output. If, on the other hand, the

input pulse has a duration greater than the delay time of the line, a

waveform of the staircase type will be observed at the output. These

cases are illustrated in Fig. 22*196. Many other waveforms can be built

up by cascading other sections similar to the one shown and by varying

the value of Ri.

22-12. High-impedance Cable.—Occasionally, certain types of delay

lines are used as high-impedance connecting cables (see Vol. 17, Chap. 1).

This application does not utilize the delaying property of the line; indeed,

it is usually desirable to have the delay introduced by the line as small

as possible. Ordinary coaxial cables have impedances of 50 to 100

ohms; their capacities vary from 10 to 30 M^f/ft, and their inductances

vary from about 0.01 to 1 /xh/ft. These coaxial cables would impose an

undesirable loading upon many video circuits. Distributed-parameter

delay lines have been especially designed to serve as high-impedance con-

necting cables for video-circuit work. These lines have high impedances

because of their high inductance and low capacitance per unit length.

A typical line has an impedance of 950 ohms. Its capacitance is
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42 MAtf/ft; its inductance is 42 /uh/ft. The delay introduced is about

0.042 /xsec/ft;^ th s figure is to be compared with 0.003 /usec/ft, which is

as large a delay as would ordinarily be obtained with a coaxial cable.

The attenuation of the high-impedance line at 5 Mc/sec is 0.14 db/ft.

Its outer diameter is 0.340 in.

MEASUREMENT OF PROPERTIES OF DELAY LINES^

22*13. Attenuation Function 71 .—The attenuation function 71 can be

most readily determined by means

of the experiment indicated in Fig.

22-20. The line is terminated at

both ends in its characteristic im-

pedance, and the voltage across

the input and that across the out-

put are measured. The ratio of

the voltage across the output to

that across the input is [Eq. (2)].

Another method of measuring 71, which does not require perfect

termination of the line, is based on the formula^

Fiq. 22*20.—Illustrating a method of measur-
ing attenuation of delay line.

1 In
2 WYnZu - \)

(7 )

where Zw is the open-circuit impedance of the line seen from the input,

and Fii is the short-circuit admittance of the line seen from the input.

The attenuation function 71, of course, is the real part of this expression.

A radio-frequency bridge can be used to measure Zn and Yn- This

method is more complicated than the first method and is seldom used.

Finally, if only a measure of the attenuation in the pulse amplitude

is required, the oscilloscope or a peak-reading vacuum-tube voltmeter can

be used.

22*14. Phase Function 72 .—The Lissajous-figure method of deter-

mining the phase function 72 is perhaps the most satisfactory method.

A line is terminated at both ends in its characteristic impedance and

driven by a variable-frequency generator. The signals across the input

and output terminals of the line are applied respectively to the horizontal

and vertical deflecting plates of a cathode-ray tube. The frequencies at

which the phase shift between input and output signals is an integral

multiple of tt radians can be determined with considerable precision

because the Lissajous figure, which is an ellipse in general, degenerates into

a straight line in this case.

1 This is the delay at 5 Mc/sec.
2 H. Kallmann, Equalized Delay Lines,” RL Report No. 550, June 3, 1944.

3 E. A. Guillemin, op. ci<., p. 175.
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A measurement of the open-circuit and short-circuit impedances and

a use of Eq. (7) provides another method of measuring 72 : 72 is the imagi-

nary part of

/ Y i iZii + 1\

\VF7^i - 1/

22*15. Characteristic Impedance.—The simplest method of measur-

ing characteristic impedance, Zo, is to vary a calibrated resistor inserted

across the output of the line until no reflections are observable at the

input when a pulse is sent down the line. This method determines only

the resistive component of Zo, but this is the most important component.

The substituliiiin method is a somewhat more precise way of measuring

the resistive component of Zo (Fig. 22-21).

The line is terminated in its character-

istic impedance approximately, by
adjusting the terminating resistor in

order to minimize the reflection of pulses

sent down the line. Then the sine-wave

generator Eg is used to drive the line,

and the voltage across the input is meas-

ured with a vacuum-tube voltmeter.

The line and its termination are then

replaced by a resistance R which is

adjusted so that the vacuum-tube voltmeter reads as it did when the

line was used. This value of E is a good approximation to Zo.

Finally, the open-circuit and short-circuit impedances of the line

can be measured.^

Fru. 22-21.—Substitution method
of measuring characteristic imped-
ance of delay line.

Zo

This is a precise method for determining the reactive as well as the resis-

tive component of Zo.

1 See Guillemin, op, dt.



CHAPTER 23

SUPERSONIC DELAY DEVICE

By V. W. Hughes and H. B. Huntington

23*1. Introduction.^In the last chapter electrical delay lines were

discussed. Essentially, the delay that is achieved for the signal is

attributable to the finite velocity with which the electromagnetic wave
travels along the line. It is also possible to utilize the finite velocity of

propagation of acoustical waves to achieve delays for electrical signals.

The electrical signal is transformed into an acoustical wave by means of

an electromechanical transducer, and the acoustical wave then travels

through a medium to an electromechanical transducer that reconverts

the acoustical wave into an electrical signal. Piezoelectric crystals serve

as the electromechanical transducers. In this chapter there is an intro-

duction to the theory of supersonic delay lines and a description of some
lines that were built. In Vol. 17 there is further discussion of supersonic

delay lines, particularly with regard to detailed description of lines that

have been used in radar systems. In Vol. 20 there is a treatment of the

use of supersonic lines in delay and cancellation systems. For a com-
plete treatment of the theory, reference is made to a journal article by
Huntington, et aU

The most important property that distinguishes a supersonic from

an electrical delay line is its ability to delay signals faithfully by much
longer times than it is possible to do with electrical lines. This is because

phase and amplitude distortions are much less for the propagation of

acoustical waves than they are for the propagation of electromagnetic

waves. Thus, whereas with electrical delay lines it is usually impractical

to achieve delays much greater than 10 ^sec, with supersonic lines delays

anywhere from several microseconds to several milliseconds are realizable.

The types of signals a line can handle and the distortion introduced

are important considerations. In general it is readily possible to build

systems with sufficiently small distortion so that pulses of approximately

1 Aisec can be reproduced faithfully. Because of the bandwidth limita-

tions of the transducer it is often necessary to impress the waveform

to be delayed as a modulating signal on a high-frequency carrier (1 to

30 Mc/sec) in order to avoid undue distortion. Signals with amplitudes

up to several hundred volts have been applied across the crystal; it is

often desirable to use even larger amplitude signals to achieve larger

^ Huntington, H. B., A, G. Emslie, and V. W. Hughes, “Ultrasonic Delay Lines I,**

Jour, Franklin Inst., 246| 1, 1948.
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output signals, but the breakdown voltage of the crystal provides a

limitation.

. The instability of a supersonic delay line, particularly with respect

to shock and to changes in temperature, is often troublesome. Such

practical considerations as size, power consumption, and ease of con-

struction are treated in Vol. 17.

There have been three classes of uses for supersonic delay lines:

1. The delay of a trigger. Fidelity of reproduction of the input signal

at the output is of no concern. The first delay line discussed in

Sec. 23-6 is an example.

2. The time-modulation system in which the delay of a trigger is

accurately proportional to a shaft rotation. The range unit

treated in Sec. 23-6 ih an example.

3. The faithful and stable delay of a signal. In this case, which is

perhaps the most finportant, amplitude and phase distortion in the

line must be kept small (Sec. 23*7).

In order to discuss later the over-all properties of a supersonic delay

system in terms of its design parameters it is necessary to consider now
the properties of electromechanical transdu(!ers, of the electrical circuits

associated with the transducers, and of the media in which the acoustical

waves travel.

THEORY OF SUPERSONIC DELAY DEVICE

23*2. The Quartz Crystal as an Electromechanical Trjuisducer.—

A

most useful transducer is the piezoelectric quartz crystal.^ Some of the

important properties of the quartz crystal as an electromechanical trans-

ducer are listed below.

-

1. Type of cut: x-cut

2. Type of vibration: thickness vibration, usually at lowest resonant

frequency of crystal

3. Relation of resonant frequency to dimensions:

- 2.86

where /y — resonant frequency (in Mc/sec)

d ~ thickness of crystal in millimeters

' This discussion is confined to the piezoelectric quartz crystal, which is the only

transducer with which Radiation Laboratory has had experience. Other piezo-

electric crystals such as Rochelle salt, tourmaline, and magnetostrictive devices may
also be useful. It was largely because of their mechanical strength and availability

that quartz crystals were used.

* Cgs esu units are employed.
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4. Range of frequencies: crystals with their lowest resonant fre-

quencies much greater than 30 Mc/sec are inconveniently thin

(0.1 mm). However, crystals can be operated at harmonics of

their lowest resonant frequency. Frequencies as low as about

1000 cps are available, but for delay line applications several

hundred kilocylces is ordinarily the lowest frequency desired.

5. Dielectric constant: 4.55

6. Piezoelectric constant: 14.3* 10"* (cgs esu).^

Two alternative equivalent circuits for the quartz piezoelectric trans-

ducer are shown in Figs. 23T and 23*2. The values of the elements in

Fig. 2:F1.—'F<iui valent circuit of x-cut quartz crystal as transmitter or receiver. A
and B are the plate terminals of the crystal. Where Co = electrostatic capacitance

KA
between plates of crystal =

’ K = dielectric constant of quartz = 4. .55; A = area

of cither crystal face in contact with medium; Lx = thickness of crystal in x direction;

Z =
D’^K^oiAF^L

14.3‘10^; CO = angular frequency = 27r/;

2Y^[cos(0Lx)

wavelength in crystal; D — piezoelectric constant =

F(0Lx) =
11 sin 0Lx

/32 K 2) cos -h J[0iYi0oY>i + (F/3)-\ sin

Y = elastic modulus of quartz =s 8.03-lOik Subscripts I and 2 refer to media on either

side of crystal; Fi,F 2 = appropriate elastic moduli.

these circuits depend upon the pk)perties of the crystal (dielectric, elas-

tic, and piezoelectric constants) and of the acoustic media on either side

of the crystal.^ If the transducer is being used as a transmitter, the

voltage is applied across the terminals AB and acoustic waves are radi-

ated into the media (represented by the impedances Zi and Z2) on either

side of the crystal. The amplitude of these waves can be determined

from the equivalent circuits. If the transducer is being used as a receiver,

a generator is inserted in series with the impedance representing the

medium through which the incoming acoustic wave is traveling. Thus

in Figs. 23T and 23-2 a generator is inserted in series with either Zi or

Z2 ,
depending upon whether the wave is incident through Medium 1 or

^ See W. G. Cady, Piezoelectricityf McGraw-Hill, New York, 1946, and W. Mason,

Electromechanical Transducers and Wave Filters, Van Nostrand, New York, 1942, for

detailed discussions of transducers.

2 See Sec. 23 2 for a short discussion of acoustic media.
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Medium 2. The output voltage across AB can be found from the equiva-

lent circuits.

Fig. 23*2. -A second equivalent circuit for x-cut quartz crystal where A and B are

plate terminals of crystal; <¥ = velocity of propagation of wave motion in crystal =

= 5.71-10^; Pq = density of quartz = 2.65; = turns ratio of electrical to
Po AttLx

mechanical transformer; Zi,Zi = acoustic impedances presented to the crystal by Medium

Co
1 and Medium 2 respectively

;
Zq =- AyPoY = 16 . 1 ‘IOM; Ce = — "I €\, €2 = velocities

of particles in crystal at ends 1 and 2 respectively; Fi, F 2 = forces exerted on the fac?s of

the crystals at ends 1 and 2 respectively; w = 2wf;f = frequency.

The assumptions underlying the derivations of each of these two

equivalent circuits are largely the same:

1. The simple piezoelectric equations apply.

K dx

where Xx is the stress in x-direction,

Ex = potential gradient in crystal,

c = displacement of any particle of crystal in x-direction,

Y = appropriate modulus of elasticity,

D' «= ^-component of the electric displacement,

K = dielectric constant of crystal,

D = piezoelectric constant of crystal.

2. The x-cut crystal vibrates only in the thickness mode at a single

frequency. Lateral displacements are negligible with respect to

displacements in the thickness direction and there are no edge

effects due to clamping of the crystal.
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3. Newton^s law applies within the crystal.

4. There is no free charge within the crystal
;
hence the divergence of

the electric displacement is zero.

5. There is no internal friction within the crystal.

In addition to these assumptions that are common to both circuits,

the assumption that the admittance of the electrostatic capacity 0 across

the crystal is large compared to admittance 1/^ is made for Fig. 23T.

The power absorbed by the crystal is V^G, where V is the voltage

across the crystal and G is the conductance of the crystal.

From Fig. 23T the conductance equals lie (1/^) and is given by

r = i {2Zg(cos^ - cos /3L,) + (ZiZ^ + Zg) sin^/3L.} (Zi +^ .

4 ZI(Zi + Z2P cos’^ /3L, + [(Z 1Z 2 + ZI) sin

Actually all this power is radiated into the acoustical media on either

side of the crystal and none is dissipated in the crystal. The frequency

response for this power absorption is obtained by computing G as a

function of jSLg,

Examples of the use of these equivalent circuits will be given in Sec.

23-5.

23«3. Acoustical Media.—The acoustical media on either side of the

crystal have been represented solely by the impedances Zi and Z 2 ,
which

can almost always be considered as purely resistive. A few words of

explanation about this representation can be made.^

The specific acoustic impedance of a medium at a point in the medium
is the ratio of pressure to velocity at that point. If this impedance is the

same at all points at which the medium is in contact with the crystal, it

is possible to speak of the impedance presented to the crystal by the

medium. This condition is satisfied if only plane waves travel in the

media. Since the dimensions of the transmitter are large compared with

the wave length of the radiation, the wave emitted by the transmitter is

nearly plane. The radiation incident at the receiver crystal is often

far from being a plane wave, but for investigations of most phenomena of

interest it has been found suitable to assume that there is incident a

plane wave that exerts the same force on the receiver crystal as does

the actual wave.

For Zi and Z 2 to be resistive it is necessary in addition that there be

no reflections. This means that at the transmitter only the emitted plane

wave shall be present, and at the receiver only the plane wave directly

from the transmitter shall be present. There are reflected waves in a

delay line but ordinarily they are small and their effect on Zi and Z2

is neglected. Also the operation of the transmitter or receiver is often

1 See P. Morse, Vibration and Sound, McGraw-Hill, New York, 1936.
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considered only over short intervals of time during which reflected waves

are not present at either crystal. For, instance, the transmitter crystal

will often have ceased vibrating before the earlier portion of its radiated

wave is reflected from the receiver and returns to the transmitter.

The following properties are desirable for an acoustical medium.

1. It should be such that efficient transfer of energy from the elec-

trical to the acoustical form or vice versa can be made both at the

transmitter and at the receiver. This ordinarily implies that its

impedance shall be fairly small. Also it must be possible to make

good mechanical contact between the crystal and the medium.

2. The medium must damp the crystal sufficiently so that good band-

width is oBlained. This requires that the impedance of the

medium be rather high. (See simplified equivalent circuit of

Sec. 23-4.)

3. The velocity of pro^fligation for the acoustical wave should be low.

4. This velocity should be independent of temperature.

5. The attenuation of the acoustical wave should be small.

Table 23 T.—Properties of Acoustical Media

Attenua-

tion* (at 10

Me /sec)

napiers/emf

0.78 • 10-»

0.090 • 10-»

2.3 • 10-*

^40 •
10-2

Very high

Very high

0.78- 10-2

It has been fairly well established experimentally that the attennation varies as /» for liquids and
more nearly as / for many solids.

t Data on fused quartz and steel furnished by D. Arenberg. Remainder of data from Wood, A
Textbodk of Sounds Macmillan, New York, 1941, and Vol. 17.

Table 23-1 summarizes these properties for a number of media. Like

air, all gases have such very low impedances that the damping of the

Temperature coeffi-

AT r Velocity, cient of velocity! Impedance,

(cm /sec.) (parts per °C at ohms
10 Mc/sec)

Water 1.5 • 10® 2.10-® at 15°C 1 .43 • 10®

Mercury 1.5 • 10® -2.0- 10-*at20°C 19.8 • 10®

Fused quartz. . 5.45 • 10® 1.1- 10-^ at 20°C 14.4 • 10®

Air (standard

conditions) . . 0.331 • 10® 43

Steel 5.05 • 10® 4.10-^ at 20°C 39.3 • 10®

Lead 1.2 • 10® 13.7 • 10®

Glass (4.5 to 5.6) -10® (11. 2 to 14) • 10®

Rubber 0.03 • 10® 0.03 • 10®

Mixture of H 2O
(100 parts by
volume)

4- 1.5- 10® 0 at 155®F 1.43-10®

Ethylene gly-

col (15,8

parts by vol-

ume)
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crystal is inadequate. Solids in general present several disadvantages:

the velocity of propagation is rather high, the attenuation is high, and
contact between the crystal and the solid is difficult to establish. Solids

often offer mechanical advantages, however, and give delays that are

more stable with respect to changes in temperature. Fused quartz is

a particularly useful solid. Water and mercury have been most mdely
used. Water can be used for trigger delays in which fidelity is not

important; mercury with its relatively higher impedance has been used

for wideband delay lines. There is less transducer loss for a water line

than for a mercury line.

23-4. Radiation and Propagation.—The spreading of the acoustical

beam radiated by the transmitter depends both upon the transducer and

the medium, and is determined primarily by the ratio of the size of the

transmitter crystal to the wavelength of the radiation in the medium.

Beam spreading is important in determining how large the crystals must

be and how far apart they can be placed, since the distortion introduced

by the spreading of the beam in a tube is often troublesome. Also beam
spreading introduces loss.

The first problem is to compute the beam pattern when a vibrating

disk is radiating into a medium of infinite extent; ordinary radiation

theory is applicable (see Fig. 23-3). If the medium is a fluid, both the

disk and the medium are usually contained

within a tube. The tube is often suffi-

ciently large so that only a small portion of

the radiated energy reaches the walls of

the tube, and in this case it is justifiable to

consider the ‘^free space beam. At dis-

tances between the transmitter and the

observation point that are sufficiently large

so that terms can be neglected which involve

the square of the ratio of a dimension of the

transmitter to this distance, the Fraunhofer

theory is applicable. At smaller distances,

for which the term in the square of the

ratio cannot be neglected but higher powers

can, Fresnel theory applies. For still smaller distances higher-order

terms would have to be considered, but there is little interest in thi?'

region. Important general conclusions can be reached by considering

the case of a circular disk.^

Fraunhofer theory is an excellent approximation for distances greater

than a^/x from the transmitter, where a is the radius of transmitter and

1 See P. Morse, Vibration and Sounds McGraw-Hill, New York, 1936; or any
physical optics book on diffraction.

Y

Fig. 23-3.—Radiation prob-
lem: A circular disk of radius a is

vibrating piston-like with fre-

quency /i. Wavelength of radi-

ation is X. Wave disturbance
at an arbitrary point Po(a;o, yo, Zid

is sought.
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X is the wavelength. In this region the square of the amplitude of the

disturbance ^4.^ is given by

where ^ is the sine of the angle with respect to the x-axis in which the

observation is made and /i is a first order Bessel function of the first

kind. In this region the semiangle of the first minimum of intensity is

sin-» 0.61 -•
a

A ^j^lfful rule of thumb is that as long as the wall of the tube

at the position of the receiver is at a distance from the axis of the tube

greater than the distance of the first minimum from the axis, no appreci-

able amount of energy is^ncident upon the walls. In order to utilize

the major portion of the energy radiated by the transmitter, the radius

of the receiver crystal should extend out to the first minimum in the

Fraunhofer pattern. In the Fraunhofer region the intensity on the axis

varies as sin^ (ira^\/2x). Eventually then the intensity is proportional to

l/x'\ which can be interpreted as indicating that the radiation is diverging

in the form of a cone with its vertex at the center of the transmitter.

The Fresnel theory applies for distances from the transmitter as small

as a few diameters of the transmitter crystal and can be replaced by
the Fraunhofer theory at large distances. In this Fresnel region the

major portion of the radiation is confined within an imaginary cylinder

whose axis is through the center of the transmitter and whose radius is

equal to the transmitter radius; hence a receiver crystal with a radius

equal to that of the transmitter will pick up the major portion of the

energy. The amplitude and phase of the wave disturbance vary along

any diameter of this imaginary cylinder, the variation being particularly

rapid at distances close to the transmitter where many maxima and
minima of intensity are observed. Experimental evidence and a few

theoretical calculations indicate that in the Fresnel region the total force

on a receiver with the same radius as the transmitter varies by only a

few decibels at most at different distances between the transmitter and

receiver. Hence the distance between the transmitter and receiver can

be varied, thereby changing the delay time but not the amplitude of the

output signal.

The loss due to these radiation pattern effects can be computed by
comparing the actual force on the receiving crystal, computed by Fraun-

hofer or Fresnel methods, with the force that would be present if an ideal

plane wave traveled from the transmitter to the receiver. For the case

of a 600-/*sec mercury delay line using 10-Mc transmitter and receiver
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crystals of 1-cm radius this loss was found by calculation to be about

10 db.

Attenuation.—Values of attenuation for various media are given in

Table 23T. These are experimental values for the attenuation of a

plane wave in a medium of effectively infinite extent. It was mentioned

in the table that for liquids this attenuation varies as the square of the

frequency.

In practice the wave usually travels in a tube, and because of vis-

cosity of the fluid the tangential velocity at the walls is zero. Another

source of attenuation thus arises because of the gradient of velocity in

the direction perpendicular to the direction of propagation. For any
particular medium this attenuation varies as \///a where a is the radius

of the tube and / is the frequency of the radiation.

23‘6. Some Special Cases of Transducer Equivalent Circuits and
Associated Electrical Circuits.—The resonant condition for the crystal

is that its width be an odd number of half wavelengths or = nv,

where n is odd. At these frequencies, Z of Fig. 23T reduces to

Z{nT) = (72i + R,), (n odd)

where Ri and R2 are the acoustic impedances of the loading media. The
actual resonant frequency of the transmitter or receiver system—that

is, the frequency at which maximum power is transferred to the media

from a constant voltage source—does not vary appreciably from the crystal

resonant frequency in the exam-

ples considered here. The reso-

nant frequency for a receiver

system with a particular elec-

trical output circuit will depend

upon the loading impedances.

The equivalent circuits to be pre-

sented for the transmitter and

receiver systems are valid in the

neighborhood of the resonant
frequency of the systems—that

is, (/ — Jr) //? is neglected with respect to 1 in their derivation.

Symmetrical Loading,—For the case in which the same medium is on

both sides of the crystal. Figs. 23T and 23-2 reduce to Fig. 23-4 in the

neighborhood of the resonant frequency. The efficiency of transfer of

energy from the electrical to the acoustical form at the transmitter or

from the acoustical to the electrical form at the receiver, and the phase

and amplitude characteristics of the transmitter and the receiver systems

depend on the electrical circuits inserted at AB,

A^
1 to ^ 2 Cv

Fig. 23*4.—Circuit to which Figure 23-2

reduces in the neighborhood of the resonant
frequency for the case of symmetrical loading.

Lm = Cm = ^ ° (resonant fre-
8»

quency) =

TT^ZoV*

irV
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If a generator is inserted across AB^ Fig. 23*4 is the equivalent circuit

of the transmitter; if a receiver circuit is placed across AB and a generator

E is inserted in series with AR i/2 to represent the plane wave incident

on the receiver, Fig. 23*4 becomes the equivalent circuit of the receiver.

The case in which a low-impedance driver circuit and a low impedance

receiver circuit is used across AB^ is of great importance because wide-

band systems are obtained. If a low-impedance source is inserted across

ABy the characteristic of the system is simply that of the series resonant

circuit of Fig. 23*4 consisting of Gej Cm^ Lm^ ARi/2, The Q of this

circuit^ is given by

Q
TT Rq

where Rq = paVy the specific acoustic impedance of quartz, where po is

the density of quartz, ainl v is the velocity of propagation of waves in

quartz. The bandwidth of this circuit is B — fo/Q, where /o is the reso-

nant frequency of the crystal. If water is used as the loading medium,

Q = 8.3; if mercury is used as the loading medium, Q = 0.60.® The
over-all bandwidth of a delay system with jow-impedance driver and
receiver circuits and including both a transmitter and receiver is that of

two series resonant circuits isolated from one another and in cascade.

The over-all loss between input voltage and output voltage at the

resonant frequency is given by

(27^1 -h Rt){2Ri + RrY

where Rt and Rr are the internal resistances of the transmitter and
receiver circuits placed across ABy and Ri is the acoustical resistance of

the medium expressed in electrical units. The conversion factor from

acoustical to electrical units is (AtHjI/D^KA,) In general Rt and Rr are

small compared to 72 1 so

Efyut __ Rr

Eiu 272

1

(3 )

The main loss takes place at the receiver and is due to the mismatch

between the acoustic impedance of the medium and the internal resistance

Rr of the receiver circuit.

If higher-impedance driving and receiving circuits are employed, the

over-all voltage loss will be less [see Eq. (2)]. A series resonant circuit

^ The driver often includes an inductance that is shunted across AB and resonates

with Co at the resonant frequency of the crystal.

* This expression for Q can also be derived from Eq. (1).

* For the case of mercury, Q is sufficiently low so that the relationship between

B and Q is a poor approximation.
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alone no longer represents the crystal and load since the impedance of the

source and of the crystal capacity must be considered.^ The bandwidth

is less with these higher-impedance circuits.

Asymmetrical Loading .—If an infinitely high-impedance medium is

placed on one side of the crystal and a medium of any impedance R 2 is

placed on the other side, Fig. 23-5 shows the equivalent circuit to which

Figs. 23T and 23-2 reduce.

Fia. 23*5.—Circuit to which Figure 23-2 reduces in the neighborhood of the resonant
frequency for the case in which infinite impedance loading is used on one side of the crystal.

cDofresonant frequency) =
Lx

It should be noticed that for this case the resonant condition for the

crystal is that its thickness be (n + l)(X/4), n = 0, 2, 4,
• •

•
. If low-

impedance driving and receiving circuits are used, the Q of this circuit

is the same as that for Fig. 23-4 and the over-all voltage loss is

Eout Rr

Ein AR 1

For other cases of asymmetrical loading the equivalent circuit has

not been reduced to a simple form. However, the amplitude character-

istic can be computed from Eq. (1), and the over-all voltage loss is given

by

Eout __ 2RiRr

Ein {Rl + R2 "f" Rt){Rl + R2 “f“ Rr)

Choice of Cw'cuits.—The circuits chosen depend, of course, on the

application to which the delay line will be put. If it is desired to use the

line as a trigger delay so that large bandwidth is usually not required,

any fairly low-impedance pulse generator is adequate for the driver

circuit (see Chap. 5). If the line is required to delay a group of video

pulses without much distortion, it is necessary to modulate a high-

frequency carrier, perhaps 10 to 30 Mc/sec, with the video pulses (see

Chap. 12 of Vol. 20).

Generally the receiver circuit consists of a coil and a resistor shunted

across the capacity Co of the crystal and followed by an amplifier system.

The coil resonates with Co to the resonant frequency of the crystal. The
size of the resistor is determined by a compromise, since the larger the

^ See W. Mason, Electromechanical Transducers and Wave Filters, Van Nostrand,

New York, 1942.
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resistor is the greater is the output voltage and the smaller is the band-
width. The amplifiers may be video amplifiers or wide-band i-f ampli-

fiers depending upon the signal to be amplified (see Vol. 18).

Reflections .—In general a signal that reaches the receiver will be

partially reflected; this reflected signal may itself be partially reflected

again when it reaches the transmitter. Thus, at a time equal to twice

the delay time of the line after the direct signal appeared, a reflected

signal may appear at the receiver. Additional reflections may, of course,

also occur. Often, particularly in short lines, it is desirable to eliminate

these reflections; this can be done effectively if symmetrical loading and
absorbing end cells are used (see Vol. 17). In long lines attenuation

of the signal as travels along the line often makes these measures

unnecessary.

SOME EXAMPLES OF DELAY LINES

23*6. “Trigger” Delays.—As was mentioned in the introduction, the

object of a trigger delay system is not to reproduce the input signal

faithfully at a later time, but rather merely to provide a sharp change in

voltage—a trigger—at a certain definite tim^ after the input signal is

applied. For the synchronization of waveforms and for time measure-

ment, the usefulness of performing sueh a function is obvious (see Vol. 20,

Chap, 5). If the trigger delay time is accurately proportional to a shaft

rotation, the line can ser\'e as a time-modulation system.

The input signal should contain strong frequency components in the

neighborhood of the resonant frequency of the crystal because what is

actually transmitted is a damped oscillation whose frequency is the

resonant frequency of the crystal, and this oscillation is more readily

excited by a signal with frequency components in the neighborhood of the

resonant frequency. The amplitude of the input signal can have any

value which is not so large that it exceeds the breakdown voltage of the

transmitter crystal or so small that noise is troublesome at the receiver.

A brief description of three trigger delay lines follows.

A Variable 1200-iJLsec Delay Line .—A detailed presentation of the

characteristics of this line together with a picture of the line is given in

Vol. 17. It is sufficient to mention here that this line employs x-cut

10-Mc/sec quartz crystals, 1 in. in diameter. The crystals are loaded on

both sides with water. The transmitter crystal is driven from the cathode

of a blocking oscillator (Chap. 6), and the receiving circuit consists simply

of a 47-k resistor shunted across the crystal and tied between grid and

ground of the first video amplifier. Delays from 10 to 1200 Msec settable

to within 0.1 Msec can be obtained by moving the transmitter cartridge

with respect to the receiver. The stability of delay is limited mainly by

the temperature coefficient of velocity of the supersonic waves in water.
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A Precision Range Unit .—This line is treated in detail in Vol. 17 and
in Chap. 13 of this volume. It employs x-cut 1.4-Mc/sec quartz crystals,

I in. square. Both crystals are soldered on one side to. brass blocks, and

the propagating medium is a mixture of water and ethylene glycol. The
transmitter crystal is driven from a low output impedance multivibrator

(Chap. 5). The receiving circuit is shown in Vol. 17.

Delays from 2 to 240 ^sec can be obtained. The delay is changed by
turning a lead screw connected to the transmitter-crystal cartridge and

is linearly proportional to the shaft rotation of the lead screw to

within ±0.1 per cent of maximum delay, or ±0.24 /xsec. Stability of

delay is good because the unit is thermostated to 155° ± 1°F, a tempera-

ture at which the mixture of water and ethylene glycol has a zero tem-

perature coefficient of velocity.

A Qi-fxsec Glass Line .—This line is used to delay pulses for a time of

6 /xsec. No attempt is made to eliminate multiple echoes nor is high

quality of pulse reproduction required. The unit consists of a rectangular

prism of plate glass to which are attached 30-Mc/sec crystals on opposite

faces. These faces are flat, parallel, and polished. The parts are

encased in a short piece of brass tubing which can be bolted to the chassis

in which the delay line is a component. The crystals are waxed on to

the glass by a thin uniform layer of paraffin wax, and end blocks and

springs support the crystals in position. A series of reflected pulses

from this line are shown in Fig. 23*6.

Fig. 23 6.^—A series of reflected pulses

from the 6-/isec glass line. Line is in con-

tact with transmitter crystal at one end
and is unterminated at other end. Dis-

tance between pulses is 12 /tsec.

Fig. 23 7.—Input and output pulses

from 600-/isec line (SCR 684). Top line;

4-/*sec input pulse. Bottom line: Output
pulse, which is delayed by 586 /xsec.

23-7. Delay Lines Providing Faithful Reproduction.—The delay lines

used for delaying pulses faithfully must have a wide pass band and must

keep all subsidiary echoes negligibly small. ^ The former matter has been

discussed briefly in Secs. 23*2 and 23-5. It was noted that high imped-

ance media should be used. The frequency-dependent attenuation of the

propagating wave sometimes introduces distortion that must be com-

pensated for at some stage in the amplifier system. Considerations on

echoes are treated income detail in Chap. 12 of Vol. 20. There it is

^ These lines are used in delay and cancellation devices (Vol. 20).
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pointed out that the subsidiary echoes can either be absorbed into the

material backing the crystal or attenuated in transit (or both).

A brief description of three lines giving faithful reproductions is

given below. (For more detailed discussions see Vols. 17 and 20.)

A 600-mscc Mercury Line ,—A mercury line built for the SCR-584
system employs a 30-Mc/sec carrier and provides a delay of 586 /isec.

The 30-Mc/sec transmitting and receiving crystals are in contact with

mercury on both sides. The over-all attenuation into a 70-ohm load is

80 ± 2 db and the bandwidth is about 8 Mc/sec. Subsidiary echoes are

attenuated by the high attenuation in the transmitting medium at this

frequency. The length of the line is variable and the delay can be
adjusted to mat«k^the repetition interval. Input and output pulses are

shown in Fig. 23*7.

A 3000-/x5ec Mercury Line .—This line was used for delaying 2-Msec

pulses by 3333 yitsec. Tlje carrier frequency and the crystal resonant

frequency was 10 Mc/sec. The crystals are backed by steel on the sides

not in contact ^vith mercury. Subsidiary echoes are lost by attenuation

in the long path in the transmitting medium. The path of the beam is

folded once by a reflector block which presents two 45° reflecting surfaces

to the path of the beam. The beam then travels back through a parallel

pipe so that the delay line is of shorter length
;
transmitting and receiving

crystals are within 6 in. of each other. An extra line is employed to

delay the trigger that controls repetition rate and the length of either

line is variable so that they can be adjusted to exact synchronization.

Both lines are placed close together so that changes in temperature have
the same effect on both.

A 2000-/isec Water Line .—A delay line with water for the transmitting

medium and a 10-Mc/sec carrier has been used to provide a delay of

2000 Msec. The attenuation of the 10-Mc/sec supersonic wave traveling

in water is about 0.8* 10*"^ napiers/cm compared to 0.09*10”^ napiers/cm

for mercury. The bandwidth is somewhat less than 1 Mc/sec. One
comer reflector is employed to reduce the required length of the line.

The water is held at a temperature of 72^°C ± 1°C. At this temperature

the temperature coeflficient of velocity is low; hence refraction effects

due to temperature variations throughout the cross section of the tube

can be made small.
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APPENDIX A

NEGATIVE-CAPACITY AMPLIFIER

By P. R. Bell

I’he pickup-plate video amplifier used in the tests of Chap. 21 deserves

more than casual mention since satisfactory results have not been obtained

without using an amplifier of this type. The kind used is the so-called

negative capacity ’’ type. The circuit diagram of the one used is shown

Fig. A‘1.—Negative-capacity amplifier.

() Block diagram.

() Circuit diagram.

in Fig. A*la and b. This is a two-stage amplifier whose gain is stabilized

by negative feedback from the plate of Stage Two to the cathode of Stage

767
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One by the resistors, Hi and The gain (g) of this amplifier is

g =
p T

"

where A is the gain from the grid of Fi to the output with the feedback

path removed and cathode of Vi bypassed to ground. The total cathode

mutual conductance of Fi is Qm. For the constants in the circuit, the

gain with feedback is about 4.

Because of the feedback, the effective input resistance R' is

where N is the fraction of the resistor -R 2 by which the grid resistor R is

tapped up from the ground end, in this case N = 0.77; so for the con-

stants given

R' = 4,2R.

The condenser Cn is connected in a positive-feedback manner. The
block diagram of Fig. AT6 shows this arrangement simplified. Let us

suppose that the total input capacity C (which includes the input capacity

of the first tube, the stray capacity, and the output capacity of the storage

tube or other signal source) is for the moment disconnected from the

input lead. Then the signal current i flows into the input resistance 7i'

giving a voltage
'

e = R'i.

The voltage appearing at the output of the amplifier will be

Co = Qc.

The voltage (ec) appearing at the junction of C and C,* will be

\

C C.

c ^

If Cn is so chosen that eo — e, then if the junction of C and (7* were

reconnected to the input terminal, no current would flow from the signal

source into these capacitors and hence the effect of C would have been

removed from the input of the amplifier. For this condition

a
°Cn+C'

e = c<
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Therefore,

NEGATIVE-CAPACITY AMPLIFIER 769

C = - ^ •

” 9 - 1
’

and, for an input capacitance of 20 and an effective gain of 4,

Cn = 3.3 MMf*

Unfortunately, this does not mean that the amplifier displays infinite

bandwidth in its input circuit since the output of the amplifier does not

rise immediately after a signal is applied to its input; consequently, some
signal current flows into the input capacity thus reducing the signal

(e) (/)

Fio. A-2.—Output waveform of negative-capacity amplifier.
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until the output of the amplifier has risen, when the current flows back

out of the input capacity raising the input voltage. This gives an
oscillating overshoot to the signal pulse.

The amplifier of Fig. A* la was connected to a current-generator

circuit which could produce square current pulses with starting and
stopping times of less than ^ ^sec. The total capacity at C including

the current generator was 25 /x^f, and a resistor R of 0.5 megohm was used.

Figure A*2a shows the result for a 6-/xsec current pulse with correct

adjustment of (7n. Each division in the x direction represents 1 /isec.

The rise time from 10 per cent to 90 per cent is about 0.5 /xsec, which

gives an effective bandmdth of about 0.7 Mc/sec. When Cn is made
zero, the output rfStea very slowly and falls very slowly with an effective

time constant CE' of about 52 jusec on the fall; this is a bandwidth of about

3.1 kc/sec (Fig. A-26). When Cn is set too small, the output appears

as in Fig. A*2c, and when is set too large, overshoots occur (Fig. A*2d).

With a l-/xsec input; pulse the output appears as in Fig. A*2e when
Cn is adjusted to its best value and as in Fig. A*2/ when Cn is zero.



APPENDIX B

CATHODE-COMPENSATED AMPLIFIER

By P. R. Bell

Another method for obtaining better output signal-to-noise ratio

(Chap. 21) is to use an input resistance too large to define the pulse well

and to follow with a compensating network in the amplifier. Figure B-1

shows such a circuit.

Output

Fig. B*1.—Cathode-compensated video amplifier.

Since the input resistance is too large, the signal obtained from a

square pulse of current has three parts

:

Enig = 0 for ^ < 0, (1)
t_

Euit = Ri{l — e from t — 0 to t = h, (2)

where h is the end of the current pulse, and

E»ig = Eie for t > h, (3)

where Ei is the value of E^ at ^ = h.

To find the output current from the compensated stage we will

consider the effect of the signal Ein^ut = E,(l — upon only the

variable part (ip) of its plate current.

The variable part of the plate current of a pentode tube is

if the small first term for pentodes is neglected the equation becomes

ip — Qm(Emp\it Eft)*

771
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For the cathode-compensated amplifier,

I
ick di

E, - tck -

j - E,) -
Ij]

dt

E, = ^
Differentiating,

I ( I -p rk

4‘ ^ V ”* rJ Ct

where \/{gm + = R' the effective cathode-to-ground resistance

of the circuit.

The solution of this differential equation is:

Eu = Ae + g e j e«'« dt.

R'Ch 9^ RC,

E, = + gji’E. - e~^

At t = 0, Ek = 0 and e" = I, therefore,

0 = A + QmR~ "
' \* RC - R'Ck/

'.'E,\( + 1 e"®?]
' l\RC - R'Ck } ^ RC - R'Ck

I

Ek ~ QmR

R('
, I

A

RC - R'Ck ’

< (_ <_

Ek = gmR'E.iAe + 1 - e - Ae «C')

= g^.{l -e - 3„fi:'Ae - {g^R' + gr.R'e + f^K'Ae

ip = gp.E.[\ - + ff„R'Ae"S^‘ + - l)e"«^].

(_

In order that the output contain no term in e

gji' + gJt'A -1=0
A = 1 - n^R'^ ^ nr
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Substituting values of A and J?' we find that RkCk = and for this

condition

•’-rrls.

The product is the time constant of the cathode condenser and the

effective resistance of the cathode circuit with the resistance of the tube

in parallel with the cathode resistor Rk- If Rk is always chosen high

enough so that it is much higher than the cathode resistance of the tube

(l/gr^), then the relations are simpler. Then,

QmRk':^ 1
,

= — (1

The rise-time improvement is therefore 7^-7
—

Ck/Qm

The gain of the compensating amplifier is

lowered by the cathode resistance with the

result that

Gain loss =

^input “O'lV

^input

SO that the product (rise-time improvement) I /
(gain loss) I

j

Ck/gm RkQm RkCk ‘ B-2.-Illustrating'
distortion of output caused

As a consequence of this condition, this circuit by variation of gm with

is not useful in an amplifier to improve the

gain-bandwidth product. Although a higher resistor is allowed in a

plate circuit somewhere, a proportional decrease in gain is required

to return the bandwidth to the original value. This circuit is useful,

however, as is the negative-capacity amplifier, for improving the

noise figure of an amplifier fed from a high-impedance source such as a

storage tube, a photocell, or an ionization chamber. It can be seen that

the mutual conductance of the compensating tube is involved in the

equation, and that this has been taken as a constant. This means that,

if the effect is to be satisfactory, the signal of the grid of this tube must be

so small that the mutual conductance can be considered constant over

this range. The result of inconstant mutual conductance is shown in

Fig. B*2. The two pulses have been reduced to the same scale although

the first pulse is many times smaller than the second.
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This method of cathode compensation is not as satisfactory as the

negative-capacity amplifier on account of the effect of microphonics.

If a factor of 100 is obtained in bandwidth increase in both methods, then

both methods will use the same input resistor. In the case of the nega-

tive-capacity amplifier the pulse will be about as big as the input signal

current times the input resistance, but in the cathode-compensated

amplifier the signal ^vill be about xiir as large and the microphonic

voltages will be larger by 100 times with respect to the signal. These

voltages may overload the amplifier, will in part appear in the output, and
may cover such a large part of the compensated stage characteristics

that the mutual conductance may not be constant enough to get proper

compensation. Iif%ddition, much more gain is required in the compen-
sated case because of the lower input signal and because of the gain lost

at the compensated stage. This compensation circuit, however, is used

to good advantage for other services.
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amplitude comparison.—The process of indicating the instant of equality of the

amplitudes of two waveforms by a sharp pulse or step. It may also be defined

as the process of determining the abscissa of a waveform, given its ordinate,

amplitude discriminator.—A circuit which indicates the equality of the amplitudes of

two WAVEFORMS or the sense and approximate magnitude of the inequality,

amplitude selection.—The process of selection of all values of the input wave greater

or less than a given amplitude or lying between two amplitudes,

astable.—Referring to a circuit with two quasi-stable states. The circuit generates

a continuous train of waves and requires no trigger to execute a complete cycle,

bistable.—Referring to a circuit with two stable states. Two triggers are required to

put the circuit through one complete cycle,

blocking oscillator.—A transformer-coupled feedback oscillator in which the plate

current is permitted to flow for one-half cycle, after which bias is generated in the

grid circuit to prevent further oscillation.

bottoming.—The process of defining the potential at the plate of a pentode by operat-

ing below the knee of the Epjlp characteristic. A similar effect exists in triodes

with positive grid drive.

catching diode.—A diode used to limit the excursion of potential at some point

in a circuit. The term is usually used to refer to the termination at a given

level of an exponential rise toward a higher potential,

clamping.—The process of connecting some point of a network to a desired potential

for certain periods of time. This term has been largely replaced by the term
SWITCHING.

clipping.—Amplitude selection between bounds. The output has a flat top or

flat bottom or both.

d-c restoration.—A category of the general process of level setting. It refers particu-

larly to bringing either the peak positive or peak negative value of the waveform
to some desired level.

delay circuit.—A circuit which is used to delay by a certain time the start of the

operation of another circuit.

delay device.—A device which accepts as its input a waveform /0) and gives as its

output a WAVEFORM /(^ — A) where A is positive,

demodulation (or detection).—The process by which information is obtained from

a modulated waveform about the signal imparted to the waveform in

modulation.

difference detector.—A detector circuit in which the output represents the difference

of the peak amplitudes or areas of the input waveforms. The input waveforms
need not be simultaneous,

flip-flop.—Colloquialism for monostable circuit,

free-running.—Colloquialism for astable.

frequency discriminator.—A circuit which indicates the equality of the frequency of

two waveforms or the sense and approximate magnitude of the inequality,

function unit.—The unit that controls the external properties of automatic range-

tracking equipment and provides the necessary band shaping for stability.
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gating waveform.—A wa^ eform (sometimes called the ‘‘gate^^) applied to the control

point of a circuit in such a way as to alter the mode of operation of the circuit

while the waveform is applied.

jitter.—Small rapid variations in a waveform due to mechanical disturbances or to

changes in the supply voltages, in the characteristics of components, etc.

lockover circuit.—Colloquialism for a bistable circuit.

microphonics.—Jitter due to mechanical disturbances, referring especially to tubes.

Miller circuit.—A circuit which employs negative feedback from the output to the

input of an amplifier through a condenser.

modulation.—The process by which some characteristic of a waveform is varied in

accordance with a signal.

monostable.—Referring to a circuit with one stable and one quasi-stable state. The
circuit requires one trigger to perform a complete cycle,

multiar.—A diode-co^Heolled regenerative amplitude comparator. The name refers

to a certain circuit configuration.

multivibrator.—A two-tube regenerative device which can exist in either of two stable

or quasi-stable states and can change rapidly from one state to the other,

quasi differentiation (integratidli).—Approximate differentiation (integration) by a

simple circuit.

phantastron.—A certain type of one-tube relaxation oscillator employing Miller

feedback to generate a linear timing waveform.
pulse.—A WAVEFORM whose duration is short compared to the time scale of interest

and whose initial and final values are the same,

rundown.—The linear fall of plate voltage in a Miller sweep generator,

sanaphant.—A circuit intermediate between sanatron and phantastron.
sanatron.—A variation of the phantastron employing a second tube for generating

the gating waveform.

scale-of-two circuit.—A colloquialism for bistable circuit.

selector.—A circuit selecting only that portion of a waveform having certain charac-

teristics of amplitude, frequency, phase, or time of occurrence,

selector pulse.—A pulse used to actuate a time selector.

shaping.—The process of modifying the shape of a waveform. The process is called

'Minear’’ or “nonlinear'’ according as the circuit elements are linear or nonlinear,

signal.—An electrical or mechanical quantity which conveys intelligence,

switch detector.—A detector which extracts information from the input waveform
only at instants determined by a selector pulse,

switching.—The connection of two points of a network at controllable instants of time.

An alternative term is clamping.

time comparison.—The process of indicating the amplitude of a waveform at a given

instant.

time demodulation.—The process by which information is obtained from a time-

modulated wave about the signal imparted to the wave in time modulation.
time discriminator.—A circuit which indicates the time equality of two events or the

sense and approximate magnitude of the inequality,

time modulation.—Modulation in which the time of appearance of a definite portion

of a WAVEFORM, measured with respect to a reference time, is varied in accordance
with a signal.

tracking.—The process of causing an index to follow the variation of a quantity by
means of an inverse-feedback (servo) loop,

waveform.—A current or voltage considered as a function of time in a rectangular

coordinate system.
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A

Acoustical media, 755-757

Acoustical waves, propagation of, 757-

759

radiation of, 757-759

Addition, 629

potential, 18

Aided-tracking system, mechanical, 541

Amplifiers, cathode-compensated, 771-

774

class C, 547

for comparators, 335- 338

limiting, 160

linear shaping, 31-37

magnetic, 666

negative-capacity, 767-770

phase-splitting, 154-156

vacuum-tube, 3

Amplitude comparison, 12, 45, 166, 325-

363, 701

Amplitude demodulation, 53, 501-544

Amplitude discrimination, 12, 57, 325-

363, 697

Amplitude measurements, 695-697

direct, 695

substitution in, 695

subtraction in, 696

Amplitude modulation, 49

electrical, 389-426

summary of, 425, 426

mechanical, 427

nonlinear transformer for, 422

Amplitude selection, 11, 44, 325-363, 696

Amplitude selectors, 365-370, 503-511

double diode self-stabilizing, 480

Amplitude stability, 103

Amplitude stabilization, 126

AN/APN-3 range unit, 565

Arenberg, D., 756

Astable multivibrator dividers, 575-577

Astable multivibrators, 171-173

777

Astable multivibrators, free-running, 171

plate-to-grid-coupled, 171

analysis of, 174

self-running, 171

Attenuation, 496

Autosyn, 441

AY 120D synchro, Bendix, 498

B

Barnes, J. L., 39, 653

Beam tetrode 6Y6-G, 78

Beckman Helipot, 476

Bell System Technical Journal, 765
Bendix AY 120D synchro, 498

Bergmann, L., 765

Bistable multivibrators, 164-166

cathode-coupled, 165

plate-to-grid-coupled, 164

Blocking oscillator, 205-211

applications of, 233-238

astable, 208

cascaded, 235

in divider chains, 588-591

monostable, 208

power limitation of, 214

use of, in actuating bi-directional

switches, 233

as amplitude comparator, 235

to produce variable width rectangle,

235

Blocking-oscillator comparator, 342

Blocking-oscillator counter circuits, 621

Blocking-oscillator dividers, 582-588

single-stage, synchronization of, 586

variations associated with circuit con-

figuration in, 586

Bode, H. W., 38, 635

Bootstrap cathode-follower linear sweep

generator, 258

Bootstrap circuit, 35

Bootstrap integrators, 662
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Bootstrap linear sweep generator, 267-

278

Bottoming, 77

Brainerd, J. G., 3

Bridge network, Wien, 116

Bridge oscillators, 115-123

Bridged-T network, 116

Broken-line characteristic, 41

Brown Converter, 402

Bnsh, V., 653

C

Cable, high-impedanf% 748

Cady, W. G., 753

Capacitances, variable, 428

Cardwell KS-8533 condenser, 4g4

Carrier content, 520

of constant-output circuit, 510

Carriers, frequency-modulated, 716

high-frequency, 461

sinusoidal, use of synchros with, 444

Carslaw, H. S., 39, 654

Cathode drifts, compensation of, 333

Cathode-ray-tube displays, 387

demodulation by, 539-543

Chaffee, E. L., 96

Characteristic, direct, 100

mutual, 100

1S5, 76

6AG5, 76

6AK5, 76, 79

6AL6, 58, 61, 63

6AS6, 81

6H6, 67, 87

6J6, 66, 75

6SH7, 66, 76

6SL7, 73, 75, 80, 98

6SN7. 75, 86

Circuit, astable, 162

bistable, 162

double-balanced, 409

flip-flop, 162

free-running, 162

internally gated, 486-490

monostable, 162

parallel resonant, 549

quasi-bistable, 163

quasi-monostable, 162

scale-of-two (see 8cale-of-two circuit)

Circuit elements, linear, 8, 40

nonlinear, 10

Coincidence circuits, 364

Common-mode level, 359

Common-mode signal, 58, 340

Common-mode variation, 359

Comparators, amplifiers for, 335-338

blocking-oscillator, 342

multivibrator, 341

sine-wave, 348-350

two-way, 348

Comparison, 42

Components Handbook^ 3

Condenser electrometer, dynamic, 418

Condenser modulator, use of, 457

Condenser networks, push-pull, 457

Condensers, phase-shifting, 492-496

construction of, 494

3-phase, 494

timing, 167

variable, 455, 456

Contact rectifiers, 68-72, 671

Controllers* photoelectric, 541

Counter circuits, blocking-oscillator, 621

energy-storage, 602, 619-624

phantastron, 624

sequence-operated, 602

thyratron, 619

Counters, cascaded, feedback in, 626

cascading, 624

combinations of, 624-628

energy-storage, 614

feedback in, 626

methods of introducing feedback into,

618

parallel, 625

ring {see Ring counters)

ring-of-n, 613

scale-of-two {see Scale-of-two counters)

sequence, feedback in, 628

Counting, 602-628

Crystal, germanium {see Germanium
crystal)

low-frequency, 109

quartz, 752-755

Crystal oscillator, 106-110

with plate circuit tuned to harmonic of

crystal frequency, 553

pulsed, 145-150

Current pulse, rectangular, 215
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(\irrent waveforms, 317-324

level-setting of, 321-324

(Hirves, approximation of, by segments,

315

D

D-150734 4-pha8e condenser, Western

Electric, 494

D-c characteristics of selenium rectifier,

69

D-c level-setting in synchro systems, 454

D-c restoration, 11

D-c restorers, 55

Decoders, 366

Deflection modulation, 713

Deflection modulation tests, 722-727

Delay device, supersonic, 751-765

Delay-line stabilization, of frequency

dividers, 599

Delay lines, duplication of pulses by,

247-253

electrical, 730-750

correction methods of, 746

supersonic, 708

faithful reproduction of, 763

temperature coefficient of, 474

use of, to terminate regenerative

action, 245

to terminate step function, 238-242

Demodulation, amplitude, 501-544

by cathode-ray-tube display, 539-543

mechanical, 543

time {see Time demodulation)

Demodulator, balanced triode, 512, 513

four-diode bidirectional-switch, 519

full-wave bidirectional-switch, 522

phase-sensitive, carrier-balanced, 512

using switching, 513-524

Detection, average, 502

double-time-constant, 509

peak, short-time-constant, 502

Detector, cathode-follower, 507

difference {see Difference detectors)

double-time-constant, with recycling,

510

phase-sensitive, 603, 615

synchro modulator and, 446

recycling, 508, 509, 532

Detector circuit, pentode-switch, 516

Diamod, 397, 398, 521

performance of, 399

Difference detectors, 528-530

with constant output, 524-531

time selectors and, 534

Differentiation, 648, 700

Diode bridge circuits, 409

Diode characteristics, 59

Diode comparator, simple, 338

Diode detector, carrier-balanced full-

wave, 513

Diode selectors, 328-331

Diode-switch circuits, for bipolar signals,

371

for unipolar signals, 370

Diode-switch modulator, 401

Diodes, 58-68

drift in, 64

filamentary, 65

heater voltage in, effect of, 63

logarithmic characteristics of, 62

strobed, 516

variation from tube to tube, 65

Discrimination, 42

Discriminators, direct-coupled, 358-362

modulated-carrier-amplitude, 362

time, 533

Divider chains, blocking oscillators in,

588-591

with feedback, 599

phantastron, triggering of, 581

Dividers, astable multivibrator, 575-577

blocking-oscillator {see Blocking-oscil-

lator dividers)

frequency {see Frequency dividers)

frequency-tracking, 570

gas-tube, 591

monostable multivibrator, 572-575

phantastron-type, 577-582

with regeneration and modulation,

562-566

regenerative, 658, 560-562

using time base, 558-560

Division, 668

frequency {see Frequency division)

potential, 18

pulse-recurrence-frequency {see PRF
division)

Double-scale systems, 490

DuMont 208 oscilloscope, 291

Dynatron oscillator, 123
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E
Echoes, paired, 736

Electric Circuits^ 93

Electronics^ Applied, 72, 82, 96

Element, multivariable, 40

nonlinear, 40

Exponentials, 297-301

F

Feedback, in cascaded counters, 626

cathode-to-grid, 231

divider chains with, 599

in energy-storage counters, 626

methods of introflUfcing, into counters,

618

negative, 9, 24-31, 85, 127, 159-205,

266-289, 290, 420, 483-485, 537-

539, 572-582, 658-666, 667, 686-

691

plate-to-cathode-to-grid, 232

plate-to-grid, 226

in sequence counters, 628

Feedback circuit, RC-, 150-154

Feedback networks, 242-245

Figure of merit, for multivibrator tubes,

177

Filters, frequency-selecting, 548-551

Focus modulation of storage tubes, 716

Frequency determination, 704

P'requency dividers, delay line stabiliza-

tion of, 599

monostable oscillators as, 569

neutralization of, 590

sinusoidal, 545-566

stability of, 580

triggering of, 580

Frequency division, 225

pulse-recurrence- {see PRF division)

using resonant stabilization, 595-599

use of time selectors in, 569

Frequency jitter, 568

Frequency measurements, 702-706

Frequency modulation, system using, 463

Frequency multipliers, sinusoidal, 545

Frequency stability, 103

Frequency stabilization, 128

Frequency synchronizer, reactance-tube-

controlled, 554

G
Gardner, M. F., 39, 653

Gas-tube dividers, 591

Gas-tubes, cold cathode, 592

Gating circuits, 364

General Electric C-ompany, 92

Generation, harmonic, 546-548

Generator, azimuth-marker, 345

SCR-598, 460

Generator effect, 443

Germanium crystal, 69, 331, 408, 608

Gibbs Micropot, 476

Ginzton, E. L., 659

Glass, secondary-emission coefficients of

709

Gray, J. W., 645

Grid base, 74

Grid characteristics, pulsed, 81

Grid (jurrcnt, 80

Grid tubes, cutoff in, 73-77

Guillcmin, E. A., 731, 746, 750

II

Half-wave circuits, carrier-balanced, 391

unbalanced, 390

Hardy, A. C., 676

Ilarnwell, G. P., 692

Hartley oscillator, 105, 106, 130

pulsed, 142-145

Ilelipot, 432

Beckman, 476

Hughes, V. W., 275, 764

Hum, 194

Huntington, H. B., 751, 764

Hyperbolas, 301

Hysteresis, 41, 85, 165

I

lonoscope, 707

Impedance measurements, 706

Integral, superposition, 653

Integration, 648

Intensity modulation tests, 717

Interchemical Corporation, 677

Interference, effect of, 505

Interval-selector circuits, 364

J

Jaeger, J. C., 39, 654

Jitter, 194

frequency, 668

phase, 568
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K
Kallman, H. E., 671, 749

KS-8533 condenser, Cardwell, 494

L

Laplace transform, 651

Leakage, 67

Level-setting, 11, 54

of current waveforms, 321-324

d-c, in synchro system, 454

by waveform distortion, 454

Linear amplifiers, negative feedback, 24-

27

Linear shaping, 9

Lines, distributed-constant, 745

lumped-constant, 743-745

Lockover circuits, 164

Ijogarithmic devices, 670-674

M
MacRae, D., Jr., 645

Magnesyn, 454

Magnetic circuits, nonlinear, 421

Magnetron, 691

Mason, W., 753, 765

Massachusetts Institute of Technology

Electrical Engineering Staff, 3, 679

Applied Electronics

j

72, 82, 96

Electric Circuits^ 93

Mathematical operations on waveforms,

629-693

Memory circuits, 503, 519

Mercury relay. Western Electric, 403

Microphonics, 194

Micropot, 432

Gibbs, 476

Microtorque Potentiometer, 439

MUler, J. M., 31, 665

Miller integrator, 37, 323, 664

Miller-integrator linear sweep generator,

278-285

Miller-integrator parabola generator, 310

Miller negative-going sweeps, 483

Miller sweep generation, 195-197

Miller transitron, 197

Millivoltmeter circuit, 406

Millman, J., 62

Minneapolis-Honeywell vibrator, 403

Modulation, amplitude («ee Amplitude

modulation)

Modulation, compJc^x-current-waveform

,

450-455

complex-voltage-waveforin
,
447 -450

complex-waveform, 461-463

deflection, 713

focus, 716

frequency (see Frequency modulation)

phase (see Phase modulation)

signal-plate, 714

time (see Time modulation)

Modulator, balanccd-triode, 413, 414

carrier-balanced, 415

copper-oxide, 409

diode-switch, 401

electromechanical, 427-465

full-wave, 408

full-wave balanced-triode, 416

full-wave diode-switch, 407

full-wave-switch, 402

half-wave-switch, 397

mechanical-switch, 362

negative-feedback, 420

phase, 53

photomechanical, 463-465

potentiometer, with feedback amplifier,

433

signal- and carrier-balanced, 416

tetrode, for electrometer application,

414

variable-capacitance, 418, 419

Monostable circuits for very short pulses,

179-182

Monostable multivibrator dividers, 572-

575

Monostable multivibrators, 166-171

cathode-coupled, 168

plate-to-grid-coupled, 167

Monostable oscillators, as frequency

dividers, 569

Moody, N. F., 343, 356

Morse, P., 755, 757

Multiar, 343

Multiple-coincidence circuits, 381-384

Multiple-scale circuit, 468

Multiplication, 668

Multivibrator comparators, 341

Midtivibrator tubes, figure of merit for,

177

Multivibrators, 163

astable (see Astable multivibrators)
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Multivibrators, bistable (see Bistable

multivibrators)

flip-flop, 167

gating, 167

monostable (see Monostable multivi-

brators)

one-shot, 167

transition in, 174-177

N
Negativefeedback (seeFeedback, negative)

Networks, linear passive, 632-640

Neutralization, of frequency dividers, 590

Nilsen Company, P.^ 494

O

Ohman, G. P., 657

1S5 characteristic, 76

Operational analysis, 37-39

Orthicon, 707

Oscillations, pulsed, 140

for use with synchros, 156

Oscillator, beat-frequency, 124

blocking (see Blocking oscillator)

bridge, 115-123

continuous, 702

crystal (see Crystal oscillator)

crystal-bridge, 122

dynatron, 123

Hartley (see Hartley oscillator)

negative-resistance, 123

phase-shift, 110-115

Pierce, 107

pulsed, 703

quenching, 205, 235

relaxation, 558

astable, 569

resistance-capacitance, 561

resonant-circuit, 104-106

transitron, 124

Tritet, 108

Oscilloscope, DuMont, 208, 291

Oscilloscope techniques, 694-706

Overload, 521

Overshoots, 168

P

Parabolas, 305-312

Peak detector, half-wave diode, 503

precision, 506

synchro modulator using, 446

Peaking, 348

Pedestal, 365

Pentode, 331

British, VR-116, 88

constant-current, 264

6AG7, 78

Phantastron counter circuit, 624

Phantastron dividers, maximum PRF of,

579

Phantastron-type circuits, 195

Phantastron-type dividers, 577-582

Phantastrons, 287

astable, 199

cathode-coupled, 203

screen-coupled, 197

Phase delay, 568

Phase jitter, 568

Phase-modulation method, 490

Phase modulators, 53

Phase shift, 510, 520

Phase shifters, resistancc-reac^tance, 136-

141

Photocell 919, high-vacuum, 73

Photocell8,72

Photoelectric devices, 428

Pickoffs, regenerative, 485

Pierce oscillator, 107

Polyphase sinusoids, 131

pulsed, 148

Potentiometer, 428

inherently linear, nonlinear output sig-

nals obtained by use of, 436

linear, 428, 431-434

low-torque, 439

Microtorque, 439

nonlinear, 430, 436-439

nonlinearly wound, 438

phase-modulating, 491

RL270, 432, 476

secant, 437

sinusoidal, 430, 434-436

square law, 437

Potentiometer modulator, with feedback

amplifier, 433

PRF, maximum, of phantastron dividers,

579

random variations in, 225

PRF dividers, pulse-selection, 592-594

PRF division, 567-601

intermittent, 600

Puckle, 0. S., 3, 255

Pulse generators, delay-line, 238
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Pulse-to-pulse amplitude cancellation of

radar video signals, 708

Pulse shaping, 313

Pulse-sharpening circuits, 699

Pulse transformers, 18

Pulse-width selector, 368

Pulses, dunking, 509

duplication of, by delay lines, 247-253

very long, 237

Q

Quartz crystal, 752-755

Quasi-selector, 325, 334, 369

Quasi-stable state, 166

Quasi time selectors, 366

R

Radar video signals, pulse-to-pulse am-
plitude cancellation of, 708

Radio Corporation of America (RCA),

681

Range unit, AN/APN-3, 565

Rayleigh, J. W. S., 765

/^C-feedback circuit, 150-154

Recovery time, 223

Recycling detector, 508, 509, 532

Reich, H. J., 3, 683

Relaxation oscillations, 47

Relaxation oscillators, 558

astable, 569

Response, transient, 505, 510

Richards, W., 765

Ring circuits, 409

Ring counters, 603

thyratron, 612-614

Ringing circuit, 141

RL270 potentiometer, 432, 476

S

Sack, H. S., 645, 666, 674

Sanaphant, 200-202

screen-coupled, 202

Sanatron, 200-202, 285

screen-coupled, 202

Scaff, J. H., 68, 71

Scale-of-ten circuit, 611

Scale-of-two, thyratron, 612

Scale-of-two circuit, 162, 164, 187

Scale-of-two counter, 603-612

high-speed, 607

Scaling circuits, 164

SCR-584 circular-sweep circuit, 136, 559
SCR-584 radar, 575

SCR-598 generator, 460

SD-917 subminiature high-^u triode, 93

See-saw circuit, 28

Seely, S., 62

Selection, 42

time, 12, 47

Selenium rectifiers, 69

d-c characteristics of, 69

Sclsyn, 441

Separator circuits, 364

Sequence circuits, 604

Signal-balanced circuits, 393

Signal- and carrier-balanced circuits,

394

Signal-plate modulation, 714

Sine-wave-comparator amplifiers, 355

Sine-wave generators, electromechanical,

125

Sine-wave peak comparison, 350-352

Sine-wave zero comparison, 352-355

Sinusoids, polyphase, 131

pulse, 703

pulsed, 148

6AG5 characteristic, 76

6AG7 pentode, 78

6AK5 characteristic, 76, 79

6AL5 characteristic, 58, 61, 63

6AS6 characteristic, 81

6AS6 tube, 88, 89, 196

6H6 characteristic, 67, 87

6J6 characteristic, 66, 75

6K6 triode, 88

6SA7 tube, 88, 90, 196

6SH7 characteristic, 66, 76

6SL7 characteristic, 73, 75, 80, 98

6SN7 characteristic, 75, 86

6SN7 triode, 79

Sylvania, 68

6Y6-G beam tetrode, 78

Square-root-extracting circuits, 686-691

Square roots, 678

Squarer, multigrid, 682

Squares, 678

Squaring, 166, 348
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Squaring circuits, eTd-GSG

Stability, amplitude, 103

capacitance, 475

frequency, 103

of frequency dividers, 580

resistance, 475

Stabilization, 190-194

amplitude, 126

frequency, 128

resonant, frequency division using,

595-599

Stable states, 162

Storage action intensity modiilation,

theory, 708-713***^

Storage circuits, 615-619 ^

Storage-tube method, 499

Storage-tube synchronizing devjjjes, 727

Storage-tube time demodulator, 728

Storage tubes, applications of, 707

as computing devices, 708

definition of, 707

as memory devices in pulse-operated

computers, 708

sensitive time discriminator using, 728

use of, to record randomly occurring

high-speed transients, 708

Strobe circuits, 364

Subtraction, 629

in amplitude measurements, 696

Sweep, circular, 132, 704

expanded, 698

Switch, 379

bidirectional, 49

carrier-controlled, 396-413

double-triode, 375

double-triode bidirectional, 376

four-diode, 374

half-wave, 514

self-stabilizing double-diode, 479

unidirectional, 49

Switch circuits, 370-381

Switching, demodulators using, 513-524

Sylvania 6SN7 triodes* 68

Synchro modulator, using peak detector,

446

and phase-sensitive detector, 446

Synchro systems, d-c level-setting in, 454

multiple-scale, 443

Synchronization, 189

external, 469

Synchronization, internal, 469

of single-stage blocking-oscillator

dividers, 586

Synchros, 439-444

angular accuracy of, 442

Bendix AY 120D, 498

pulsed oscillations for use with, 156

as resolvers, 444

3-phase to 2-phase conversion, 444

use of, with sinusoidal carriers, 444

T

Teletorque, 441

Temperature coefficient, of delay lines,

474

of Hg, 473

of H 2O, 473

Temperature compensation, 129

Terman, F. PI, 3

Tetrodes, Victoreen, 414

Theuerer, H. C., 68, 71

Thyratron,*591

2050, 85

Thyratron counter circuits, 619

Thyratron ring counters, 612-614

Thyratron scale-of-two, 612

Time comparison, 12, 14, 364

Time demodulation, 12, 55, 501-544

by time comparison, 536

Time demodulator, negative-feedback,

537

storage-tube, 728

Time discrimination, 12, 56, 364

Time discriminator, 533

sensitive, using storage tube, 728

Time-mark generator, crystal-controlled,

externally synchronized, 727

Time measurement, 300, 697-699

Time modulation, 12, 52, 300

{See also TM)
Time selection, 12, 47

Time selectors, 364

adjacent, 384, 385

and difference detector, 534

quasi, 366

use of, in frequency division, 569

Timing condenser, 167

Timing resistor, 167

Timing waveform, 167
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TM, phase-modulation method for, 476

propagation-velocity method for, 473

voltage sawtooth method for, 474, 477

T-m circuits, errors in, 472-476

general accuracy considerations in,

472-476

transfer function of, 466

Transducer equivalent circuits, 759

Transducers, electromechanical, 427

Transfer function of t-m circuit, 466

Transformer, double-tuned, 550

nonlinear, 424

for amplitude modulation, 422

pulse, 18

with variable coupling between wind-

ings, 428

Transitron, Miller, 197

Transitron oscillator, 124

Trapezoids, 297

Triangle adders, 295

Triangles, 291

Trigger, effect of, on output waveforms,

222

Trigger delays, supersonic, 762

Triggering, 187-190

of frequency dividers, 580

methods of, 608

parallel, 219

of phantastron divider chains, 581

series, 220

Triggering methods, 218-223

Triode, 331

6K6, 88

6SN7, 79

Sylvania, 68

Triple-coincidence circuit, 383

Tritet oscillator, 108

Tubes, gas-filled, 82-85

multigrid, 415, 416

6AS6, 88, 89, 196

6SA7, 88, 90, 196

Twin-T network, 116

208 oscilloscope, DuMont, 291

2050 thyratron, 85

V

Vacuum Tubes, Thermionic, T’heory of, 96
Variacs, 463

Vibrator, Minneapolis-Honeywell, 403
Victoreen Instrument Company, 65

Victoreen tetrodes, 414

Voltage, linear steps of, 617

Voltage pulse, rectangular, 215

Voltage system, four-phase, 138

three-phase, 138

Voltage-waveform drivers, 449

Voltmeter, peak-reading, 166

VR-116 British pentode, 88, 91, 196

W

Wave shape, 103

Waveform distortion, 443

level-setting by, 454

Waveform generators, sinusoidal, 101-

158

Waveform measurements, 699-702

Waveform shaping, by passive elements,

19-23

Waveforms, abrupt, 159

current (see Current waveforms)

definition of, 1

mathematical operations on, 629-693

output, effect of trigger on, 222

sawtooth, with amplitudes of several

kilovolts, 482

special, 289^-324

staircase, 293

timing, 167

triangular, 254-288, 291

Western l^ilectric D-150734 4-phase con-

denser, 494

Western Electric mercury relay, 403

Wheeler, H. A., 736, 741

White, E. L. C., 745

Wien bridge network, 116

Willard, G., 765

Williams, F. C., 343, 385
Wood, A. B., 756, 765
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