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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 hundre(Js 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- 
viiion of the National Defense Research Committee, undertook the great 
task of preparing these volumes. The work described herein, however, is 
the collective 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 authors 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 which 
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. DxjBridge. 
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Preface 

This volume describes the design of the various microwave circuits 
that have been used as mixers in the microwave region at the Radi¬ 

ation Laboratory. The mixers convert the microwave signal into a 
signal at a lower frequency, where conventional lumped-constant circuits 
and multiple-element vacuum tubes are used. For information con¬ 
cerning the design of a complete microwave superheterodyne receiver, 
of which the mixer is a part, Vol. 23 of this series is recommended. Low- 
frequency amplifiers of many types, for use following the mixer, are 
described in Vol. 18. A complete treatment of crystal rectifiers, which 
are the hearts of the mixers described in the present volume, is given in 
Vol. 15, Duplexing circuits often required in pulse radar, and the tubes 
used in them are described in Vol. 14. Low-level oscillators, which are 
used as local oscillators for the mixers, are treated in Vols. 7 and 11. 

Because the frequency of the local oscillator determines the sensitive 
frequency of the mixer, automatic frequency control has been considered 
to be closely related to the mixer; for this reason, the chapter on this 
subject by Eric Durand has been included in this volume. 

I wish to take tliis opportunity to thank H. F. Webster for his cooper¬ 
ation in the design of the mixers developed at the Radiation Laboratory 
from 1943 to 1945, and Florence M. Carroll and Rosemarie Saponaro 
for their very great assistance in the preparation of the manuscript. 

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

each volume in this series is issued, the copyright thereon shall be relin¬ 
quished, and the work shall become part the public domain. 

R. V. Pound. 

Cambridge, Mass. 

JunCf 1946 
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CHAPTER 1 

INTRODUCTION 

The term ^‘receiver'' is customarily applied to an entire device which, 
when connected to a source of radio-wave energy, converts the informa¬ 

tion conveyed by the radio wave into a form in which it is directly 

usable. By this understanding, a conventional radio broadcast receiver 
includes everything from the antenna to the loudspeaker. In a television 

receiver, the information is presented on a cathode-ray tube; in facsimile 

transmission, the receiver supplies energizing voltages to a suitable 
reproducing device. It is conventional to discuss the design of such a 

receiver as a completely unified system, because similar techniques and 

components are used throughout the receiver. 
The problem of design of receivers for microwaves, however, falls more 

naturally into two subdivisions: first, the design of components involving 

microwave techniques, and, second, the design of those involving more 
conventional, low-frequency techniques. Because these two categories 

of components are so widely different in nature, it has been thought 

advisable to treat these two aspects of microwave receiver design in 
separate volumes of this series, with the present volume restricted in 

scope to those components that involve microwave techniques. Volume 

23 of this series covers the details of assembly of the microwave and low- 

frequency components into a complete receiver unit for use in specific 

microwave radio systems. In addition, the details of amplifier design 

are covered in Vol. 18 of this series. The scope of the present volume will 
include a discussion of those components of a microwave receiver which 

involve microwave energy. 

If a transmission system from a receiving antenna is connected to the 

input terminals of an assembly of these microwave components, energy 
in a form to be treated with lower-frequency techniques is derived from 

the output terminals. There are many different ways in which such an 

assembly of components can be made, the choice being dependent upon 
the particular requirements that the receiver must satisfy. Since the 

experience upon which this volume is based is largely with receivers 

specifically designed for radar, by the Radiation Laboratory in conjunc¬ 
tion with outside companies, the emphasis will be rather heavily weighted 

toward the design of microwave components for this service. It is 

hoped, however, that the information will be found of value to those 

interested in the design of microwave receivers for other applications. 
1 
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1*1. Definition of Terms.—^Before proceeding with a discussion of the 
properties of microwave receivers, it will be well to make specific state¬ 
ments as to the meaning of certain terms that will be used frequently in 
the following sections. Most of these terms are in common usage in 
radio practice, but they will be defined more generally here, in some 
cases, to make their application to microwave devices apparent. In 
other cases, a confusion exists in the meaning of terms, and their usage 
in the following sections will be clarified by these definitions. 

The conventional meaning of the term receiver has already been dis¬ 
cussed and this meaning will be used throughout the present volume. 
The classification may be begun by analogy to low-frequency techniques, 
and by the definition of those terms which have relevance to the present 
work. A conventional radio receiver usually begins with a radio-fre¬ 
quency amplifier. This term, abbreviated ‘^r-f amplifier,” will be used to 
denote a device that reproduces at its output terminals a signal having 
the same frequency and modulation components* as those impressed 
upon its input terminals, but at a higher power level. The r-f amplifier 
must be operative directly for signals at the frequency of the received 
wave, which means, for the present discussion, that it must be a micro- 

wave device. 
It will frequently be necessary to use the concept of ^‘bandwidth” in 

the following sections. In a qualitative sense, this term will be used to 
mean the extent of the range of frequencies within which the particular 
device in question has a relatively uniform amplitude-response character¬ 
istic. The exact amount by which the amplitude response may vary 
within this band will be defined in a manner which depends upon the 
device in question. An exact definition of noise bandwidth ” will be given 
in a later section of this chapter dealing with figures of merit for receivers. 

By the ‘‘tuning range” of a component will be meant the extent of the 
range of frequencies to which the component can be adjusted with uniform 
response. The question of tolerances arises in this connection and the 
specification of tolerances will be discussed when particular devices are 
described. If a component is tuned to a frequency within its tuning 
range, the magnitude of its response and its bandwidth should be sub¬ 
stantially independent of that tuning. 

Any microwave circuit which, unless it is retuned, restricts the tuning 
range of the receiver to a range less than that of most microwave circuits 
will be considered as a preselecting circuit. A tuned r-f amplifier would 
thus be a preselector—a concept which is in agreement with common 
usage at low frequencies. Also under this definition would be included 
any selective filter in the microwave section of the receiver which must be 
tuned as a part of the tuning procedure for changing the frequency setting 
of the receiver. 
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In conventional radio practice, the superheterodyne receiver is the 
most widely used and most flexible type of receiver. A fundamental 
group of components used in a receiver of this type is the group making 
up the frequency converter, often called simply the converter. This 
group of circuits can be defined as one that has the property of giving, 
at its output terminals, a signal containing the same phase and amplitude 

relationships among its components as those found in the signal impressed 
upon its input terminals, but having a center frequency differing from 
that of the input signal. As usually employed in a superheterodyne 

receiver, the converter changes the frequency of signals from the radio 
frequency derived from the antenna into a lower, or intermediate, 
frequency. In some applications, however, it is desirable to use a con¬ 

verter that increases the signal frequency. The bandwidth of a converter 

specifies the range of frequencies at the input terminals which will be 
converted into the same range at a different center frequency at the 
out|JUt terminals. 

The most common converter is one that combines a wave from a local 
oscillator with the signal wave in a mixercircuit. Because the com¬ 

ponent derived from the mixer is usually the difference, or beat, frequency 

between the signal and the local oscillator, an oscillator so used is often 

called a beating oscillator. In low-frequency practice, a tube containing 
elements that, when associated with the proper circuits, can be used as a 

mixer, as well as elements that can be used to form the beating oscillator, 
is termed a converter tube. A tube that does not contain elements to 

form a beating oscillator, but that does contain separate elements for 

the injection of signal voltages and for the injection of local-oscillator 
voltage, is called a mixer tube. Often, the two sets of voltages are 
injected on a single element after their superposition has occurred in a 

common circuit. The tube may then be considered as a detector, and 
for this reason the term first detector'' is often applied to this part of a 

superheterodyne receiver. 
A ^Metector will be defined, therefore, as a device that produces in its 

output circuit a voltage that has a-c components derived from amplitude- 
modulation components of the wave, or superposition of waves, at its 

input terminals. In addition, there is a d-c component of the voltage at 
its output terminals which depends upon the averaged amplitude of the 
superposed waves at the input terminals. When a detector of this sort 

is used as a part of a mixer, only the a-c components in the desired 
frequency range are utilized. Since a detector usually consists of a 
device in which the currents induced are not linearly related to the 

exciting voltages, components of many other frequencies are also gener¬ 
ated, but these are not utilized. It is for this reason, however, that the 
element that functions as a detector can also be used as a harmonic 
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generator, since both functions are the result of its nonlinearity. A 
detector is used directly as a receiving element in nonsuperheterodyne 
receivers in which the incoming wave is converted directly from a micro- 
wave signal to a voltage containing only the modulation components. 

1*2. Effect of Type of Signal on Receiver Design.—The great majority 
of receivers for microwaves in present use are designed for the reception of 
signals consisting of pulses of short time duration. In applications such 

as pulse radar, the pulses are usually 
not longer than a few microseconds 
(10“® second) and in some cases are 
as short as one-tenth microsecond. 
An understanding of the factors that 
enter into the design of receivers for 
short pulses may be gained from the 
consideration of a single pulse of micro- 
wave energy, as shown in Fig. 11. 

If the amplitude of the pulse is 
taken as unity and its time duration 
as T, the pulse amplitude can be de¬ 
scribed as a time function which is 
zero for j^| > r/2 and is equal to 
cos(a>o< + <l>) for 1^1 < t/2, where coo is 
2ir times the frequency of a continuous- 

" wave signal that has been turned on 
at t = —t/2 and off at < = t/2. The term <> is an arbitrary phase factor 
included for generality. The Fourier transform, ^(w), for such a function 

is given by 

Fig. 1‘1.—Graphical representation of a 
rectangular r-f pulse. 

ff(«) = 
1 

fl. ^ o 
cos (wo^ + dx. (1) 

The limits of integration are —t/2 and +t/2 because the time function 
is zero eveiywhere outside this range. The result of oerforming the 
integration is 

ff(«) = v^L 
e*'* sin (to—Wo) 5 ® 

+ 
« — Wo W + Wo 

(2) 

which shows that the postulated pulse or wave train contains frequency 
components extending infinitely far in both directions from wo/2x. If 
the carrier frequency, wo/2t, is large compared with 1 /t, the second term 
in Eq. (2) is negligible, and the frequency components have amplitudes as 
shown in Fig. 1-2. 
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The response of a receiver to a pulse of this sort obviously depends upon 
the bandwidth of the receiver. A detailed discussion of this dependence 
is outside the scope of this volume. Suffice it to say that, usually, the 
optimum bandwidth is approximately the width of the principal maxi¬ 
mum of the frequency spectrum. 
The best width and shape for the 
bandpass characteristic of the re¬ 
ceiver depend primarily upon the 
degree of fidelity with which the 
pulse must pass through the re¬ 
ceiver and the sensitivity require- 

ments that must be met. In any *'“■ ‘ “-■'“S'JISn'rX'”" * 
case, most of the energy in the pulse 

is contained in the principal maximum. In order to receive most of the 
energy carried in pulses from 0.1 to 1.0 /isec in duration, the receiver 
band widths required are 20 to 2 Mc/scc. 

The effect of this requirement on the design of the microwave com¬ 
ponents must now be considered. Because the carrier frequencies 
concerned are usually from 3000 Mc/sec upward, it is apparent that a 
microwave component must have a loaded Q of 100 to 1000, for the 
bandwidths stated, before it begins to affect the receiver bandwidth. 
Circuits as sharply resonant as this are rarely encountered, and the band¬ 
width requirement for the microwave components is therefore seldom 
difficult to meet. On the other hand, it is relatively simple to achieve 
resonant circuits that are sufficiently sharp to obtain a certain degree 
of preselection, if desired. The bandwidth requirement affects the 
microwave receiver because it is so small rather than because it is large. 
For a bandwidth of 2 Mc/sec, the receiver must remain stable in fre¬ 
quency to 2 Mc/sec in at least 3000—and perhaps as many as 30,000— 
Mc/sec. Thus a frequency stability of 1 part in 15,000 may be required. 
This would correspond to maintaining an ordinary broadcast receiver 
to within 50 cps at a receiving frequency of 750 kc/sec, which requires 
some care. For this reason, automatic frequency control has become a 
standard part of almost all microwave receivers, and thus provision for 
it is an important factor in the design of microwave components. 

In receivers for radar service, the automatic frequency control is so 
arranged that the receiver is maintained at the local transmitting fre¬ 
quency, although this frequency may vary. Hence, in the following 
chapters, great emphasis will be placed on the various methods by wliich 
automatic frequency control of this kind can be achieved. There will 
also be a discussion of the various techniques that have been devised for 
absolute frequency control for receiver bandwidths of this order. An 
exception to the policy of excluding the discussions of low-frequency 
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circuits from this volume is made in the case of automatic frequency 

control. The low-frequency circuits used as a part of the frequency- 

control schemes are discussed in Chap. 7. The reason for including 

this discussion is that frequency control and stability are fundamentally 

connected with microwave oscillators and for that reason may be con¬ 

sidered a part of a microwave component. 
If microwave frequencies are ever to be used for transmission and 

reception of ordinary audio-frequency signals, and, therefore, conven¬ 

tional audio-frequency receiver bandwidths are desired, the frequency- 
stability problem will become of prime importance. It may then be 

necessary to maintain a receiver at an absolute frequency within 1 part 

in 10* or more. For this service, an entirely different approach to fre¬ 
quency control is required, and a certain amount of work in this direction 

has been done. Circuits developed for such purposes are fully discussed 

in Vol. 11 of this series because their major application, so far, has been 

in special laboratory equipment. 

Because most of the receiver components discussed in this volume were 

designed to operate in pulse radar, the effect of a “duplexing system’’ 

on their design will be prominent. A duplexing system includes those 

parts of a radar set which make possible the use of a common antenna for 

transmission of large signals and reception of weak signals at different 

times. Such a system makes use of the fact that the amounts of trans¬ 

mitted and received power are of very different orders of magnitude, to 

facilitate the flow of transmitted power to the antenna and not into the 

receiver, and the flow of received power into the receiver circuit. Because 

these duplexing components are of very great importance in the design of 

modem radar, and because an exposition of the problems and design of 

the many types that have been developed is a large task in itself, only a 

rudimentary discussion of their functions and general nature will be 

given here. For a complete discussion of this subject the reader is 

referred to Vol. 14 of this series where it is treated in detail. Because 

duplexing systems have had so great an influence upon the design of the 

microwave receiving components, however, it will be necessary to give a 

qualitative description of some of the more important types. 

1>3. Qualitative Discussion of Duplexing Components.—As stated in 

the previous section, the duplexer components form a unit that makes 

possible the use of a common antenna for transmission and reception. 

In pulse radar this is done by making use of the fact that transmission 

and reception are accomplished at different times and at different power 

levels. The great majority of the receiving components to be described 

have been designed to work with duplexers of this kind, but it might be 

well to digress for a moment to add a few words about the more general 
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elass of duplexers with which transmission and reception may be accom¬ 
plished simultaneously. 

It is not the task of the present volume to discuss the desirability of 
common transmitting and receiving antennas, for this is certainly a 
question that must be decided for a particular system. At microwave 
frequencies, small but highly directive scanning antennas are usually 
employed and the exact alignment of two such antennas is not easy to 
maintain. In addition, the usual desire is for maximum directivity 
compatible with the available space, and, therefore, a single large antenna 
is more desirable than two antennas of half the area each. The further 
fact that this single antenna has twice the gain of the two smaller ones for 
both transmitting and receiving, makes the use of a duplexer, even with 
the loss of some transmitted and received power, definitely advantageous. 

A box representing a generalized duplexer is shown in Fig. 1*3. The 
box has three pairs of terminals. One of these pairs is to be connected 
to the antenna, one to the receiver, and one to the transmitter. For 
the best duplexing action the product of the available transmitted power 
sent to the antenna and the available received signal power delivered to 
the receiver should be as large as possible 

and none of the transmitter power should 
be coupled into the receiver. It can be 
shown that if the duplexer contains only 
linear circuit elements and if the received 
and transmitted frequencies are identical, 
the maximum value this product can have 
is 0.25. For example, if one-half the 
available transmitter power is radiated by the antenna, not more than 
one-half the available received signal power can be delivered to the 
receiver. This loss just compensates for the gain obtained through the 
use of a single antenna instead of two, each one-half the radiating area. 
Duplexers of this kind can be made up from such bridge circuits as the 

magic T” and its equivalent circuits, described in Sec. 6*2. 
A duplexer for a radar system is different from this, in that simultane¬ 

ous transmission and reception are not required. In a radar system, the 
transmitted power is very high, and the prime requirement of the 
duplexer is that it protect the sensitive elements of the receiver from 
damage by this power. Because of the extremely fragile nature of the 
best receiver elements, great effort must be made to achieve adequate 
protection. An attenuation from 70 to 80 db is needed between the 
transmitter and receiver when the transmitter is actuated. This attenu¬ 
ation is realized through the use of a resonant chamber filled with an 
appropriate gas at low pressure, The resonant chamber is so desired 

Fig. 1-3.—Generalized representa¬ 
tion of a duplexer. 
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that a narrow gap exists between two posts. In the gap, the electric 
field is built up to a value considerably greater than that in the normal 
transmission line. If the field at this gap is less than suflScient to break 
down the gas by ionization effects, the resonator transmits an incident 
wave at its resonant frequency with little attenuation. Because the 
resonant frequency is adjusted to be that of the received signal, the cavity 
acts as little more than a preelection circuit for the receiver. The 
resonator is sometimes made up of a combination of several individual 
resonators and corresponds to a multituned circuit passing a wide band of 

From T-junction Flexible 

Fia. 1-4.—Cross-sectional view of a 1B27 TH switch. 

received frequencies. In this case, even its preselection action may be 
negligible. 

At the level of the transmitted power, the field in the gap of the 
resonator far exceeds that necessary to produce electrical breakdown, 
and an arc is therefore maintained at the gap for the duration of the 
transmission period. The principal field in the resonator at this time is 
that necessary to sustain the arc; thus, if the output coupling of the 
resonator to the receiver is sufficiently small, insufficient power is coupled 
into the receiver to damage it. Because the voltage required to strike 
the arc is always greater than that needed to sustain it, a somewhat 
higher power is transmitted for a very short time at the beginning of 
each transmission period. This power is called the ‘^ spike power and 
has been found to be the part most likely to damage the receiver. Such 
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a resonator is called a TR switch, because of its function as a self-actuating 

transmit and receive switch. The design of this switch always involves a 

compromise between the leakage power that reaches the receiver during 
transmission and the attenuation suffered during reception. For a 

detailed discussion of this problem and for details of the design and gas 
content of the resonator, the reader is referred to Vol. 14 of this series. 
Fig. 1*4 shows a cutaway perspective view of a resonator commonly used 
as a TR switch. 

When the arc of the TR switch is firing, a wave incident at the input 
side of the TR cavity is almost completely reflected. The cavity may 
therefore be placed in a side arm, as a T-connection to the main line that 

connects the transmitter to the antenna. The phase of the reflection 
coefficient is such, with an iris-coupled cavity, that it is equivalent to a 
short circuit in the plane of the input iris. To obtain transmission of the 

transmitter signal past the junction without reflection, the length of line 
from the wall of the waveguide to the input iris is chosen to be approxi¬ 
mately an integral number of half wavelengths. For coverage of a wide 

frequency band, the cavity is mounted with its input iris in the wall of the 
main waveguide. With a loop-coupled TR switch the phase of the 
reflection coefficient is determined by experiment, and the cavity is 
connected in such a way as to act as a short circuit at the end of a stub 
line, an odd number of quarter wavelengths in equivalent length, on the 
side of the main coaxial line. 

During reception, the duplexer must also ensure that almost all of the 
available received signal power is transmitted through theTR cavity into 
the receiver. The transmitter, Avhen not oscillating, has a resonant 

frequency differing from its oscillation frequency, and it therefore 
reflects, almost completely, a received signal wave arriving through the 
line from the antenna. The line length between the transmitting oscilla¬ 

tor and the side branch that contains the TR cavity and receiver can be 
chosen in such a way that waves traveling along the line from the antenna 
are transmitted into the TR cavity and receiver without serious reflection 

or absorption due to the presence of the piece of line terminating in the 

transmitter. For coaxial lines, the piece of line between the T-junction 
branch and the transmitter is equivalent to a short-circuited stub line, 
an odd number of quarter wavelengths in length, such as is used for a 
right-angle stub support. In early radar equipment this line length was 
made variable to allow proper adjustment for the particular transmitter 

tube in use. Later, it was found that a fixed length gives sufficiently 
good results for all transmitter tubes in a small frequency band. To 
ensure this, a specification test of the ^'cold impedance^’ of transmitter 
tubes intended for use with systems having a fixed distance between the 
TR cavity and the transmitter was set up. 
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An improved method for ensuring transmission of received signals to 

the receiver, is one that utilizes a second gas-filled cavity resonator, 
called an anti-TR or RT switch. This switch is so placed on a stub line, 
or in the wall of the main line between the transmitter and the branch 
leading to the TR switch that, when an arc is struck in its gap, during 
transmission periods, it causes little reflection of the transmitter wave. 
The cavity is tuned to resonate at the transmitter frequency and it is 

tightly coupled to the input line. As a result a large standing-wave ratio 
for low-level signals is produced in the main line between the branch 
containing the TR switch and the branch containing the anti-TR switch. 

The spacing between these two branches is chosen in such a way that 

received signal power is coupled into the receiver with little reflection 
or absorption due to the line terminating in the transmitter, regardless of 

the cold impedance of the transmitter. 

tube 

-——-,-- 5 
E vector is J. to plane 

of the page 

TR tube 

tM 
To receiver 

Fio. 1*5.—Schematic representation of a duplexer. 

A sketch of the relevant parts of a typical duplexer is given in Fig. 1*5 

where the dimensions shown refer to equivalent electrical lengths. This 
is an example of only one of many forms in which duplexers have been 

made. For a thorough treatment of the subjects of TR switches, anti-TR 
switches, and complete duplexers, the reader is referred to Vol. 14 of this 

series. 
1-4. Figures of Merit for Receivers.—At low frequencies, the sensi¬ 

tivity of a receiver can be specified in various ways. Since atmospheric 
and man-made static is almost always present to some degree, the useful 
sensitivity is usually considerably below any limits imposed by purely 

phygdcal or thermodynamical considerations. At microwave frequencies, 
such static is almost completely absent and the minimum detectable 
irignal is determined almost completely by the masking effect of random 

noise. Such noise is developed because electric currents are not steady, 

but are made up of the flow of large numbers of electrons. Thermal 
agitation of the particles in a resistor gives rise to a random noise voltage 
across the terminals of the resistor. For this reason, the quantity called 
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the ‘‘noise figurehas become the figure of merit for microwave receivers, 
and design considerations that affect the noise figure of the receiver 
are of the first importance if the detection of the smallest possible signal 
strength is a prime requirement. 

Within any electronic circuit there exist sources of noise in the form of 
small potentials developed by thermally excited fluctuation of electrons in 
the circuit elements. This thermal-agitation noise has been studied by 
many people and is often called “Johnson noise’^ after J. B. Johnson,' 
one of the first to study the phenomenon. It has been shown that the 
mean square of the noise voltages in the frequency range vi to V2y devel¬ 
oped by a circuit element because of thermal agitation, is given by 

= \kT \ Rdv, (3) 
Jvi 

where k is Boltzmann’s constant, T is the absolute temperature of the 
circiiit element in degrees Kelvin, R is the resistive component of the 
impedance of the circuit element, and v is the frequency of the noise- 
voltage component. For an interval of frequencies so small that R may 
be regarded as constant, Eq. (3) becomes 

Y = 4kTR dv, (4) 

Any network made up of linear passive circuit elements such as resis¬ 
tors, condensers, and inductances, or their microwave equivalents, may be 
considered as a noise-voltage generator with an open-circuit mean-square 
noise voltage given by Eq. (4) in the narrow frequency band dv, where R 
is the resistive part of the impedance measured across the terminals of the 
network. Since the power available from such a generator is 

(5) 

the available noise power in the frequency band is 

dP = kT dv. (6) 

For a linear four-terminal network with a signal generator connected 
to the input pair of terminals, a gain G may be defined. The network 
may be considered as a new source of the signal developed in the signal 
generator, and it will deliver maximum power when the output load has an 
impedance that is the complex conjugate of that measured across the out- 

^ J, B. Johnson, “Thermal Agitation of Electricity in Conductors,^' Phys, Rev.y 32, 
97 (1928); H. Nyquist, “Thermal Agitation of Electronic Charge in Conductors,“ 
Phy8, Rev.y 32, 110 (1928), J. B. Johnson and F. B. Llewellyn, “Limits to Amplifica¬ 
tion,’' Elect Engng.y N.Y.y 63, 1449 (1934); F. C. Williams, “Thermal Fluctuations in 
Complex Networks,” Wireless Section, I.E.E., 13, p. 53, March 1938. 
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put terminals of the network. If /So and S are the available powers from 

the network and from the signal generator, respectively, the gain of the 
signal-generator-network combination is defined as 

G = !*• (7) 

This definition says nothing about the impedance match between the 
signal generator and the network; in fact, the value of G depends upon 
the impedance of the signal generator as well as on the network. It is 
a maximum when the impedance of the signal generator is the complex 

conjugate of the impedance measured across the input terminals of the 
network, when the output terminals of the network are connected to a 

load having an impedance equal to the complex conjugate of that at the 

output terminals. 
Associated with the output impedance of the signal generator, there 

will be thermal-agitation noise, as discussed earlier in this section, the 

available noise power being given by Eq. (6). From the four-terminal 
network there will also be an available noise power in the frequency 
band dv. If dN is the noise power available from the signal generator, 

and diVo is the noise power available from the output terminals of the 
network, it is found that 

dATo ^ FdN 
<So s ’ (8) 

where F is equal to, or often greater than unity. The quantity F is 
called the ‘^noise figure^' of the network and is a measure of the signal- 

power loss in the network, as well as of the detrimental effects of addi¬ 

tional thermal-agitation noise, vacuum-tube noise, and noise from other 
sources added to the signal within the network. This quantity is thus the 

figure of merit for a receiver. For a perfect receiver, F is equal to unity, 
which means that a signal arriving at the output terminals is masked by 

noise no more nor less than it was as delivered from the antenna. The 

noise power available from the antenna of a receiver may be regarded as 
being developed in the radiation resistance of the antenna. As a con¬ 

sequence, its magnitude depends upon the temperature of the region of 

space from which the antenna receives radiation. Since receiver noise 
figures are usually considerably greater than unity, however, the part of 

the output noise power of the receiver which arises from the antenna 

resistance is small for an apparent aintenna temperature near room 
temperature. R. H. Dicke^ has designed an ingenious device that 

measures very precisely the apparent temperature of the resistance of a 

' R. H. Dicke, '*The Measurement of Thermal Radiation at Microwave Fre¬ 
quencies,'’ RL Reix)rt No. 787, Aug. 22, 1045. 
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receiving antenna, as a means for measuring the attenuation of microwave 

frequencies in the atmosphere. The noise figures <Sf receivers are usually 

defined for an antenna resistance assumed to be at room temperature. 
A combination of Eqs. (6), (7), and (8) leads to the result 

dNo = FGkTo dv, (9) 

Both the quantities F and G depend upon the impedance of the signal 
generator, but in general, the impedance that gives minimum noise 
figure is different from the impedance that results in maximum gain. 

Because the noise figure is the important quantity, receiver design should 

always be such as to minimize it, even at the expense of gain, for the gain 
can be increased easily at high level where any noise power introduced 

is negligible. 

In general, the noise figure is a function of frequency. An effective 
noise figure for the sj^stem may be defined in the following way. The 

outjjut power from the network is read on a meter. We define Gq as the 

product of the gain of the network and the fraction of the available power 
from the network delivered to the output meter. Power is delivered to 
the output meter only when the power available from the network 

exceeds thermal-agitation noise, if the network and the meter are at the 
same temperature, for otherwise the transfer of energy from one body to 
another at a higher temperature would be implied. The noise power 

delivered to the output meter is 

F(7o dv. (10) 

The use of the gain Go instead of G makes the integral convergent. As 

can be seen from Eq. (9), the product FG must be equal to or greater 
than unity at all frequencies since, from Eq. (6), diVo must be at least as 

great as kT^ dv. 
If F were unity at all frequencies the output noise from the network 

would be 

A'o = kl\ [" Go dv. (11) 
Jo 

The effective noise figure F* for the network is then defined by Eq. (12), 

F* = 
No 

N'o 
/. FGo dv 

L dv 
(12) 
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An effective noise bandwidth B may be defined, for the combination, as 

I Go dv 
B = ^. (13) 

tJO mftz 

where Go mu is the maximum value of the gain with respect to frequency. 
The effective noise figure, from Eqs. (10), (12), and (13), is then 

^ kToBGo mu' 

This noise figure can be measured by determining Nq, Go mw, and B. 
The quantity B may be considered as the bandwidth of an equivalent 
circuit having a constant gain equal to Go max within the band and zero 
gain outside the band. This bandwidth can be calculated for bandpass 

circuits of many types if the bandwidth between the points at which 

is measured and the type of circuit is known. 

Network 1+2 

Fig. 1*6.—Block diagram of cascaded networks. 

It is often necessary to use two or more networks with noise figures 

greater than unity, in cascade. To discover how the noise figure of the 
combination depends upon the noise figures of the individual networks, 
we may consider a situation such as that shown in Fig. 1*6. A signal 

getlerator is connected to network 1, this in turn connects to network 2, 
which finally connects to the output meter. Networks 1 and 2 can be 
treated as a single network, (1 + 2). From Eq. (9), 

diV0(1+2) = F(1+2)G(1+2)^To di' (15) 

where the quantities are all the same as before except that they refer to 

the combined network (1 + 2). The gain of the combination G(i+2) must 
be equal to the product of the individual gains G i and G2, where G2 depends 
upon the output impedance of network 1, in accordance with the defini¬ 
tion of gain, Eq. (7). Therefore, 

di\ro(i+2) = F{i^2)Gi02kTo dv, (16) 

The available noise power from network 1 is 

dN01 FiGikTo dp. 
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whereas that part of the available noise power from network 2 caused by 
noise output from network 1 is just 

d^J(i+2) = dN.iGi = FiGiG^kTo dv, (17) 

The part of the available output noise power from network 2 which 
arises in network 2 and in the output impedance of network 1 is 

dNo2 = F/}2kTo dv. (18) 

The part of this originating in network 2 is 

d^0(l4-2) ” dN02 — (?2^To dvy (19) 

since the contribution resulting from thermal noise available in the output 
impedance of network 1 is kTo dv times the gain of network 2. These 

noise components are added and subtracted directly as power because 

they are completely random and therefore can have no phase coherence. 

The total noise output diVo(i+2) from the combination must be the sum 

dNQ(^i+2) = dNo(^ij^2) “b dNQ(^i^2)' (29) 

Putting Eqs. (17), (18), and (19) into Eq. (20) we have 

diVo(i+2) = F,GxG2kTodv + F^G^kTodv - G2kTodv, 

From this and Eq. (16), an expression is obtained for the over-all noise 

figure in the narrow frequency range dv given by 

/-’(i+j, = F. + (21) 

Again, by use of the concept of the gain of network 2 associated with an 
output meter (7o2, so that the integrals may exist, an expression analogous 

to Eq. (14), for the effective over-all noise figure, is 

JJ [G,Go2F^ + Go,iF,-\)] dv 

j * GiGoi dv 

If the network 1 is very wideband compared with the combination of 

network 2 and the output meter, and Gt and Fi may therefore be regarded 

as constants in the above integrals, then 

-F 
" "gT’ 

where F* is defined by Eq. (12). Equation (23) suggests the possibility 

of setting up apparatus to measure the noise figure of a single network 
used as network 1 in the combination. To do this a measurement of 
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^<i+» and of “08* “ade for the network in question in the apparatus 
so that, if Ff is known by a previous measurement, Fi may be calculated. 
Since F* will be a function of the output impedance of network 1, this 
function and the output impedance of network 1, under the conditions of 

the experiment, must be known or measured. 
To facilitate the calculation of over-all noise figures and the measure¬ 

ment of pertinent parameters for devices that can be simulated by linear 

pasfflve networks, the concept of “noise temperature” has come into use. 
The noise temperature of a device is independent of the gain of the 
device, and is directly a measure of the noisiness of the network compared 

with a simple resistance. The noise temperature is defined as the ratio 
of the noise power available from the network to that available from a 
resistor at room temperature. It was shown by Eq. (9) that the available 
noise power in a frequency band dc is 

dN 01 — FiGtkTodv. 

The same quantity for a resistor is 

dNo = kTo dv, (24) 

and the ratio dNoi/dNo = t, becomes 

t = FiGi. (26) 

By substitution of this expression into Eq. (23), 

F* _ t + F* — I 
^ <i+n — (2d) 

The noise temperature of a network may be measured by simply com¬ 
paring its noise output power with that of a resistor. The gain of the 

network may then be measured at a much higher signal level, provided 

the network is the same for a signal at this level as for noise, and these two 
quantities together will then be the figure of merit for the device. The 
effective over-all noise figure for a combination may then be computed 
from Eq. (26), provided the output impedance of the first network, and 
F* for the second network corresponding to this impedance, are known. 

An expression of the form of Eq. (23) may be derived in an analogous 

manner for more than two networks in cascade. Because the noise 
figure and gain of each network are functions of frequency (as is also the 
noise temperature), an expression for the over-all noise figure of a com¬ 
bination can be expressed only as an integral. In practice, however, one 
of the circuits very often has a pass band much narrower than that of the 
others, and an expression similar to Eqs. (23) or (26) is useful. Micro- 

wave receiving components very often have pass bands 10 per cent or 
more in width, whereas the pass band of the entire receiver is about 
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0.01 per cent; therefore Eqs. (23) and (26) are useful. If all but the last 
of n networks in cascade have pass bands wde compared with that of the 

last network, their gains and noise figures may be regarded as constants in 
integrals similar to those in Eq. (22). The effective over-all noise figure 

for the combination may then be written 

__ p I 1 j I 1 1 I Fn 1 
^(l+2+. . .4-n) - H-p-T * * • H--1-f,-» (^7; 

1 2 A n— 1 An 

where 
p-i 

l\ = [] Gi. 

1 

Because of the appearance of the gain factors in the denominators of these 

successive terms, it is clear that in a receiver, the contribution to the 
effective over-all noise figure from stages occurring after a reasonable 
gain has been achieved is negligible. Another way of saying this is 

simply that the noise contribution of the early stages, because it is 
amplified, masks any contributions to the total output noise which might 
be made by later stages. It is clear, then, that the microwave com¬ 

ponents, since they must necessarily be the first in any cascade of circuits 
making up a microwave receiver, play the dominating role in determining 
the figure of merit for the receiver. 

CLASSIFICATION AND DESCRIPTION OF TYPES OF 
MICROWAVE RECEIVERS 

1-6. The Low-level Detector.—The simplest kind of receiver at any 

frequency consists of a detector followed by an amplifier, as indi¬ 
cated in Fig. 1*7. At microwave frequencies, the detector for such a 
receiver must respond directly to the microwave energy. The detector 

produces, at its output terminals, voltages derived from amplitude- 
modulation components in the envelope of the radio-frequency waves 
impressed upon its input terminals. All of the amplification in such a 
receiver occurs at the modulation frequency. A receiver of this kind 

responds to signals having carrier frequencies anywhere in the pass band 
of the r-f components, including the detector. The ability to reproduce 

modulation voltages is determined primarily by the characteristics of 
the detector and modulation-frequency amplifier, since the pass band of 
the other r-f components is usually wide compared with the frequency 

spectrum of the received signal. 
A number of devices may be used as detectors for a receiver of this 

kind. Because they must respond directly to the microwave signal, 

however, only special kinds of vacuum tubes, in which the interelectrode 
spacings are very small, are useful. Transit-time effects make ordinary 
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vacuum tubes almost completely unresponsive. In addition, such 

vacuum tubes must be built in a form that enables them to become inte¬ 
gral parts of the circuits associated with them. There exist a few tubes 
that meet these requirements—the GE ‘‘lighthouse^' and “oilcan" diodes 

and triodes for example. Such tubes, however, even with their small, 
but not negligible, interelectrode spacings, are useful only in the low- 
frequency part of the microwave region, principally above 10 cm. The 

design of circuits for the use of these tubes is too strongly dependent on 
the specific nature of the tube available to be described here. The pri¬ 
mary problem associated with the design of detectors using these tubes is 

the matching of the signal energy available from the antenna into the 
r-f input circuit. This problem can be solved by the use of standard 
microwave techniques, and circuits for this purpose will be found in 

literature dealing specifically \vith such tubes. A tube intended for use at 
microwave frequencies is so designed that it may be used as an integral 

Fio. 1*7.—Block diagram of receiver with low-level detector. 

part of the microwave circuit. In the lower-frequency part of the micro- 

wave region, only diodes are used as detectors; in the higher-frequency 
part of the region (10,000 Mc/sec and above), no satisfactory diodes exist. 

The diode is not the most satisfactory detector for most purposes, and is 

\videly used only in applications where its ability to withstand high-power 
signals without damage is an important property. 

A detector for microwave signals can be made from one of several 

devices that change in electrical resistance when heated by incident micro- 
wave energy. One such device is a Wollaston wire. An ordinary 5- or 

10-ma Littelftise contains such an element and can therefore be used as a 

detector. Another device of this sort is the thermistor, which also suffers 

a change in resistance when heated by microwave energy. The thermis¬ 
tor has a negative temperature coefficient of resistance, whereas the fuse 

wire h^ a positive coeflBcient. Either of these devices may be arranged 
in a circuit with an r-f matching transformer, in such a way as to absorb 
signal energy from an antenna. A steady current is passed through 

the fuse or thermistor, and incident r-f energy causes a change in the 
voltage produced across the element. 

The use of a detector of this kind is restricted primarily to laboratory 

equipment. Its power sensitivity and noise figure are not so good as 
those of some other devices, and it cannot be used to detect modulation 
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frequencies above a few thousand cycles per second because the thermal 

time constant limits the rate at which it can respond. Detectors of this 
kind are widely used in test equipment, however, because they are easily 
procured and have some convenient properties. Because these detectors 

are capable of absolute calibration when used as bolometers in bridge 
circuits, they are most frequently used in low-level power-measuring 
equipment. A discussion of these applications is outside the scope of 

this volume, and is to be found in Vol. 11 of this series. 
A sensitive detector for microwave power is the very highly developed 

microwave version of the familiar crystal detector. Crystal detectors 

were early recognized as being especially suited to microwave circuits 
because of their extremely small physical size. A large amount of 
research has been devoted to the development of crystal detectors in 

fixed adjustment and packaged in small cartridges. A large advance in 

the understanding of the mechanism of operation of these devices and 
sti dies of the factors making possible the manufacture of high-quality 

crystals have led to mass production of cartridge units that are considera¬ 
bly superior to their earlier prototypes. The principal work on these 
devices has been toward the development of rectifiers for use as frequency 

converters, but advances in the development of low-level detectors have 
also been significant and have benefited considerably from the other 
development. Because the development of crystal detectors and units 

for mixers is a very large field in itself, it will not be possible to give it more 

than a cursory treatment in the next chapter. The reader is referred to 
Vol. 15 of this series for a thorough review of the subject. The use of 

receivers of the variety under discussion here is not sufficiently wide¬ 

spread or complex to warrant a separate treatment in this volume. In 
the following section some of the considerations that affect the figure of 

merit for such a receiver will be discussed. 

1*6. The Square-law' Detector.—Both diodes and crystals function as 
detectors because of the nonlinear relationship between the current 
induced in them and the magnitude of the voltage impressed. In general, 

a smaller current is induced by a voltage of one sign than by a voltage 
of the other sign. If the current through a crystal is plotted as the 
ordinate on a linear scale, and the impressed voltage is plotted as the 

abscissa, a curve of the type shown in Fig. 1-8 is obtained. This plot will 
be seen to show considerable curvature or nonlinearity in the region of 
the origin, and it is upon this curvature that the action as a low-level 
detector depends. If an alternating voltage, such as is shown on the 

negative current axis, is impressed across this crystal, the current that is 
passed through the unit has the form indicated in the plot on the right- 

hand voltage axis. Because there is less current flowing during the 
negative half-cycles than during the positive ones, there is a net positive 
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current having magnitude related to the magnitude of the impressed a-c 

voltage. If the envelope of the a-c voltage varies with time, the net 

current varies in a related fashion and so has components derived from 
the amplitude modulation of the impressed voltage wave. This is a 

picture often used to explain detec- 
^ / tion and can be found in any refer- 

/ ence book. 
/ The current in a nonlinear device 
/ can be expressed, analytically, as a 

/ _ - function of the voltage, and ex- 
--panded in a Taylor series. The 
-- ^ I nonlinearity is expressed by the 

I ^ terms in powers of the voltage 
^ I higher than the first. For very 
I "N small voltages, the term in the 
1^"^^ second power of the voltage is large 

iN I compared with the higher-power 
Fiq. 1-8. Graphical^ representation of terms. Therefore the rectified cur¬ 

rent produced from a very small 

signal must be proportional to the square of the impressed a-c voltage. 
For this reason, low-level detectors are often referred to as ^'square law'’ 
detectors. The induced current is proportional to the incident r-f power. 
A diode or crystal detector is an entirely passive circuit, in that there is 
no source of energy other than the input signal. The maximum possible 
gain of such a detector, according to the definition of gain in the previous 
section, is unity. Because the detector is a square-law device, its gain 
decreases with decreasing signal strength unless a change of the output 
impedance accompanies the decrease in current flow. 

The detector, as a generator of modulation-frequency signals, may be 
considered as a current generator producing a current f, in shunt with an 
admittance gr, as shown in Fig. 1*9. The value ^ 
of i is proportional to the input power to the I 
detector and the value of g is also dependent A > 
upon the input power level. At very low y 
levels, the value of g is relatively independent |_[ 

of the power level, and an effective me^ure kig b9.-Moduiation-fil 

of the gain of the device can be obtained. quency equivalent of a detec- 

Because of the square-law dependence of the 

magnitude of the current generated, this gain is directly proportional to 
the input r-f power. It is clear that the concept of the noise figure for 
such a detector is not very useful since the noise figure, too, depends 
upon the input-signal level. A quantity that is a measure of the quality 
of a square-law detector can be defined in terms of the magnitude of the 

Kio. 1*9.— Modulation-fre¬ 
quency equivalent of a detec¬ 
tor. 
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current produced by the generator per unit of incident power and the 

magnitude of the generator conductance associated with it. 
1*7. The Minimum Detectable Signal Power.—Because the conver¬ 

sion efficiency (gain) of a diode or crystal detector at low level is so small, 

the device may be described in terms of a two-terminal-pair network in 
which the transfer admittances are very small compared with the self¬ 

admittances associated with the input and output, terminal pairs. In 

such a network the input admittance is almost completely independent of 

the load admittance presented to the output terminals. Maximum power 
is therefore delivered through the network when the admittance of the 

r-f generator connected to the input terminals is the complex conjugate of 
the self-admittance of these terminals, and the load admittance is the 
complex conjugate of the self-admittance of the output terminals. The 

design of the microwave unit associated with the detector is largely con¬ 
cerned with transforming the self-admittance of the input terminals into 
lint*, admittance so that the detector may be connected to a matched 

an tenna line with maximum power transfer. This specific subject will 
not be discussed explicitly in this volume, but the techniques involved are 
similar to those outlined in following chapters on crystal-mixer design. 

One special problem connected with the experimental design comes about 

because admittances must be measured with signals sufficiently small to 
approximate the low-level condition. If the signal strength is sufficiently 

small, no change in the measured input admittance should result from a 
further decrease in the signal strength. Since, to satisfy this condition 
for crystal detectors, the power delivered to the crystal must usually be 
less than 1 m'v, equipment for measurement of the input admittance by 
the standing-wave-ratio method must have high sensitivity. 

In the absence of currents through a crystal the noise voltage at its 
output terminals is thermal-agitation noise, as discussed in Sec. 1-4 and 

given by Eq. (3). To evaluate the degree of sensitivity possible with a 
receiver using a crystal detector, the detector can be considered to be 
connected to a noise-free amplifier, and the amount of r-f power necessary 

to produce a signal power equal to the noise power at the output termi¬ 
nals of the amplifier can be found. It has been sho^vn that the current 

induced in the crystal is proportional to the r-f signal power. This state¬ 

ment may be expressed as 

i = f (28) 

where i is the short-circuit current, P is the available r-f signal power, 
and 6 is a proportionality constant dependent on the crystal. Since P 

is defined as the available power rather than that dissipated in the crystal, 

h includes any losses caused by mismatch between the signal source and 
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the crystal. If the output terminals of the crystal are connected to the 
input terminals of the noise-free amplifier of gain 0, the output signal 
power from the amplifier will be 

GP* 
(29) 

For this quantity to be equal to the output noise from the receiver it is 

required that 
GP» 

46*0 
= GkTB, (30) 

where B is the effective noise bandwidth of the amplifier, as defined in 
Sec. 1*6. This equation can be solved for the required r-f power, giving 

P = 2bVg VkfB, (31) 

where the expression has been separated into two terms because the first 
relates to the detector unit and the second to the amplifier. This expres¬ 
sion holds only for a noise-free amplifier, which cannot be achieved in 
practice; therefore an expression for a realizable situation must take the 
amplifier noise into account. The expression can be used, however, to 

obtain some qualitative information about receivers with low-level 

detectors. A more rigorous treatment of the subject will be found in 

Vol. 15 of this series. In Chap. 2 of this volume, an extension of this 

discussion to include the effect of amplifier noise will be given. 
Elquation (31) may be compared with a similar expression for an ideal 

receiver—that is, one with a noise figure equal to unity. For such a 

receiver the r-f signal power required to equal noise power in the output 
terminals is just 

Po == kTBi. (32) 

The bandwidth Pi is the effective noise bandwidth of the over-all receiver. 
For a square-law detector, Bi is the effective noise bandwidth of the 

modulation-frequency amplifier. This immediately brings out one 
feature of a receiver of the detector type. Because the efficiency of the 
detector is so small, the output noise is independent of the r-f bandwidth 

of the receiver. In reality, there are two different pass bands to be 
considered: first, the width of the region of radio frequencies to which the 
receiver is sensitive, and second, the pass band of the amplifier, which 

determines the kind of modulation components to which it will respond- 

For an ideal receiver, the effective noise bandwidth is equal to the square 
root of the product of the bandwidth before detection and that after 
detection, because it is the fluctuation in detected noise power, which can 

pass through the circuits following the detector, that tends to mask a 

small signal. The performance of a receiver in which a low-level detec- 
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tor is used approaches that of the ideal receiver more closely if the r-f 
bandwidth is large compared with the amplifier pass band than if the two 
pass bands have similar widths. This is the type of service in which 
receivers of this kind have been most widely employed. For use at 

beacon stations, for instance, a receiver that responded to pulses of 
about 2-fiBec duration anywhere in a frequency band of about 120-Mc/sec 
width, was required. The simplicity of a receiver with a crystal detector 

was considered worth the loss in ultimate sensitivity compared with 
other receivers. For very large bandwidths, greater than about 160 
Mc/sec, only receivers with the low-level detectors have so far been used 

to receive in the whole band continuously, because amplifiers have not 
yet been made for bands wider than about 70 Mc/sec. K intermittent 
response to each frequency in the band is acceptable, a sweeping super¬ 

heterodyne may be used. 
If the receiver is to be responsive to a band of frequencies only suffici¬ 

ent ly wide to carry the desired modulation components, then the band¬ 

width before detection and the over-all receiver bandwidth are similar. 

Hence, 

P _ 26 Vg 
Po ~ \/kTB 

(33) 

The smaller this quantity, the more closely does the receiver having a 

low-level detector approach the ideal noise-free receiver. It will be seen 

that, again, wide pass bands are favored; thus, for example, the low-level 
detector might be satisfactory for receivers designed to respond to 

extremely short pulses. In general, however, for receiver bandwidths 
of 1 or 2 Mc/sec (before detection) the minimum detectable signal power 

is larger, by a factor of about 10*, than that obtainable with receivers of 
other types. Receivers of the low-level-detector type have not been used 

extensively, except at beacon stations. 
One way of reducing the minimum detectable signal for this type of 

receiver is to precede the detector with r-f amplifiers having sufficient 
gain to make noise generated ahead of the detector contribute a signifi¬ 
cant part of the total output noise from the detector. In this case the 
over-all noise figure of the system becomes dependent on the noise figure 

of the r-f amplifying system. If the amplification is sufficiently great 
to make r-f noise contribute all but a negligible part of the detector out¬ 
put noise, the receiver noise figure is completely determined by the noise 

figure of the r-f amplifiers. Since these amplifiers are usually made 
with resonant circuits, they also act as preselectors. The receiver is then 
similar to the tuned r-f receivers commonly used at lower frequencies 

before the advent of the superheterodyne. Because the minimum signal 
power detectable by a low-level detector is relatively large, a high gain 
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would be required of a noise-free amplifier. In the example cited, the 

gain would have to be greater than 10*. A gain this large would require 
several stages of amplification by tubes available even at the lowest fre¬ 
quencies in the microwave region. In this low-frequency region,improve¬ 

ment can be made by use of r-f amplifiers, but the system becomes 
relatively complex and a smaller minimum detectable signal can be 
obtained with a superheterodyne receiver. It would be advantageous 

to use noise-free amplifiers ahead of a superheterodyne receiver. Because 
a sujierheterodyne receiver having a moderate bandwidth can detect a 
much smaller signal than can the low-level detector, less gain would be 

required of a noise-free amplifier to make the over-all noise figure 
approach unity. A discussion of existing types of r-f amplifiers will 
therefore be deferred until the superheterodyne receiver has been 

described. 

1*8. The Superheterodyne Receiver.—The superheterodyne receiver 
makes use of a frequency converter, which changes the signal into one 

Fig. 1*10.—Block diagram of a superheterodyne receiver. 

centered at a different frequency. The signal is then amplified at this 

new frequency before demodulation by a detector. Because the ampli¬ 
fication usually occurs at a frequency lower than the signal frequency 

(that is, the converter produces a do\vnward frequency conversion), the 
amplifier is called an intermediate-frequency or i-f amplifier. A detector 

at a relatively high level is used, following the amplifier, to detect the 
modulation components carried by the signal, and modulation-frequency 
amplifiers are usually used to make the signal large enough to drive the 
reproducing device. A block diagram for such a superheterodyne 
receiver is shown in Fig. 1-10. 

At conventional frequencies, the advantages of a superheterodyne 
over receivers of other types are numerous. The fact that the i-f ampli¬ 
fier is operated at a fixed frequency allows the receiver to be designed 

with almost any shape of bandpass characteristic desired, with full utili¬ 
zation of the gain available from the tubes used, compatible with the band¬ 
pass circuits. The r-f selectivity, except for image-frequency effects, is 

completely determined by the selectivity of the i-f amplifier. Because 
this amplifier need not be tuned, highly selective circuits can be used. 
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The tuning of a superheterodyne receiver is accomplished by adjustment 

of the frequency converter and of any selective circuits occurring between 
the receiver and the antenna terminals. 

Another property of this receiver is that the signal level at the second 

detector is sufficiently high to make the noise contribution from this 
part of the system completely negligible. Under this condition, tho 
detector may be chosen on the basis of its fidelity in reproducing modu¬ 

lation, rather than on the basis of its noise figure. Relatively little 
modulation-frequency amplification is needed because the output level 
of the detector is high. 

As a receiver for microwave signals, the superheterodyne has another 
property, which is not so important at other frequencies. Ordinarily, 
the radio frequency and intermediate frequency are of the same order of 

magnitude but this need not be so. For a microwave receiver, the fre¬ 
quency converter is usually made to convert the microwave signal into 
one at a relatively low frequency, with the result that conventional 

luriped-constant circuits and ordinary pentode and triode vacuum 
tubes may be used in the i-f amplifier. A receiver having a noise figure 
approaching that of a low-frequency amplifier can be made, provided the 

frequency conversion can be accomplished with a device having a small 

noise figure. Under such a condition, an r-f amplifier would not improve 
the over-all noise figure of the receiver unless it had considerable gain and 
a noise figure smaller than that of the frequency-converter and the i-f 

amplifier combined. 
Another property of the superheterodyne receiver, especially for 

microwave frequencies, is its susceptibility to frequency control. In most 

microwave receivers, the intermediate frequency is less than 1 per cent 
of the radio frequency; consequently, the effect of time and temperature 
drifts in the highly selective circuits upon the receiver frequency setting 

is smaller, by a factor of 100, than it would be if the selectivity were 
accomplished at the radio frequency. Furthermore, since there is little 
to be gained in making any r-f circuits as selective as the i-f ones, the 

control of the receiver frequency can be accomplished by control of the 
converter alone. Thus, the superheterodyne receiver is especially well 
adapted to microwave frequencies and has been used almost exclusively 

except in cases where the receiver bandwidth must be greater than can be 
accomplished with i-f amplifiers. The recent advances in the develop¬ 
ment of i-f amplifiers (see Vol. 18 of this series) have resulted in amplifiers 

Nvith noise figures near unity and bandwidths much greater than were 
previously used. The emphasis of this volume will be on the subject 
of circuits for frequency conversion and the circuits associated with the 

frequency control of the frequency-conversion device. The design of 
microwave low-level crystal-detector circuits will not be discussed speci- 
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l-fout 

fically, but the method of attack should be apparent from the methods 
discussed in connection with frequency converters. 

1*9, The Frequency Converter.—In low-frequency superheterod3me 
receivers the frequency conversion is accomplished through the combined 
use of a local oscillator and a mixer. The local oscillator is simply a 
continuous-wave oscillator operating at a frequency somewhat different 
from that to which the receiver is to be sensitive. In the mixer, a super¬ 
position of the local-oscillator wave and the input signal takes place. A 
beat, or heterodyne, frequency equal to the difference frequency between 
the two waves exists as an amplitude-modulation component on the 
superposition of waves within the mixer. The mixer produces at its 
output terminals a voltage or current corresponding to this heterodyne 
frequency. Signal frequencies that differ from the local-oscillator fre¬ 
quency by the intermediate frequency, produce a heterodyne frequency 
equal to the intermediate frequency and so are amplified by the i-f 
amplifier. If the signal is not a continuous wave but is a modulated 

wave, it may be considered as a 
combination of Fourier compo¬ 
nents, each of which produces its 
own heterodyne frequency. The 
output signal from the mixer con¬ 
tains a component for each compo¬ 
nent in the incoming signal. The 

amplitude, frequency, and phase relations between these components 
are preserved as the signal passes through the mixer. The signal 
entering the i-f amplifier therefore contains the same modulation as 
the r-f signal, but is centered at the intermediate frequency. Only 
those components lying within the pass band of the i-f amplifier will 
continue through the receiver, and it is for this reason that the band¬ 
width of the receiver is just the bandwidth of the i-f amplifier, provided 
no narrower circuits are used in the mixer, or ahead of it. A block dia¬ 
gram for a converter of this type is shown in Fig. 1*11. 

If the local-oscillator frequency is /,, there are two frequencies that 
give rise to the intermediate frequency//j. These are /„ + //»and/« — 
since the difference between each of these and/« is equal to the intermedi¬ 
ate frequency. For this reason, the combination of a converter and an i-f 
amplifier is sensitive to two r-f bands, each of a width equal to the band¬ 
width of the i-f amplifier, and differing in center frequency by twice 
the intermediate frequency. This situation gives rise to one of the 
principal imperfections encountered in the superheterodyne receiver, 
the so-called image response. At ordinary frequencies, there is usually a 
tuned circuit associated with the signal input terminals of the mixer, 
which is adjusted to favor one of the two signal frequencies, and which is 

Fig. 1*11.—Block diagram of a converter. 
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caused to follow the tuning of the local oscillator in such a manner as to 
maintain the required frequency difference. The frequency to which this 
circuit is tuned is termed the signal frequency for the receiver. The other 
frequency to which the converter unit is sensitive, and which is discrimi¬ 

nated against by the input circuit, is called the image frequency. There 
is no particular convention as to which of these is the higher frequency. 
Sometimes the choice is made so that the image frequency falls in a region 

where there are few strong singals to be expected. In this way, inter¬ 
ference by signals at the image frequency is minimized. In low-frequency 
receivers, the intermediate frequency is often chosen to be quite high to 

secure a large image suppression, without requiring highly selective cir¬ 
cuits in the r-f part of the receiver. However, the condition that the 
intermediate frequency be low enough to allow the use of conventional 

tubes and lumped-constant circuit elements limits the choice of inter¬ 
mediate frequencies for microwave receivers. 

It should be noted that, if no difficulties with interference or confusion 

of signals are encountered because of the two frequency bands of sensitiv¬ 
ity of a converter, there is little to be gained through the use of preselec¬ 
tion unless the noise figure of the converter is nearly unity. If a converter 

has a noise figure of unity, the entire noise power available at its output 
terminals originates on the r-f side of the converter. The ratio of a signal 
to noise power at the output terminals of the converter can be doubled by 

the use of a preselection circuit that eliminates the noise contributed 
from the image-frequency region. If a large part of the output noise from 
an imperfect converter arises within the device itself, however, preselec¬ 

tion can have little effect on the available i-f noise power. Since this is 
true of all known frequency converters for microwave signals, the effective 
noise bandwidth of such a receiver is considered to be that of the i-f 

amplifier, whether or not preselection is used. In addition, a circuit 

that reduces the sensitivity of the receiver to image-frequency signals 
from the antenna does not necessarily suppress the i-f noise power availa¬ 
ble from the converter and may even increase it. Some of the small 
variations in converter noise figure which can be produced by special 
treatment of the image-frequency voltages are discussed in Chap. 2 in 
connection with the linear-network representation for a converter. 

Because a mixer usually contains a nonlinear circuit element for the 
detection of the heterodyne frequency, there exist in its output circuit 
many frequency components of second and higher orders, corresponding 

to sums, differences, and products of all of the input frequencies and their 
harmonics. These components, too, can give rise to spurious responses 
in the receiver, especially if very strong signals outside the receiver band 

are allowed to enter the mixer. Preselection, which restricts the allowed 
frequency range to one comparable with the i-f bandwidth, is very desira- 
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ble if such signals are anticipated, even if the fidelity and the minimum 
detectable signal, in the absence of interfering signals, are unaffected. 
Since most of the circuits to be discussed were designed for use in pulse- 

radar systems, preselection is achieved by means of the resonant TR 

cavity of the duplexer that precedes the converter. If the receiver is to * 
be used for some other purpose, the design should therefore include 
a preselecting resonator that has characteristics similar to those of the 

TR cavity but need not be capable of electrical breakdown. Many of the 
circuits demand the use of such a resonator, independently of any pre¬ 
selection function for the over-all receiver, to allow satisfactory operation 

of the LO coupling circuit. For this reason, the TR cavity used with each 
mixer discussed will be indicated. 

As mentioned in Sec. 1*1, in which the terms ^^mixerand ^^con¬ 

verter” were defined, some special vacuum tubes have been developed for 
performing these functions at conventional frequencies. Converter tubes 
combine the function of local oscillator and mixer in one envelope. 

Mixer tubes and the mixer sections of the special converter tubes accom¬ 
plish the mixing in the electron stream flowing to the plate of the tube. 
All of these electronic mixer tubes require that the drift time of the 

electrons through their many elements be short compared with the period 

of the r-f waves which they mix. Their performance consequently falls 
off at even lower frequencies than does that of the simpler conventional 

tubes. At moderately high frequencies, it has been found advantageous 

to return to the older technique of accomplishing the superposition of 
waves in circuits external to the tube and using a tube of simpler construc¬ 

tion, such as a triode or diode acting as an amplitude-modulation detector, 

to perform the mixer function. At microwave frequencies there is almost 
no other course, and even the drift time between cathode and grid in a 
triode, or cathode and plate in a diode, is excessive except in some very 
specially designed tubes in the lower-frequency part of the microwave 
region. Since the developments to be described in this volume are 
chiefly concerned with the frequencies from 3000 Mc/sec upward, these 
tubes will receive practically no attention elsewhere in this book, but it 

might be well for historical purposes and for purposes of orientation to 
mention briefly some of the more successful types. 

1*10. The Triode Mixer.—The effective noise figure of two cascaded 
networks, given in Eq. (26), depends inversely upon the gain of the first 
network, and directly upon the noise power available from it, as measured 

hy L If a triode or multielement tube is to be used as a mixer, the gain 
that can be realized falls off with increasing frequency because of the time 

required for the electrons to cross the gaps between the elements. One 
phenomenon caused by the transit time is an apparent grid-to-cathode 
conductance, which increases as the frequency is increased. This con- 
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ductance sets an upper limit to the grid-to-cathode voltage that can be 
developed from a given signal power, with the result that the gain decreases 
with increasing frequency. In order that this effect may be minimized, 
the interelectrode spacings must be*made very small, and in order that 
the grids may function as electronic shields, they must then be made of 
very fine mesh. The manufacturing tolerances that must be maintained 

Fia. 1‘12.—Cross-sectional view of a typical lighthouse tube. 

and the difficulties of working with such extremely small parts have pre¬ 
vented the development of usable tubes of this sort for frequencies higher 
than about 3000 Mc/sec, except on a restricted, experimental basis. 

At frequencies up to 3000 or 4000 Mc/sec, tubes of the lighthouse 
type (plane-parallel electrodes) have been used as mixers. The noise 
figure of a mixer using such a tube 
has never been made so small as the 
noise figure for crystal mixers. 
Hence, the use of lighthouse tubes 
in this service has never become 
widespread except in the very low¬ 
est frequency region (below 1000 
Mc/sec). The design of the circuit 
for such a device is determined i ia-Circuit diagram of a light- 

house-tube mixer. 
largely by the particular tube avail¬ 
able. Usually a resonant circuit between the grid and cathode is employed 
to match the available signal power into the grid conductance of the tube. 

A sketch of a typical lighthouse tube, such as the GL446, or the 2C40 
tube, is shown in Fig. IT2. The grid of this tube is a rectangular wire 
mesh, mounted on the grid ring and made of wire 0.002 in. in diameter, 
with the centers of the Avires spaced 0.010 in. apart. The cathode-to- 
grid spacing averages 0.005 in. and the grid-to-plate spacing is 0.010 in. 
All of the elements are plane-parallel, including the cathode which is 
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indirectly heated. A typical low-frequency circuit using a lighthouse 

triode as a mixer is shown in Fig. 1*13. 
The tube is biased near cutoff by the self-biasing resistor in the cathode 

circuit and then driven relatively hard by the injected local-oscillator 

voltage. Consequently, on the negative half-cycle very little change in 
plate current occurs, whereas on the positive half-cycle considerable 
plate current flows. The average plate current, therefore, depends 

upon the magnitude of the voltage at the grid, and since this voltage is 
composed of the local-oscillator voltage plus a small signal voltage, the 
beat or difference frequency will exist as a component of the plate current. 

As long as the signal voltage is small compared with the local-oscillator 
voltage, as measured at the grid, the beat-frequency current flowing in 
the plate circuit must be directly proportional to the signal amplitude. 

The mixer, therefore, is a linear device, as contrasted with the square-law 
low-level detector. Because the tuned circuit must be resonant for the 
signal frequency, the efficiency of transfer of the local-oscillator signal to 
the grid is relatively low. Considerably greater local-oscillator power 
must be available than would be otherwise necessary. Moreover, the loss 
of signal power into the local-oscillator circuit must be kept small. This 

particular requirement is one that has an important influence upon the 
design of all mixers to be described, for it must be met if the minimum 
noise figure possible with a given type of mixer element is to be achieved. 
The resonant circuit in the plate lead of the mixer tube of Fig. 1-13 serves 
to develop an i-f voltage from the beat-frequency component of the plate 
current and so is made to resonate at the intermediate frequency. 

A sketch of the basic parts of a microwave mixer circuit designed by 
P. A. Cole for operation near 3300 Mc/sec, which is equivalent to the 
low-frequency circuit, is shown in Fig. 1-14. The resonant grid-to- 
cathode circuit is made up of the radial cavity, which is somewhat lessened 

in radius by the lumi>ed-capacitance loading due to the grid-to-cathode 
capacitance of the tube at its center. The signal voltage is coupled in by 
means of the coaxial line, the center conductor of which crosses to the 

opposite wall of the resonator. The signal power may be matched into 
the cavity by proper choice of the distance from the center of the cavity 
to the point at which the coaxial line enters the cavity. The greater this 

distance, the larger the voltage stepup from the coaxial line to the grid. 
The signal line also affects the resonant frequency of the cavity, and, 
consequently, the cavity diameter is not independent of the position of 

the input line. These two dimensions are determined experimentally. 
To achieve the small coupling between the grid-to-cathode region and 

the LO input line, the distance from the outside edge of the resonator to 

the LO input line is made considerably shorter than the distance to the 
signal line. This procedure may be considered to be analogous to the use, 
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in the circuit of Fig. 1*13, of a much larger stepup ratio for the local- 
oscillator circuit than for the signal circuit. A matched termination on 
the local-oscillator line then contributes only a small admittance at the 
grid of the tube. Consequently, little signal power is lost in this con¬ 

ductance, compared with that delivered to the grid-to-cathode conduct¬ 
ance of the tube. To ensure that the local-oscillator line is matched, a 
cable with a distributed loss of several decibels between the local oscillator 
and the mixer is used. In addition, the cable serves to minimize the 
effects on the local oscillator of the large reflections at the mixer of local- 
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oscillator signals. Such reflections exist because the local-oscillator line 

is not terminated in the characteristic admittance of the line. In this way 
the behavior of the local oscillator is less affected by the mixer circuit than 
it would be in the absence of the dissipative cable, but the available local- 

oscillator power required is increased. 
The circuit of Fig. 1*14 includes no provision for tuning the resonator 

as would, in general, be required for a tunable receiver. This particular 

circuit was designed for operation with a very wide i-f amplifier to cover 
the entire range from 9.0 to 9.2 cm \vith fixed tuning. The Q of the reson¬ 
ant circuit was found to be just low enough to allow this. The resonant 

wavelength was 9.1 cm with a tube of average input capacitance. 
If the mixer must be tunable, provision for adjustment of the effec¬ 

tive resonator radius can be made. This can be done by the inclusion of 

screw plugs of large diameter so placed around the outside wall of the 
resonator that, when they are screwed into this wall, they fill the region 
between the top and bottom resonator walls for a part of the circumfer¬ 

ence. The average radius is thus reduced, and hence the resonant fre¬ 
quency of the circuit is increased. The coupling ratio for the signal input 
line \vill not remain constant, nor will the cavity losses. It is not advisa¬ 

ble therefore to attempt to cover a very great tuning range by such a 

means. Because triode mixers are not used extensively in the microwave 
region, the many methods by which tunable cavities and measurements 

on them may be made will not be discussed here. The reader who is 

interested in this subject is referred to Vol. 7, which deals with micro- 
wave vacuum tubes, and Vol. 14 on TR tubes, where these matters are 

considered in detail. 

The triode mixer of Fig. T14 was found to have a noise figure of about 
100 or, as usually expressed since it is a power ratio, 20 db at the center 

of the band and about 23 db at 9.0 cm and 9.2 cm. The exact value 
depends, of course, on the particular tube used, but this value is not so 
small as the noise figure of receivers using other types of mixers. The 
noise figure of the triode mixer is high because, although it has a larger 

conversion gain than some other mixers, the noise power available in the 
plate circuit is large. All tubes develop noise through the ‘‘shot effect” 

and because some electrons are stopped by the grid. The over-all 

noise figure of a triode mixer decreases if the radio frequency is decreased, 
because the grid-to-cathode conductance decreases with frequency as a 
result of the decreased transit angle of the electrons. This allows a larger 
gain to be obtained with the mixer with almost no change in the available 

noise power, if the intermediate frequency is held constant. 

1*11. The Diode Mixer.—Another tube that can be used in a con¬ 
verter is a diode. At low frequencies, where the transit angles are negli¬ 
gible, both the gain and the noise of the diode mixer are smaller than those 
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^ Glass 
cylinder 

Cathode 
structure 

Fig. 1*15.—Cross-sectional view of 
typical diode used for a diode mixer. 

of a triode mixer. Like the triode, the diode, to be useful at microwave 
frequencies, must have a small interelectrode spacing, in order to mini¬ 
mize the transit time. The diode must be so constructed that the tube 
can be made an integral part of the microwave circuit. The construction 

of diodes with plane-parallel elec¬ 
trodes, such as are used in the light- structure 

house tubes, has proved to be one FI / 
of the most successful methods. r-— 

Figure 1T5 shows the construe- R.f bypass—v J ^ Glass 
tion of a typical diode. The cath- shell to ^ cylinder 

ode is plane, and forms the top of a ® ® s | 5 --Cathode 

cylinder that contains an indirect structure 

heater element, as in the triode. 
The anode is a cylindrical post, r*-- ' 
separated by a very few mils from ^ 
the cathode, with its face parallel U 
to that of the cathode. A typical 

low-frequency circuit for a mixei typical diode used for a diode mixer, 

containing a diode is shown in 

Fig. 1*16. In addition to a d-c component, the diode plate current 
contains the beat-frequency component, because the diode passes a 
current only during the positive half-cycles of the input voltage, which 
consists of the superposition of the small signal on a relatively large 
local-oscillator voltage. If the beat frequency is equal to the intermedi¬ 
ate frequency, an i-f voltage is developed across the i-f resonant circuit in 
the plate circuit. As is true for the triode, the magnitude of this voltage 

is proportional to the amplitude of 
Signal o—^ -n signal voltage if the signal volt- 

Hne I small compared ^^’ith the 
Lo I I-f output local-oscillator voltage. The circuits 

0-3 ^^ 1 T |( used between the cathode and plate 
-=• ^ i ^ of the diode may be the same that 

by-pass ^sed between the grid and cath- 
~ ^ ode of the triode. If the shell of the 

Img. 1*16. a circuit for use of a diode . , . ^ n ji.ii 
as a mixer. f'^be IS actually Connected to the 

cathode, a bypass condenser must be 
built into the circuit between the resonator and the shell to prevent short- 
circuiting of the i-f voltage. In some tubes, this condenser exists within 
the tube itself. This allows the resonator to be connected directly to the 
base part of the tube. The same is true for the triode circuit, where bias 
voltage must be developed for the cathode. 

The noise figure of the diode mixer used in combination with an i-f 
amplifier of noise figure F2 is given by Eq. (26), where the gain G is always 

R.f^ 
by pass 

i-f output 

terminal 

]H> 

A circuit for use of a diode 
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less than unity, representing actually a loss, and the noise temperature t is 

greater than unity. Since the gain is less than unity, the noise figure of 

the succeeding i-f amplifier is relatively more important than for a mixer 
with a large gain. The best operating point, with respect to driving 

power from the local oscillator, results if a compromise is made between 
gain and noise temperature. The gain increases with increasing driving 
power, but the rate of increase becomes small for large local-oscillator 

drive. The noise temperature also increases with increasing driving power 
because of the larger current flow in the plate circuit of the tube. In 
addition, the output impedance varies with driving power, and there exists 

a limit to the amount of driving power that can be coupled into the mixer 
from a given local oscillator. If this limit is exceeded, the signal loss into 
the local-oscillator circuit becomes significant. The optimum driving 

power must consequently be chosen—usually experimentally—for the 
particular combination at hand. At 3000 Mc/sec, the minimum over-all 
effective receiver noise figure that can be achieved with a diode mixer is 

about 18 db. At higher frequencies, poorer noise figures are found, 
because of the increased transit angles. 

As a consequence of its relatively poor noise figure the diode mixer is 
not widely used; therefore it \\dll not be discussed in detail here. For 

information about cavity circuits, the reader is referred to literature 
dealing with tube design. Diode and triode mixers may be successfully 
used in the lower-frequency regions if noise figure is not a primary con¬ 

sideration and if resistance against damage by excessive input power is of 
great importance. A disadvantage in addition to that of noise figure is 
that these tubes must always be used in resonant circuits, in order that 

the shunting effect of the grid-to-cathode or plate-to-cathode capacitance 
may be eliminated. If a wide tuning range is desired for the receiver, the 
resonant circuit must be tuned at the same time as the local oscillator. 

To accomplish tuning, the physical size of the resonators must be variable, 
and the manufacture of the circuits and the operation of the receiver are 
therefore difficult. These difficulties can be eliminated by the use of 

mixing elements of other types. 
1*12. The Crystal Mixer.—The crystal rectifier has been developed 

to the extent that it is the most effective mixer element for the super¬ 

heterodyne receiver at microwave frequencies. The qualitative descrip¬ 
tion of the operation of a crystal as a mixer is similar to that of the diode 
and, as in the case of the diode, the i-f voltage is linearly dependent upon 
the signal amplitude, for signals small compared with the local-oscillator 
power. Because the part of the crystal in which rectification takes place 
is physically very small, transit-time effects are minimized and may be 

neglected, for most purposes, even in the microwave region. The con¬ 
siderable effort that has gone into the design of crystal-rectifier elements 
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for this purpose during the war has resulted in a very great improvement in 

the various parameters that determine the usefulness of a crystal mixer. 
At the beginning of the development the crystal was found to be slightly 
better in over-all noise figure than any vacuum-tube mixer then available. 

The subsequent improvement has been so great that the crystal now com¬ 
pares even more favorably with the improved vacuum tubes now availa¬ 

ble. In fact, one result of the improvement in crystal rectifiers has been 

the replacement of vacuum-tube r-f amplifiers and mixers by the simpler 
crystal mixers, even at frequencies as low as 700 Mc/sec. The subject of 
the design of the crystal unit is treated in Vol. 15 of this series. A short 

discussion of the properties of these units relevant to the design of mixer 
and converter circuits, as developed at the Radiation Laboratory, is to be 
found in Chap. 2 of this volume. In subsequent chapters, specific mixer 

designs are discussed. Suffice it to say, here, that rugged receivers using 
crystal units as mixers can be made that have over-all noise figures as low 
as a factor of 5 (7 db), at frequencies up to 25,000 Mc/sec. When it is 
realisjed that such noise figures were rarely achieved, even at frequencies 
of a few megacycles per second, before the war, the significance of the 
crystal as a mixer element for use at microwave frequencies and the justi¬ 

fication for placing the emphasis of this volume almost completely on a 

receiver of this type become apparent. 
1*13. The Local Oscillator.—An important component of the super¬ 

heterodyne converter, which has not yet been discussed but the existence 
of which has been assumed, is the local oscillator. Here, again, is a field 
of development which is so highly specialized and so extensive that it can 

not be discussed from the point of view of tube design in this volume. 
The physical and electrical characteristics of the available local-oscillator 
tubes, however, have a considerable influence on the design of the mixer 

units that will be discussed. It is necessary, therefore, to describe 

briefly tubes of the more common types. 
The usefulness of the triode and of the more complex space-charge 

tubes is limited by the transit times between the various elements when 

the tubes are to be used as oscillators, just as when they are used as ampli¬ 
fiers and converters. If a tube of this type is to be used as an oscillator, 
it is necessary that the gain of the tube as an amplifier be greater than 
unity in order that positive feedback can sustain oscillations. The only 

tubes of this type which can be used successfully as oscillators are those 
that are specially designed with small interelectrode spacings and with a 

shape that allows them to be made an integral part of the cavity type of 
oscillator circuit. The lighthouse tube is probably the best example of 
this construction available in quantity, but the highest frequency at 

which most lighthouse tubes oscillate is in the neighborhood of 3000 
Mo/sec. In order to make an oscillator for frequencies higher than this, 
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it is necessary to make use of entirely different principles. At present the 
most widely used local-oscillator tube is the klystron. This tube utilizes 
the principle of velocity modulation of an electron beam. In addition to 
its ability to oscillate at very high frequencies, the velocity-modulation 
oscillator, through the introduction of the reflex principle, has become the 
simplest kind to manufacture and to operate. It also has the advantage 
of being both electronically and mechanically tunable in a very simple 
manner. A klystron oscillator of the original two-cavity kind is shown 
schematically in Fig. 1'17. An electron gun, similar to those used in 
cathode-ray tubes, with focusing electrodes to form a small-diameter 
beam directed upward through the grids of the cavities, is indicated at 
the bottom of the figure. The beam is accelerated by the large potential, 
positive with respect to the cathode, on the cavities. The field is so 
shaped, and the grids of the cavities are so constructed, that the beam 

Col rector 

Acceleration ^ 
potential 

. Output line 

Catcher 
cavity 2 

• Buncher 
cavity 1 

Electron gun with beam¬ 
forming electrodes 

FlO. 1*17,—Schematic diagram of a two-ravity klystron oscillator. 

passes on through all of the grids with very small interception of electrons 
by the grids. The beam is finally collected on the positive electrode at 
the upper end of the tube. The cavities are made to be resonant at a 
common frequency and their shape is such that, if they are excited by a 
wave of the resonant frequency, a large field is develop)ed between the 
two grids of each cavity. These grids may be considered as forming the 
capacitive part of a shunt-resonant circuit. The electric field, if it exists, 
is directed parallel to the path of the electron stream, and so will alter¬ 
nately accelerate and decelerate the electrons passing through the grids. 
In accordance with the usual procedure in describing the operation of an 
oscillator, the excitation of the cavities will be assumed to exist and the 
device will be examined to see if the excitation can be maintained. Sup¬ 
pose that cavity (1) contains some r-f energy. This cavity will velocity- 
modulate the stream sinusoidally with the frequency of the resonance of 
the cavity. As the stream drifts on toward cavity (2), the density of the 
electrons will no longer be uniform, since those slowed down by the field 
in the grid space of cavity (1) will be overtaken by those accelerated in that 
region. The spacing between the two cavities can be so chosen that there 
are bunches of electrons passing through the grids of the cavity (2) with a 
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recurrence frequency equal to the resonant frequency of cavity (1). The 
first cavity is therefore called the buncher cavity. If the second cavity 
is resonant at the same frequency and if, furthermore, the phase of the 
voltage in this cavity is properly adjusted, the field between its grids 
opposes the transit of electrons between them at the time the bunches 
arrive. In this way the electron stream is made to give up energy to 
the r-f field, since very few electrons transit the grids at a time when they 
would be accelerated and so take energy from the field. The second 
cavity is therefore called the catcher. Thus the passage of electrons 
through cavity (2) is made to maintain the energy in this cavity in suffi¬ 
cient strength to allow some of this energy to be coupled out to excite 
cavity (1) and some to be coupled out as the useful power from the oscilla¬ 
tor. The proper drift time between the first and second cavities is 
obtained by choice of the acceleration voltage on the beam, and by the 
spacing between the cavities. It is, of course, influenced by the relative 
pha8( of the excitation of the two cavities, which in turn depends upon 
the line length of the feedback loop. A simpler embodiment of the 
velocity-modulation principle, for use as a low-power local oscillator is 
the reflex klystron. This tube operates in much the same fashion, but 
has only one cavity, used as both buncher and catcher, and is therefore 
easier to make and to operate. The two-cavity klystron, and even three- 
cavity klystrons, are used as power oscillators, amplifiers, and even as 
frequency multipliers. The various oscillator tubes and their uses are 
discussed in Vol. 7 of this series. 

1«14, The Reflex Klystron.—The reflex velocity-modulation oscillator 
may be described with the aid of Fig. M8. The beam of electrons passes 
through the cavity grids and enters 
the retarding field of the reflector 
which is at a negative potential 
with respect to the cathode. The 
retarding field is sufficiently strong 
not only to prevent the electrons 
from arriving at the reflector but 
also to return them through the Fig. l-is.—Functional drawing of the 
grids of the cavity. If an r-f field klystron, 

exists between the grids of the cavity, the electrons will be velocity- 
modulated by this field, and thus will be caused to form bunches as 
they drift toward the reflector and then back to the grids. The time 
between the first and second passages of a particular group of electrons 
is dependent upon the magnitude of the retarding field, and this field can 
be chosen to make the arrival of bunches back into the grid region corre¬ 
spond to the times when the field is directed against the backward 
transit of the electrons. The bunches, therefore, give up energy to the 
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r-f field and maintain oscillation at the cavity frequency. The bunches 
form around electrons which, while traveling toward the reflector, pass 
through the cavity at a time when the r-f field is going through zero from 

the accelerating to the decelerating direction. This is because the accele¬ 

rated electrons penetrate more deeply into the reflecting field and there¬ 
fore take a longer time to return to the cavity than do the unaccelerated 
electrons. The decelerated electrons, correspondingly, take a shorter 

time to return. For oscillations to be maintained, the total drift time 
of an electron that is not acted on by the field in the first transit must be 
(n •+• i) cycles, where n is an integer. For a given acceleration potential, 

there are several values of the reflector potential which will give rise to 
oscillations, corresponding to several different values of n. These are 
referred to as reflector-voltage modes. As the reflector voltage is increased 

in the negative direction with respect to the cathode, the mode number 
n decreases and, because the electrons are returned at higher backward 
velocities as the reflector voltage is increased, the output power increases 

with increasing reflector voltage. There is a limiting reflector voltage, 
however, for which the drift time becomes too short to give good bunch¬ 
ing. Thus, for a particular tube and accelerator voltage, there is a reflec¬ 

tor-voltage mode that gives maximum output power. It may be said 
that the velocity-modulation tube surmounts the difficulty of transit¬ 
time effects, first by causing the pertinent electrode gaps to be transited 

by accelerated electrons instead of by electrons starting from rest and, 
second, by making use of the drift time outside of these electrodes as 
the means of producing bunching. 

The reflex oscillator is simpler in operation than the two-cavity tube 

because there is only one adjustment that must be made to satisfy the 
condition for oscillation. This adjustment consists of setting the reflector 

voltage to give the proper phase to the reflected electron bunches. Oscil¬ 
lation occurs not only for a discrete set of voltages corresponding to an 
exact integral value for n, but also if the reflector voltage is varied 

slightly either side of the exact value. Operation under this condition 
reveals one of the most useful properties of the reflex oxcillator, namely, 

that of electronic tuning. The slightly incorrect reflector-voltage 

setting gives rise to slightly out-of-phase currents in the cavity resonator 

and these currents can be resolved into components, one in the correct 
phase and one at 90® to this. The 90® component is purely reactive in 

character and results in a change in the oscillator frequency in just the 

same way as would a change of the capacitance between the grids. Since 
the orthogonal component can either lead or lag the in-phase com¬ 

ponent, the frequency may be altered in either direction from the cavity 

frequency, depending upon whether the reflector voltage is made slightly 
greater or slightly less than the value making n exactly an integer. As 
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the reflector voltage is altered from this value, there results, in addition 

to the frequency change, a decrease in the amplitude of oscillation, 
because the in-phase component of the induced cavity current falls off, 

and the oscillator finally falls out of oscillation. Most of the reflex 

oscillators currently used as local oscillators in frequency converters are 
so designed that a considerable range of frequency can be covered by the 
electronic tuning before the output power falls to half its value at the 

center of the reflector-voltage mode. Figure 1*19 shows a typical plot of 
the reflector-voltage modes of a reflex oscillator. The abscissa is the 
reflector voltage, increasing in the negative direction toward the right. 

The ordinate for the solid curves is the output power, and the ordinate for 
the broken curves is the frequency relative to the resonant frequency 
of the cavity. Since the mode of highest output power does not give the 

maximum tuning range, the choice of the operating mode is made as a 

Fig. 1-19.—Typical reflector-voltage characteristics for a reflex klystron. 

compromise between large output power and large electronic-tuning 

range. 
Since the reflector does not collect electrons, it draws no current. 

Consequently, the electronic tuning device can be a very-high-impedance 
source of voltage. For this reason, the provision for frequency control 

of a converter can be accomplished very simply and effectively through 
the control of the reflector voltage of the local oscillator. In many 

cases, of course, the frequency range of the reflector tuning is not sufficient 

to cover the required tuning range of the receiver and mechanical tuning 
must be incorporated as well. Mechanical tuning is accomplished by 
altering the size or shape of the cavity of the oscillator. In some cases, 

the tube itself contains only the grids, and the rest of the cavity is 
attached to flanges external to the glass wall of the tube. The tuning of 
such a tube is accomplished through the use of plungers or tuning screws 

in this external part of the cavity. There are usually several such screws 
around the circumference of the cavity as well as an output loop and 

coaxial line, or an exit iris with a waveguide, by means of which power 

is extracted. The tube now most commonly used is of metal construc¬ 

tion and contains the entire cavity as an integral part. The tuning of 
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Flexible 
envelope- 

this tube is accomplished through mechanical deformation of the cavity, 
which alters the grid spacing and, therefore, the capacitance and resonant 
frequency. A cross-sectional view of a t5q)ical tube of this kind is shown 
in Fig. 1*20. 

A recent development in reflex oscillators is the incorporation of a 
means for accomplishing the mechanical deformation of an internal 
cavity by an electronically controlled mechanism. One method consists 
of the inclusion of a small triode, with a separate cathode, grid, and plate, 
within the envelope of the oscillator tube. The plate of the triode is 

made of a bimetal strip, the shape 
or dimensions of which are deter¬ 
mined by its temperature. The 
temperature is, in turn, controlled 
by the triode grid voltage which 
determines the current passing into 
the plate and, consequently, the 
power dissipated by it. The plate 
is so connected to the cavity of the 
oscillator that the temperature of 

the plate determines the grid spac¬ 
ing of the cavity and, consequently, 
the frequency of the oscillator. In 
this way, electronic tuning over a 
very wide range—10 per cent or 
more—has been accomplished 
through the control of the triode 
grid, which draws no current. This 
frequency control cannot be used 

if the response must be instantane¬ 
ous, because it involves a thermal 

time constant. When the triode tuner is used in combination with reflec¬ 
tor-voltage control in a frequency-control circuit, however, completely 
automatic frequency control over a wide region can be accomplished. 
This subject is discussed in Chap. 7. 

Table 1-1 is a list of some of the tubes available at present which are 
useful as local oscillators. All but the first of these are reflex klystrons. 
Information is given concerning the frequency range, beam voltage and 
current, negative reflector voltage, output power, and the electronic 
tuning range for a typical tube. These numbers are the average and not 
the limiting values acceptable under the specifications of the tubes. For 
the specification limits the manufacturers^ technical sheets or the Army- 
Navy specifications should be consulted. Present manufacturers are 
listed with the following abbreviations: 

Output 
lead 

Output 
anitenna 

Fiq. 1*20.—Cross-sectional view of the 
2K25 reflex klystron. 
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BTL.Bell Telephone Laboratories, 463 West St., New York, N.Y. 
WE.Western Electric Co., 120 Broadway, New York, N.Y. 
Sperry.Sperry Gyroscope Co., Great Neck, N.Y. 

Raytheon,. .Raytheon Manufacturing Co., Waltham, Mass. 
RCA.Radio Corporation of America, Camden, N.J. 
GE.General Electric Co., Schenectady, N.Y. 

1*16. Radio-frequency Amplifiers.—It might be wondered whether 
the superheterodyne receiver could not be improved in noise figure by the 
addition of a preselecting r-f amplifier. It was pointed out in Sec. 1-9 

that the only advantage afforded by preselection alone is the suppression 
of spurious frequency response, and that the noise figure is changed 
very little. The preselection can be accomplished without tubes as 
amplifiers, with only small loss in noise figure, through the use of appro¬ 
priately selective r-f circuits. This feature is not of importance unless 
image rejection is needed. 

Tubes such as two-cavity klystrons can be used as r-f amplifiers and, 
in fact, were so used in some of the very early experimental radars in the 
microwave region. This was done, however, because of the lack of good 

duplexing components. The minimum detectable signal for the receiver 
probably was not decreased by their use. These tubes usually have poor 
noise figures and are now rarely used as r-f amplifiers except at high level 

for transmitting purposes. 
The only other types of amplifier available are the triode and the 

more complex space-charge tubes. At frequencies of 3000 Mc/sec 

and below, the 2C40 tube can be used successfully as an r-f amplifier, 
giving an increasing r-f gain and decreasing noise figure as the frequency 
is decreased. An effective over-all noise figure, at 700 Mc/sec, of 5 db 

has been achieved with two such r-f amplifiers in cascade, each tuned, 
preceding the converter. In view of the fact that a receiver with about 
the same effective over-all noise figure can be made with a crystal con¬ 

verter, however, it hardly seems worth while to add the complexity 
of such amplifiers to a receiver, since all such cavity circuits are relatively 
difficult to tune and power must be provided for the tubes. It is true 

that excellent image rejection can be achieved with such a receiver, and 
that the receiver is considerably less susceptible to damage by excessive 
input power. If these considerations are important, the use of r-f 

amplifiers may be desirable. The simplicity of tuning and of operation of 
the crystal converter, without r-f amplifiers, might be considered worth a 
sacrifice of a few decibels in noise figure. In any event, it is more difficult 

to maintain a receiver using two r-f amplifiers at its optimum perform¬ 
ance, and it is likely that in actual use the simpler crystal converter 
will have a better noise figure than the amplifiers. When the r-f amplifiers 
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were first developed they were incorporated in many existing receivers, 

and improved performance resulted. This was true, however, largely 
because those receivers had very poor noise figures in comparison with 
what can now be achieved with the crystal converter. 

For use at frequencies of 3000 Mc/sec and higher there are no vacuum 
tubes commercially available that can be used as r-f amplifiers to give 

noise figures even comparable with those easily achieved with the crystal 

converter. A project at the Radiation Laboratory for the development 
of such a tube led to the construction, by H. V. Neher, of a few experi¬ 
mental models of an amplifier tube for the 3000-Mc/sec region. These 

are the only tubes known to the author which can be used as r-f ampli¬ 
fiers in receivers with noise figures comparable with those achieved with a 

crystal converter. These tubes were tetrodes, having a screen grid in 

addition to the cathode, grid, and plate. The construction was"^i, planes 
parallel one similar to that of the lighthouse tubes. The resonant cavitie. 
were built into the tube envelope, which was the size of that of the 6L6 

As an example of the extremely fine workmanship involved in them, the 
fact may be cited that the grid structures were made with wires 0.0002 
in. in diameter and spaced 0.001 in. apart. At the time these tubes 

were first available on a laboratory scale it appeared that some decrease in 
over-all receiver noise figure would be possible through the use of one as 
an r-f amplifier with the existing crystal-mixer superheterodyne receivers. 

Before any large-scale production was accomplished, however, improve¬ 
ment in the crystals available in quantity production and reduced i-f 
amplifier noise figures had resulted in a smaller noise figure for the simple 

crystal-mixer superheterodyne receiver than could be achieved with 
the amplifier tube. The intended production of this tube in factory 
quantities was consequently dropped to make the production facilities 

available for more urgently needed devices. The details of the design 
and results achieved with this tube are described in a Radiation Labora¬ 
tory report.^ 

1*16. Receivers of Other Types.—Other receivers are sometimes used 
at lower frequencies. A brief description of them is given to show why 

they have not as yet been commonly used at microwave frequencies. 

Some development work has been done on the design of frequency 

converters of basic types other than the space-charge tube. Because 
tubes using accelerated electron beams have largely replaced other types 

as local oscillators, it might be supposed that some sort of tube using this 

principle could be designed to solve the mixer problem. Thus far no 
development along these lines has given results comparable with the 

crystal mixer, and little need be said about them here. As with the 

* H. V. Neher, '‘The Radiation Laboratory S-Band Amplifier,’^ RL Report No. 306, 

July 10, 1043. 
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low-level amplifier, the major limitation of beam tubes seems to lie in 

the excessive noise they introduce. A very large conversion gain would 
overcome this difficulty, but sufficient conversion gain to achieve noise 
figures comparable with those of the crystal converter has not yet been 
obtained. It appears that the limiting frequency of the accelerated- 
electron-beam tube might be met before that of the crystal mixer. The 

transit angle of the electron beam must be kept small, as the frequency is 
increased, either by a corresponding reduction in the grid spacings or by 
an increase of the velocity of the beam through the use of higher poten¬ 
tials. Both of these expedients make the tube increasingly difficult to 

build. Although the crystal probably does have an ultimate limiting 
frequency where transit angles become significant, this frequency has not 
yet been approached. So far, the application of the crystal mixer has 

been successfully extended to higher-frequency bands through the use of 
smaller parts in the cartridge constmction and a smaller contact area on 
the crystal. By this means it has been possible to extend the frequency 

range of crystal mixers up to 25,000 Mc/sec with almost no sacrifice in 
noise figure over the best value that can be achieved at the lowest micro- 
wave frequencies. The sacrifice that is made in doing this is in the 

resistance of the unit to damage from high-power signals. 
A receiver that has been common in the ultra-high-frequency range 

is the superregenerative receiver. As a simple receiver, using a minimum 
number of tubes and having a high sensitivity, it is useful in that fre¬ 
quency range. Because it requires a detector that can be made to 
oscillate, however, it has not been very extensively used in the micro- 

wave region. Lighthouse tubes can be made to oscillate up to 3000 
Mc/sec and higher, but the noise figure that can be obtained as a super- 
regenerative detector does not appraoch that of the crystal mixer. 

Because the output level is high, and, therefore, little amplification is 
needed, a superregenerative receiver is useful for some applications where 
the noise figure and bandpass characteristics are of less importance than 

compactness and small power consumption. No attempt mil be made 

in this volume, however, to describe circuits of this kind, and the reader 
who is interested in this subject is referred to Vol. 23 where the develop¬ 

ments in superregenerative receivers are discussed. 
The simple regenerative detector has few advantages over the super¬ 

regenerative detector and is less reliable and not so simple to operate. 

Consequently, circuits of this type have received no serious attention as 

microwave detectors' 
An interesting possibility in connection with regenerative and super¬ 

regenerative receivers for frequencies higher than about 3000 Me/sec has 

very recently arisen in connection with a development in crystal rectifier 
units. It has been discovered that a crystal rectifier unit, designed 
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by H. Q. North at General Electric Company, which uses a very small 
weldhd contact between a germanium-crystal element and a platinum- 
ruthenium “cat whisker,” can be made to show a negative output con¬ 
ductance at the intermediate frequency when placed in a very special 
microwave circuit, with local-oscillator power incident upon the rectifier 
unit. The crystal unit used in a superheterodyne converter could there¬ 
fore be made to oscillate and, consequently, could be used as a regenera¬ 
tive or supperregenerative frequency converter. Attempts to achieve, 
with this crystal, a better over-all receiver noise figure than can be 
produced with more conventional crystal mixers have not yet been 
successful. On the other hand, it may be that the rather large power 
gain that can be achieved will be of sufficient importance in reducing the 
required amount of i-f amplification to make some application of this kind 
worth while. Since this crystal unit is a relatively recent development, 
it may be that further work wiU make possible an improved noise figure, 
although the exploratory measurements showed that the noise figure 
obtmned in the condition of negative i-f conductance was somewhat 
greater than that for the same crystal operating in the conventional 
fashion. The noise figure was not, however, so large as for a tube mixer 
at the same frequency (10,000 Mc/sec). In order to indicate the method 
in which this unit can be made to act as a regenerative converter, a 
discusrion of frequency conversion by a local oscillator and crystal 
mixer must first be given. Further reference to this subject will be 
made in Chap. 2, following the linear-network representation of the 
crystal mixer. It will be seen that the special tuning conditions necessary 
in the microwave circuit may render the operation of such a regenerative 
converter impractical, or at least not worth the decrease obtained in the 
i-f gain required. Since the subject is in such a rudimentary state of 
development, no final conclusion can be made, except to say that at the 
present time there has been no indication of much to be gained with the 
present crystal units. 



CHAPTER 2 

CRYSTAL RECTIFIER UNITS 

Early in the development of radio communication, the crystal 
rectifier was used almost universally as a detector for radio signals. 
After the introduction of the three-element vacuum tube, receivers 
having crystal detectors were replaced by receivers using vacuum-tube 
r-f amplifiers, detectors, and audio amplifiers and, finally, by super- 
heterodjme receivers. The performance of receivers having vacuum 
tubes throughout was very much better than that achieved with the best 
crystal rectifiers then known. This fact, together with the need for 
frequent adjustment of the common galena crystal detector led to the 
complete abandonment of the crystal for use in serious radio practice. 

With the extension of radio techniques to higher and higher fre¬ 
quencies, however, complications due to electron transit time, lead 
inductance and distributed capacitance became apparent. As a result, 
the crystal rectifier, which can be made in a very small package, has 
become reinstated. An important reason for the return of the crystal, 
in addition to the great improvements in its performance which have 
resulted from intensive research and development during the war, is the 
fact that the crystal has been widely used as the nonlinear element of a 
superheterodyne mixer. In this application, the crystal rectifier units 
now available give mixer noise figures that compare very favorably, even 
at 25,000 Mc/sec, with those of the best vacuum-tube mixers and con¬ 
verters at low frequencies. Service in mixer circuits places requirements 
on the characteristics of the rectifier which differ from the requirements 
imposed in low-level-detector circuits. The major part of recent develop¬ 
ment has been directed toward the production of units for superheter¬ 
odyne mixers; however, some units have been designed specifically for 
use as low-level detectors. Other low-level detectors have been selected 
by appropriate tests from production-lots of mixer crystals. 

It is not the purpose of this volume to consider, in detail, the subject 
of crystal-rectifier design but, in order to clarify the later material, 
the present chapter will be devoted to a brief discussion of crystal- 
rectifier units. A rudimentary di^ussion of the physical mechanism 
of the units, and of the linear-network treatment of frequency converaon 
by the crystal mixer, will be given. This will be followed by sections 
giving characteristics and Army-Navy specifications of the units com- 

47 



48 CRYSTAL RECTIFIER UNITS [Sec. 2-1 

mercially available at the time of writing. All of these subjects are 
treated in greater detail, and more rigorously, in Vol. 15 of this series. 

2-1. Ph3rsical Description of Rectification.—The electronic theory of 
matter, applied to crystalline structures, shows that the electrons asso¬ 
ciated with the atoms of the material possess energies in discrete levels, 
just as they do in single atoms. In a crystalline solid, however, the 
coupling among the various constituent atoms or molecules causes the 
energy levels corresponding to particular quantum numbers in each atom 
to be split, and a band of very closely spaced levels results. Some bands 
may overlap, but there are always regions of energy which may be 
occupied by electrons, and regions between these bands which are 
forbidden to electrons. In substances made up of moderately heavy 
atoms, the available energy levels associated with the most tightly 
bound electrons are completely filled. Above the uppermost completely 
occupied band there is a band of energy levels that may be either com¬ 
pletely empty or partially filled, depending upon the nature of the atoms 
making up the crystalline solid. For a monovalent alkali metal, for 

instance, all of the electron shells 
except the last are completely filled 
and the energy bands associated 
with these inner shells are fully 
occupied when the atoms are in 
their lowest state. The band 
associated with the outermost shell, 
however, is occupied by only one 
electron per atom and an energy- 
level diagram for such a substance 

would be like that shown in Fig. 2*1. The energy diff(jrence between 
the maximum energy of an electron in the material and the energy of an 
electron outside is the work function for the material, or the minimum 
energy that must be imparted to an electron to cause it to escape from the 
material in the absence of thermal energy. 

Crystals in' which the uppermost occupied bands a ' completely 
filled at 0®K and those in which these bands are only partially filled form 
two fundamentally different classes of materials. Those of the first class 
are insulators and those of the second, as shown in the diagram, are 
metals or conductors. If the uppermost band is completely filled, 
the electrons are not free, and electric conduction cannot take place. 
Because of the forbidden region between the uppermost filled band and 
the next higher band, an electron, to become free, must acquire a con¬ 
siderable amount of energy. In a metal, electrons are easily excited into 
adjacent states within the band itself, where they act as free conduction 
electrons. ^‘Intrinsic semiconductors,"' which can be used in crystal- 

Outskle energy 

Fig, 2‘1.—Electronic energy levels of a 
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rectifier units, would be perfect insulators at absolute zero temperature, 
since at that temperature they pK)ssess only completely filled and com¬ 
pletely unfilled energy bands. At the temperatures at which they are 
used, however, the intrinsic semiconductors possess a few conduction 
electrons in an otherwise empty band. This situation exists because of 
thermal excitation of electrons from the highest filled band to the next 
higher band and, therefore, a condition for conduction of this kind is that 
the forbidden region between the bands have a width not much larger 

Normally empty 
band 

-— Donators 

Acceptors—^ 

-Highest — 
normally full 

band 

(a) (6) 
Fig. 2-2.—lOnergy-level diagram of two types of impurity semiconductors, (o) n-type. 

(b) p-type. 

than kT energy units, where k is Boltzmann’s constant and T is the 

absolute temperature. 
In order to facilitate the existence of a few conduction electrons, a 

semiconductor may contain a very small percentage of an impurity. 
In fact, this is very difficult to prevent. The impurity centers give rise to 
conduction, either because electrons normally associated with the 
impurity atoms, in levels just below the normally vacant band, are 
thermally excited into the vacant band, or because electrons in the top 

levels of the highest normally full 
band are thermally excited into va¬ 
cant levels associated with the im¬ 
purity centers. In the latter 
instance, vacancies are left in the 
uppermost occupied band and these 
can conduct. Semiconductors of 
both these types are called ^‘im¬ 
purity semiconductors’’; those in 
which the impurity acts as a donator, 
as shown in Fig. 2*2a, are often 
called “n-type,” whereas those! in which it acts as an acceptor for electrons 

as shown in Fig. 2*26 are called “p-type.” 
A crystal rectifier usually consists of a small contact between a metal 

whisker and a semiconductor crystal. In view of the foregoing energy- 
level considerations, the junction between the metal and the semicon¬ 
ductor may be described in terms of the energy-level diagram of Fig. 2-3. 
The carriers of electric charge will flow from one material to the other 

Fig. 2-3.—Energy-level representation of 
metal-to-semiconductor contact. 
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until the energy levels are so altered that equal currents cross the junction 
in the two directions. By this mechanism, a space charge is produced 
in the region of the contact. In the metal, this space charge resides in 
a very thin layer (about 10“* cm) at the boundary, but in the semi¬ 
conductor the space charge is distributed -through a broader region, 
because the material has a much smaller number of available carriers of 
current. The thickness of the space-charge layer in the semiconductor 

can be calculated from a knowledge 
of the dielectric constant of the 
semiconductor and the density of 
the carriers of current far from the 
boundary. Such calculations show 

the width of this region in the semi¬ 
conductor to be of the order of 10~* 
cm, or about a hundred times the 
width of that in the metal. A curve 
of the potential as a function of 

distance from the boundary has a very steep barrier on the metal side of 
the junction, in which narrow region the potential rises abruptly by the 
amount which is the difference between the work functions of the two 
materials. There is a thin layer near the surface in the semiconductor 
in which a potential gradient exists because the curve of the potential is 
less steep. The diagram of Fig. 2*3 
applies to contacts for which the work 
function of the metal is greater than 
that of the semiconductor. 

The relative potentials of the levels 
in the metal and in the semiconductor, 
when equilibrium is established, can 
be shown to be such that the top of 
the filled region in the metal is at a 
potential approximately half way be¬ 
tween the donator level and the 
bottom of the vacant band in an 
n-type semiconductor. This is the 
type of contact to which Fig. 2-3 applies. 

If the equilibrium potentials are altered by the application of a 
voltage between the metal and the semiconductor, the shape of the 
potential barrier is altered. When the semiconductor is made positive 
with respect to the metal, the levels in the semiconductor are depressed 
with respect to those in the metal, as shown in Fig. 2-4. The potential 
barrier, which may be concddered as a thin layer having a high resistance 
because of a dearth of free electrons, is enhanced and, consequently, it has 

Fig. 2*6.—Direct-current—voltage rela¬ 
tion for crystal contact. 

Fio. 2*4.—Metal-to-semiconductor con¬ 
tact with applied voltage in high-resistance 
direction. 
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a still higher resistance to the flow of electric current. The amount of 
resistance rises if the applied voltage is increased. A limit to the rise is 
reached when electrons from the metal begin to tunnel through the 

barrier in a manner analogous to that of field emmission. A curve 
showing the current passed through the contact as a function of the 
applied voltage, with the semiconductor positive, is therefore, similar to 

the left half of Fig. 2*5. 

Application of a voltage of the other sign across the contact reduces 
the insulating effect of the potential barrier by raising the potentials 

in the semiconductor relative to those in the metal, as shown in Fig. 2*6. 
The effective resistance of the contact decreases until the voltage is 
reached for which the insulating layer no longer exists, as in Fig. 2*7. 
The resistance of a contact at this voltage and higher is primarily what is 

called the ‘^spreading resistance,^’ which is determined by the area of the 
contact and the bulk resistivity of the semiconductor. In the semi- 

~r 
Applied 
voltage 

Fig. 2’6.—Metal-to-semiconductor con- Fig. 2-7.—Energy-level diagram with 
tact with applied voltage in direction of applied voltage corresponding to linear 
large current flow. part of high-current characteristic. 

conductor, only a small cross-sectional area near the small contact is 
effective for carrying the current, but inside the semiconductor the 
effective area rapidly increases with distance from the surface. The 

right-hand side of Fig. 2*5 shows the current as a function of an applied 
voltage of this sign (semiconductor negative). The steepest slope of the 
straight part of the curve is a measure of the spreading resistance. 

From this description it can be seen that a nonlinear current-voltage 

relationship exists for a metal-to-semiconductor contact. The device 
cannot be used as a rectifier unless a voltage can be applied across the 

contact. It might be argued that the second contact this requires 

would exhibit characteristics that are the reverse of those of the first 
contact and that the net effect would be a linear resistance. This would 

indeed be so if the two metals were the same, and if identical contact areas 

were used. The rectifying junction results when the connection to the 
back of the semiconductor is made through a very much larger area. 

This back contact could indeed be nonlinear in the reverse sense to the 

small contact, with respect to voltages applied to the unit, but, because 
the area is large, the resistance of the barrier layer is very small, even 
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compared with the spreading resistance for the small contact. The d-c 
characteristics of a crystal rectifier unit, therefore, do resemble Fig. 2*5, 
and the effect of the back contact can be entirely neglected. 

In practice, the crystals used for microwave work are usually made of 
silicon in which has been dissolved a small amount of aluminum, which 
acts as the acceptor impurity for a p-type semiconductor. The back 
contact is made by soldering the piece of crystal into a cartridge unit, 
as sketched in Fig. 2*8, and the small metal contact is made by light 
pressure of a tungsten whisker, carefully prepared with a very small 

point. The research and development work that has 
been done toward the perfection of techniques for the 
production of these units is described in Vol. 15 of this 
series, to which reference has already been made. Con¬ 
siderable work has been done toward perfecting crystals 
with germanium semiconductors but these have not yet 
been widely used in microwave applications. The same 
principles are involved in the construction of microwave 
circuits for the use of such units and, in fact, the design 
of circuits for crystal units of any type could follow the 

.6 0.— general methods to be outlined in the following chapters 
Typical ciystal- of this book. Specific designs may have to be altered in 
rectifier unit. details for the best utilization of crystals of other types, 

but this can be done if the pertinent characteristics of the units to bi^ 
used are known. 

2*2. High-frequency Effects in Crystal Rectifiers.—The deterioration 
of the performance of vacuum tubes at high frequencies is a result of their 
large physical size. The crystal rectifier can be made very much smaller 
because of its inherent simplicity and, therefore, proper design of the 

cartridge allows the effects of lead inductance and distributed capacitance 
to be neglected at very much higher frequencies than for any vacuum 
tubes so far constructed. Since only the barrier region in the semi¬ 
conductor is effective in producing the nonlinear characteristic, the device 
could theoretically be made microscopic in size. In practice, of course, 
considerable skill is required to assemble the small parts. Also, to 
achieve a whisker contact that has an appropriate area and that will 
remain stable, some spring action in the whisker is required. 

The quantity in the crystal-rectifier unit analogous to the inter¬ 
electrode spacings of a vacuum tube is the thickness of the barrier layer. 
The carriers of electric charge must be able to cross this barrier in a time 
short compared with a quarter cycle of the applied r-f voltage if the 
high-frequency behavior is to be simply related to the d-c characteristic 
shown in Fig. 2-5. Since this barrier thickness is of the order of 10~® cm, 
it is obvious that transit-time effects may be neglected at very much 
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Fig. 2*9.—Equivalent circuit for 
crystal rectifier. 

higher frequencies than would be possible in any device in which an 
interelectrode gap must be obtained by mechanical means. 

A simple equivalent circuit for the crystal-rectifier unit, exclusive of 
the transformation effects of the cartridge, may be used for illustrative 
purposes. Such a circuit, shown in Fig. 2-9, includes the nonlinear 
resistance R of the barrier, a linear resistance Rh equal to the spreading 
resistance, as measured by the linear part of the d-c characteristic, and a 
capacitance C shunted across the nonlinear resistance. This capacitance 
arises because the barrier layer, although it 
has very small conductivity, does have a 
considerable dielectric constant, and it can 
be shown that the effect on an applied r-f 
voltage is similar to that of a small con¬ 
denser shunted across the barrier region. 
The magnitude of this capacitance is not 
indepe ident of the applied voltage because the effective thickness 
of the barrier varies somewhat with the value of the applied voltage. 
For most purposes, however, the capacitance may be regarded as fixed. 

Because of the presence of the spreading resistance Rh, the capacitance 
of the contact cannot be resonated out by an external inductance and, 
consequently, this capacitance has a real effect upon the high-frequency 
behavior of the crystal rectifier. The capacitance acts as a shunt that 
lowers the effective impedance of the barrier at high frequencies. Since 
its presence has the greatest effect for the highest barrier resistance, the 
nonlinearity of the resistance, on which the usefulness of the crystal unit 

depends, is reduced. 
A voltage applied to the crystal in the direction of high resistance is 

said to be applied in the backward direction, and one in the low-resistance 
direction is called a forward voltage. The ratio of the voltage to the 
current for a backward voltage is called the back resistance and for a 
forward voltage the front resistance. Because of the barrier capacitance, 
the ratio of the back to front resistances is not so significant, as a measure 
of the quality of the crystal, as it would be if there were no capacitance 
present. Since the capacitance increases with increasing contact area, 
it is important that the area of the contact be kept as small as is com¬ 
patible with other requirements. This is one of the reasons for the care 
with which the whisker is prepared and brought into contact with the 
semiconductor. The small contact area used is produced by the flatten¬ 
ing of the whisker which occurs if a small force is applied across the con¬ 
tact. Crystals designed for the highest frequencies usually have a 
smaller force applied to the whisker and have, consequently, smaller 
areas of contact than those designed for lower frequencies. By this 
means, it has been found possible to maintain about the same sensitivity 
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over the microwave range, but the higher-frequency units are, con¬ 

sequently, mechanically and electrically less rugged. 
The back resistance of a microwave rectifier unit can be used as a 

measure of its quality, provided that a lower limit for the value of the 
back resistance of acceptable units of the same type is known. By 
statistical studies, it has been found that a lower limit to the back resis¬ 

tance of crystals of a given type, measured at a given applied voltage, 

can be set. Crystals of that type which have back resistances below this 
limit are probably damaged, whereas those having resistances above the 

limit are almost certainly still acceptable. The measurement of the 

back resistance at the given voltage is a test by which it is possible to 
eliminate practically all inferior units at the expense of losing some 

acceptable ones. In view of the difficulty of measuring, directly, the 
quality of a crystal, and in view of the large numbers of crystals available, 
such a loss has been considered a small price to pay for simplicity of 

testing the crystals. 
The back resistance of a crystal unit that is in electrical use may 

become lower over a period of time. Such a change has more significance 

than the absolute value of the back resistance at any one time. Any 

change in the back resistance must mean a change in the contact or in the 
semiconductor and should, therefore, be looked upon with suspicion. 
In the past, a lack of realization of the significance of the back resistance 

or of a change in it has led to the continued use of damaged crystals in 
receivers. Because of the simplicity of a back-resistance test the impor¬ 

tance of performing it at frequent intervals, if high-quality performance 

is to be maintained, cannot be overemphasized. Limiting values of the 
back resistance for crystals of various types are included in a table at the 

end of this chapter. 

2*3. Figure of Merit of Crystal-video Receivers.—In Secs. 1*5 to 17, 
a discussion of the quality of a receiver with a low-level detector was 
given. For completeness, this discussion should include the definition 

and method of measurement of the ‘‘figure of merit,'^ which is used as a 
measure of the quality of crystal detectors available commercially. In 
order to correlate the figure of merit with the minimum signal detectable 
by a receiver consisting of a low-level detector and an amplifier, it is 
necessary to have the definition include a parameter that takes into 
account the noise power arising in the amplifier. Two crystal detectors 

that are identical in performance when used with a noise-free amplifier 
do not necessarily make equally sensitive receivers when used with 
practical amplifiers. Therefore, the figure of merit of a crystal detector 

is a quantity that is related to the quality of the over-all receiver, when a 

t}rpical video amplifier follows the detector. 
As stated in Sec. 1*6, a crystal upon which a signal is incident may be 
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represented, at the output terminals, by a current generator i in shunt 
with a conductance equal to that measured between these output ter¬ 
minals. It has been found that the noise generated in'a video amplifier 
can be represented as the noise of a resistance between the grid of a 
perfect amplifier and the input terminal, as shown in Fig. 2*10. Over a 
wide range of impedances across the input terminals, the noise power 
available at the output terminals of the amplifier, in excess of that arising 
from the circuit connected across the input terminals, can be considered 
as arising as Johnson noise in this series resistor. The entire circuit at the 
amplifier input terminals may then be represented by Fig. 2-11, where R 
is the resistance of the output terminals of the crystal detector and Ra is 
the equivalent noise resistance of the amplifier tube. The relation 

I 
Output 

line 

I 
Fig. 2*10.—Equivalent circuit of first ampli- Fio. 2*11.—Modulation-frequency circuit 

fier tube with noise resistance. of low-level detector. 

between the output voltage E of the amplifier, caused by an r-f signal, 

and the r-f signal power P is 

E = ^RA, (1) 

where b is the proportionality constant defined in Sec. 1*7 and A is the 
voltage gain of the amplifier. Since the rms output noise voltage of the 
amplifier now originates completely as Johnson noise in the two resistors 

R and Raj its value is 

= A V^kTB{R + Rj^, (2) 

where B is the equivalent noise bandwidth of the receiver, as defined in 
Sec. T4, and the remaining symbols have the same significance as pre¬ 
viously stated. The signal-to-noise ratio at the output terminals of the 
receiver is thus given by the ratio of Eq. (1) to Eq. (2), 

^ ■ / (3) 
if y/AkTB by/R-\-Rx 

The right-hand side of Eq. (3) has been divided into two factors, the 
second of which includes the quantities descriptive of the detector. 

This quantity, 
R 

b y/R + Ra 
(3o) 
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is called the figure of merit of the video crystal and has been used to 
evaluate the acceptability of production crystal units intended for use 

as low-level detectors. 

Before the figure of merit may be evaluated from measurements of the 
quantities b and R for the crystal, the value of Ra must be known. This 
value is, of course, dependent upon the particular amplifier tube and 

varies somewhat among specimens of the same type and widely among 
different types. The amplifier tube most commonly used in video 
receivers that have crystal detectors is the 6AC7 tube in pentode con¬ 

nection. Tubes of this type have been shown by measurement to have 
equivalent noise generating resistances of 1000 to 1200 ohms. The 
Army-Navy specifications, under which the various types of video 

crystals have been produced and tested, are based on calculations for 

the figure of merit in which the value for R^y in Eq. (3a), is taken to be 
1200 ohms. 

At the end of this chapter is a list of the various types of crystals for 
which Army-Navy specifications existed at the time of writing. Included 
in the list are several types of low-level detector crystals, designed for 

specific frequency regions as indicated in the table. It will be observed 
that these so-called video crystals have, in addition to a specification of 

figure of merit, a definite minimum or maximum value of output resis¬ 

tance. The resistance of the crystal determines the bandwidth of the 
first circuit of the amplifier, because the capacitance of this circuit is 
largely outside the control of the designer. If the resistance becomes 

too great, the pass band of the amplifier becomes too narrow; therefore; 

the receiver does not respond properly to signals of the type for which it 
was designed. 

2A. The.Crystal Converter.—The crystal rectifier, when used as a 
frequency converter, is operated under conditions rather different from 
those in the low-level-detector application. For this reason, an entirely 
different set of parameters are used for the evalutaion of the quality of a 

unit intended for use as a frequency converter. This can be seen from 
a simplified consideration of the mechanism of rectification based on the 
d-c characteristic of Fig. 2-5. Although an analysis based upon the d-c 

characteristic gives a poor picture of the microwave behavior of the 
contact as a frequency converter, because of the barrier capacitance, 
it does serve as a qualitative description. 

In Fig. 2-12, a typical d-c characteristic is drawn. In addition, 
there is shown, as a function of time along the negative ordinate axis, a 

voltage corresponding to the superposition of the local-oscillator voltage 

upon a small signal voltage. The output terminals of a crystal mixer are 
so arranged that no microwave-frequency components of the current in 
the crystal appear at them. The output terminals carry only the direct- 
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current and the beat-frequency components, as indicated by the curve 
representing this current as a function of time plotted along the right- 
hand part of the horizontal axis. The magnitude of the beat-frequency 
component in this current is related to the efficiency of the device as a 
frequency converter. From the diagram it is evident that the magnitude 
of this beat-frequency component depends primarily upon the ratio of the 
slopes of the d-c characteristic at 
the negative peak and at the posi¬ 
tive peak of the local-oscillator 
voltage. It is apparent that the 
curvature of the characteristic in 
the vicinity of the origin is of 
little direct importance compared 
with the ratio of what might be 
called the differential impedances 
at tv/o points symmetrically 
chosen at some distance on either 
side of the axis. From this con¬ 
sideration, it would be expected that the crystal rectifiers that make the 
best low-level detectors do not necessarily make the best imits for use as 
frequency converters, and vice versa. 

Another significant relationship that can be qualitatively determined 
from this simple analysis is the dependence of the conversion efficiency 
on the magnitude of the local-oscillator voltage applied. If the signal 
voltage is kept small compared with that of the local oscillator but 
of constant magnitude, and the amplitude of the local-oscillator voltage 

is varied, the magnitude of the modu¬ 
lation component in the linear super¬ 
position of the two voltages remains 
constant. Because of the curvature 
of the d-c characteristic, particularly 
on the positive side of zero voltage, the 
ratio of the differential impedances on 
the two sides diminishes with decreas¬ 
ing local-oscillator voltage and, as a 
result, the conversion efficiency of the 
device should be less with small local- 

oscillator amplitudes than with large amplitudes. The conversion effici¬ 
ency, plotted as a function of the local-oscillator power, may be expected to 
behave as in Fig. 2T3, where the abscissa is the local-oscillator power and 
the ordinate is the relative conversion efficiency. There is no longer 
any significant increase if the local-oscillator power is increased beyond 
that which utilizes the straight portion of the d-c characteristic in the 

Fig. 2-13.—Typical curve for con¬ 
version efficiency vs. local-oscillator 
drive. 

Signal amplitude 

LO amplitude 

Fig. 2-12.—Graphical illustration of fre¬ 
quency conversion on basis of d-c charac¬ 
teristic of crystal. 
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forward direction. At larger amplitudes, there may even be a decrease, 
because the differential back resistance may decrease. This situation has 
not been indicated, however, in either Fig. 2* 12 or Fig. 2* 13. 

The conversion efficiency is usually specified as the gain of the con¬ 
verter imit, considered as a network, between the signal input terminals 
and the i-f output terminals. This gain, as defined in Sec. 1*4, is the 
ratio of the available i-f output power to the available signal input power, 
and, for a cry^al converter, it is almost certainly less than one. Con¬ 
sequently, it has become customary to use the reciprocal of the gain, 
called the ‘‘loss’’ L of the converter and to express it in decibels. In 
order to specify completely the quality of the converter, it is necessary to 
know the value of the output noise power from the converter, considered 
as a network, as discussed in Sec. 1*4. From these two quantities, the 
effective over-all noise figure of a receiver in which such a converter is 
used in conjunction with an i-f amplifier of known effective noise figure 
may be estimated. The noise temperature <, as defined in Sec. 1*4, has 

been most commonly used as a measure of 
the noise. In order to specify the local- 
oscillator power for optimum effective 
over-all noise figure, it is necessary to 
know both the dependence of the noise 

temperature of the crystal on the local- 
oscillator power and the noise figure of the 
i-f amplifier for a generator impedance 

equal to the impedance of the output 
terminals of the crystal converter. This 
impedance also depends somewhat on the 

local-oscillator power, although it varies only slowly for local-oscillator 
drive sufficient to give a conversion gain near the maximum. 

The noise temperature of a crystal converter is found to be approxi¬ 
mately linearly dependent upon the incident local-oscillator power, as 
indicated in Fig. 2-14. Equation (1-26) may be used to calculate the 
effective over-all noise figure if F?, the effective noise figure of the i-f 
amplifier, is known for the range of output impedances possessed by the 
crystal converter. Since the over-all noise figure is usually expressed in 
decibels and since the loss L, also usually expressed in decibels, is used 
instead of the gain, this equation may be rewritten as 

Local-oscillator power 

Fig. 2*14.—Typical curve of 
mixer noise temperature vs. local- 
oscillator drive. 

^1*+, * = L* + 10 log,, {Ft + (4) 

where t and Ft are numerical ratios, not expressed in decibels. Figure 
2-16 shows a typical curve of the effective over-all noise figure of a receiver 
resulting from the combination of the three quantities in Eq. (4). It will 



SBC. 2-6] LINEAR-NETWORK REPRESENTATION 59 

be observed that the noise figure decreases in about the same way as the 
conversion efficiency increases, for small local-oscillator power. For 
high local-oscillator power, the conversion efficiency no longer increases 
so rapidly but the noise temperature 
continues to increase; therefore the ^ \ 
over-all noise figure goes through a c \ 
minimum value and then increases g \ 
again. The noise figure does not vary J) \ 
rapidly in the region of the minimum ®--rs-rr^T 
value and, therefore, a reasonably | I 
large deviation in local-oscillator § i 
power from the optimum value can be i 
tolerated. The optimum local-oscil- « i 
lator power is usually about 0.5 mw 9 I 
into the crystal, which results in a S 1 

continu jus rectified crystal current of _[ Optimum_ 

about 0.5 ma. More specific informa- Local-oscillator power 
tion about conversion losses and noise Fig. 2-15.—Over-all noise figure vs. 

temperatures, as well as about i-f im- locai-osciUator dnve. 

pedances of typical units, will be given in later sections of this chapter. 
2-6. Linear-network Representation of the Crystal Converter.—The 

use of the terms loss and noise temperature, to describe the crystal 
frequency converter, suggests that the device may be considered as a 
network that possesses two pairs of terminals: one pair to which the signal 
is applied, and one pair from which the i-f signal is obtained. Although 
the converter depends for its action upon the nonlinear relationship 
between voltage and current in the crystal unit, a linear relationship 
exists between the i-f output voltage and the microwave input signal 
voltage, provided the signal amplitude is very small compared with that 

y-- ■ of. the local oscillator. This is 
^ __ true because the voltage-to-current 

relationships of the crystal, which 

terminals _\/ terminals are effective for the conversion from 
Fig, 2*16.-^Symbolic representation of crys- the signal frequency to the inter- 

tal converter. mediate frequency, are differentials 

of the d-c and r-f characteristics, and these may be regarded as constant for 
very small signal amplitudes and for a given local-oscillator power. 
The converter may then be regarded as a box containing a pair of signal 
terminals and a pair of output terminals for the i-f voltages, as indicated 
in Fig. 2-16. A considerable number of relationships that help to 
clarify the complex behavior of crystal converter units can be derived 

from this representation. 
It might be wondered what would result if the device were worked 

Output 
terminals 

Fia. 2*16.-^Symbolic representation of crys¬ 

tal converter. 
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backward. If an i-f voltage were impressed upon the i-f terminals, 
would an r-f signal be produced at the signal terminals? A return to a 
consideration of the d-c characteristic will help to answer this question. 
If, as in Fig. 2* 17, the local-oscillator voltage is impressed upon the 
crystal, in the absence of an r-f or an i-f signal, and a d-c bias is added in 
series with the crystal, then the operating point shifts, with the result 
that a different part of the characteristic determines the r-f impedance 
of the crystal. If the bias voltage is made to vary through zero sinus¬ 
oidally at the i-f frequency, the effect is to modulate the r-f impedance 
of the crystal at the i-f frequency or, in other words, to amplitude-modu- 
late the r-f current in the crystal. It is well known that an amplitude- 
modulated r-f current or voltage may be considered as equivalent to the 
unmodulated current or voltage plus two other r-f components, one 
above the original frequency and one below it. These two added 

components differ in frequency from 
the incident radio frequency by an 
amount equal to the modulation fre¬ 
quency. In the crystal converter, 
where the modulating voltage is sup¬ 
posed to be at the intermediate 
frequency, one of these new radio 
frequencies will correspond to the 
signal frequency and the other to 
the image frequency. When an i-f 
voltage is applied to the i-f terminals 

of the converter of Fig. 2*16, voltages of equal magnitude, at the signal 
and the image frequencies, appear at the r-f terminals. This assumes, 
of course, that there is contained in the box between the crystal and the 
input terminals nothing that is sufficiently selective with respect to 
frequency to favor one of these voltages over the other. 

To return to the use of the converter in the direction for which it was 
intended, the application of a signal voltage to the input terminals gives 
rise to an i-f voltage at the output terminals. This voltage in turn 
produces, at the input terminals, a voltage at the signal frequency and 
one at the image frequency. The presence of the signal-frequency 
voltage serves only to determine, in part, the signal-frequency impedance 
of the converter, but the image-frequency voltage has considerable 
significance. It is clear that the behavior of the converter cannot be 
independent of the image-frequency impedance of the generator circuit 
connected to the input terminals; a reflection of the image-frequency 
wave from the generator back into the converter unit will produce a 
voltage at the intermediate frequency. The phase and amplitude of this 
intermediate-frequency component, relative to the one produced directly 

Local*oscillator 
envelope 

U«-^hift due to 
I bias voltage 

Fig. 2*17.—Graphical illustration of 
effect of bias voltage on r-f admittance. 
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by the signal, is dependent on the phase and amplitude of the reflected 
image-frequency wave. The signal-frequency impedance, the output 
impedance and the conversion loss must all be dependent, to some 
degree, upon the impedance presented by the generator circuit to the 
image-frequency wave. 

Because the crystal is a nonlinear element, there must be developed, 
in addition to these voltages, many other higher-order components 
corresponding to harmonics and products, sums, and differences of these 
components. A rigorous analytical treatment of the device must include 
all of these components as well as the image voltage. In addition to the 
process just described, the image-frequency voltage may be developed 
as the difference frequency between the second harmonics of the local- 
oscillator frequency and the signal frequency. The effects of the higher- 
order frequencies, however, are smaller than those produced by alterations 
in the crystal impedance. They are, moreover, analytically and experi- 
mentaiy, very much more difficult to handle. To estimate the effects of 
these voltages, it is useful to consider the image frequency alone because 
it is probably of the greatest importance, and relatively simple experi¬ 
ments can be made to verify the analytical predictions. The effect of 
varying the impedances presented to the higher-order frequency com¬ 
ponents, such as the second harmonics, may be anticipated to be quali¬ 
tatively similar, but less pronounced. 

2*6. The Three-terminal-pair-network Representation.—Let us sup¬ 
pose that the only voltages of significance in the converter circuit are 
those at the signal, image, and intermediate frequencies. Although the 

first two of these appear on the 
input terminals of Fig. 2-16, it is 
convenient to assume that there 
exist separate terminals for them, 
as shown in Fig. 2* 18. This could 
be achieved in practice by an 
appropriate splitting network, com¬ 
posed of frequency-selective cir¬ 
cuits, within the box. A three-terminal-pair network, in which the 
voltages and currents are linearly related, as they are for small voltages in 
the crystal converter, may be described by a set of three transformation 
equations involving a total of nine independent coefficients characteristic 
of the network. Because of the symmetry between the signal- and image- 
frequency components in the converter, assuming the converter to have a 
low Q in terms of the frequency difference involved, the number of 
independent coefficients may be reduced to five, provided the equations 
take account of the phase relation between the signal- and image- 
frequency components. These equations may be written as, 

Fig. 2*18.—Symbolic representation of 
converter with separate signal- and image- 
frequency terminals. 
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t’tt —“ yaa^a "f“ ya0^$ “f” 2/a7^7*) 

= yfiaBa + yfi$e$ + y0a*ey*, (6) 

^7* ~ 2/«7*^7 "H “H 2/oa*^7*) 

where the subscripts «, and ^ refer respectively to the signal, inter¬ 
mediate, and image frequencies, and the asterisks denote the complex 
conjugates. The i-f current due to the image-frequency voltage C7 has a 
value that is the complex conjugate of that produced by the signal 
voltage. Therefore the complex conjugate of the term y^a^y is taken, 
in the second equation, to be the contribution of the image-frequency 
voltage to the total i-f current. For this reason, the complex conjugate 
of the image voltage is used throughout, and the third equation gives the 
complex conjugate of the image-frequency current. 

If the image terminals are connected, independently of the signal 
terminals, to an external admittance 2/7, the relationship between the 
image-frequency current and voltage is 

iy 

ey 
= -2/7 (6) 

If this expression is substituted into Eqs. (5), and if 67 and iy are elimi¬ 
nated between the resulting equations, the relations between the voltage 
and currents at the signal and intermediate frequencies become 

where 

ta — Facfia “f" F 
ifi = Yficfia + 

Yaa ““ 2/aa 

Fa/f = yafi 

Yfia = ypa 

Yfi0 = y00 

Vay yay* ^ 

Vy* + Vaa*' 

yay yafi* 

2/7* + yaa^' 

y$a Vay* 

2/7* + 2/««*' 
2/ga 2/«/?* 

J/7* + 2/aa** 

(7) 

(8) 

(9) 

(10) 

(11) 

Equations (7) show, through their dependence upon the image 
termination 2/7, that the behavior of the device as a converter from signal 
to image frequency cannot be specified independently of the treatment of 
the image-frequency component. Specifically, the conversion loss, the 
signal input admittance and the i-f output admittance can all be calcu¬ 
lated from Eqs. (7) in terms of F««, Fa^, F^a, and F^^, plus the signal- 

generator admittance ya and the i-f load admittance at the output 
terminals, y^. 
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To find the signal input admittance Ya for an i-f load admittance 
yfi, Eqs. (7) may be written as, 

{Yaa “ Ya)€a + Y= 0, 
Yfiaea (Y$0 y0)e0 = 0, (12) 

where 

Ya = — and (13) 
Ca V0 

To be consistent, the determinant of these equations must vanish, or, 

Fa = F.. - (14) 
yfi+ Y00 

The i-f output admittance F^, by analogous steps may be shown to 

depend upon the signal-generator admittance j/a, as 

F, = Y00 - 
Y aa “Y ya 

(15) 

These two relations, Eqs. (14) and (15), reveal a point about the design 
of crystal mixer circuits which must not be overlooked if the best possible 
performance from a given crystal unit is to be obtained. The choice of 

the r-f and i-f matching conditions cannot be considered to be independent 
or to be completely a property of the crystal alone. Because of the inter¬ 
dependence, the design of the input circuit of the i-f amplifier should 

take into account the effect on the i-f output characteristics of the signal- 
frequency'' and image-frequency admittances that are connected to the 
r-f terminals of the converter. In turn, the signal- frequency admittance 

of the converter is dependent both upon the i-f load admittance presented 
to the converter by the i-f amplifier and upon the admittance presented 
to the converter at the image frequency. If the image-frequency termi¬ 

nation is fixed, the coefficients of Eqs. (7) may be regarded as constants 
descriptive of a particular converter unit. There is, therefore, a great 
similarity between the converter and an ordinary piece of transmission 

line, with respect to the dependence on the signal-generator and output¬ 
load admittances. In the representation of a transmission line by equa¬ 
tions analogous to Eqs. (7), it can be shown that the transfer admittances 

analogous to Fau and F/ja must be equal. That this is also true for the 
network representing the crystal converter cannot be proved without 

making some restrictive assumptions. 
Dicke^ has shown that, if certain assumptions about the time depend¬ 

ence of the voltage across the barrier in a crystal rectifier unit are true, a 

relation between Fa^ and F^a exists such that 

\Ya0\ = |F,«1. 

^ R. H. Dicke, “A Reciprocity Theorem and Its Application to Measurement of 
Gain of Microwave Crystal Mixers,” RL Report No. 300, Apr. 13, 1943. 



64 CRYSTAL RECTIFIER UNITS [Sbc. 2-6 

On the basis of this relation, the conversion loss of a crystal converter can 
be calculated from measured values of the signal or i-f admittances of 
the converter, for each of several different admittances connected to the 

other pair of terminals. Comparisons have been made between the 
values of the conversion loss found in this way and the values measured 

on the same units by the standard method that involves the measurement 

of the ratio of the available input power to output power. It is found 
that the reciprocity condition holds very closely for silicon crystals, but 
that it does not hold for germanium crystals. If this condition is not 

obeyed, the efficiency of conversion of r-f power to i-f power is not the 
same as that from i-f power to r-f power. It has been found that units 
that do not obey the reciprocity condition are usually more efficient as 

converters from low to high frequency than in the opposite sense. The 
agreement between the measured conversion loss and that calculated 
from the admittance data, for silicon units, is excellent confirmation 

of the usefulness of the linear-network representation of the crystal con¬ 
verter. Even for units that do not show reciprocity, the same qualitative 
interdependence of r-f and i-f admittances is found. 

The conversion loss of the converter in terms of the parameters of 
Eqs. (7) may be derived in the following way. The output power from 
the converter unit is the real part of — whereas the power enter¬ 

ing the unit is the real part of therefore the loss is 

j _ ReiUaea*) 

Reiiiffeg*)’ 

which, by Eq. (13), becomes 

j ^ ^ 1^ 

9» 

Here, G. and are the real parts, or conductance parts, of K. and yf, 
respectively. If the second of Eqs. (12) is solved for and the 

solution substituted in Eq. (17), the expression for the loss becomes 

(16) 

(17) 

r ^ |Ew + ygp 
(18) 

If the value of Oa from Eq. (14) is substituted in this expression, the loss 
becomes 

L = 
~iYTjr (19) 

where (7*. is the real part of F... This may be written in the form 
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+ (Bw + 6,)^ - ^ (Bw + b(,)]- (20) 

where the G’s and B^s are the real parts and imaginary parts of the F’s 

with the same subscripts. In addition, Ga^^a and Bafi^a are, respectively, 
the real and imaginary parts of Ya^Yfia- The gain of the network which 
appears in the expression for the effective over-all noise figure of a cascade 
of networks, is defined (see Sec. 1*7) as the ratio of the signal power 
available from the network to that available from the signal generator 
connected to the input terminals of the network. The full power availa¬ 
ble from the converter is obtained when the load admittance is so 
chosen that the loss L is a minimum. There are two orthogonal quanti¬ 
ties, md b/3, in Eq. (20) which must be adjusted to make L a minimum. 
The quantity can be given any value from plus to minus infinity. The 
minimum of L will occur for a minimum of 

(B,, + b.y - ^ (B,, + bf), (21) 
tfaa 

which is obtained when 

+ = (22) 

as is evident if the derivative of Eq. (21) with respect to {B^^ + bp) is set 
equal to zero. Thus Eq, (20) becomes 

If the partial derivative of L with respect to gp is taken, the value of gp 
resulting in minimum loss can be found to be 

gp = 

GaPPaGpp 
(24) 

where only the positive root has physical significance. The optimum 
load admittance, from the combination of Eqs. (22) and (24), is 

«- [«“’ - ^ - fe)’]"+Kfe - *")■ 
Upon substitution of Eq. (24) into Eq. (23), the expression for the 

minimum loss becomes 
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By algebraic manipulation, Eq. (26) can be put into the form 

where « is given by 

t 

L = l^ggl /I + Vl ~A 
ravi - 

2| 
^aaGfifi — Gafifia + \ Y afiY fia\ 

(27) 

(27a) 

The second factor in Eq. (27) may be called the impedance loss, because it 
can be evaluted from direct measurements of the impedance of one pair of 
terminals of the mixer for each of two different load conditions at the 
other pair. This loss and the actual minimum loss encountered in prac¬ 
tice are the same only if the first term in the expression is unity. This is 
true if the mixer obeys the reciprocity condition. 

If the mixer is worked backward, that is, caused to generate the signal 
frequency from an applied i-f voltage, the loss for this process may be 
calculated in a similar manner. The loss L' from low- to high-frequency 
power is found to be identical with Eq. (27) except that the reciprocal of 
first term appears; that is, 

T' = /i + (28) 

If the ratio of Eqs. (27) and (28) is taken, 

k = \I^ 
V \Ysa\^' (29) 

This ratio of the losses in the two directions reveals to what approximation 
reciprocity holds. Since, as mentioned earlier, the loss is usually greater 
in the direction from r-f to i-f power than in the other direction, when 
the reciprocity theorem is not obeyed the relation between Ya0 and Yfia 
can be stated to be, almost without exception, 

\Ya0\ ^ (30) 

2-7. The Relation between the Input Admittance and the Load Admit¬ 
tance.—The representation of the mixer as a linear network makes it 
apparent that the input admittance cannot be independent of the load 
admittance, and, in fact, the relationship between them may be calcu¬ 
lated with the aid of Eq. (27). This is most easily done for certain simple 
cases from which the general interdependence may be discovered. For 
example, suppose that the i-f output terminals are connected to a pure 
susceptance which can be adjusted through all values between negative 
and positive infinity. Suppose, further, that the mixer includes r-f 
matching devices such that, under the condition of infinite load susoept- 
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ance, the signal admittance is real. From Eq. (14) it is evident that this 
may be written 

y.. = = Gaa. (31) 

The load susceptance may then be adjusted to make the input admittance 
mismatched to by as large an amount as possible. This may be 
expressed, by use of Eq. (14), as 

Fo. = G aa 
F„g Fg, 

Gw + i(fiw + i>/3) 
(32) 

The mismatch between Foe and F^ may be expressed in terms of the 
absolute value of the reflection coefficient F of Y„ relative to F,c, which is 

or 

irl 

\r\^ = 

Foe - F„ -F„^Fw 

Fo. + F« 2GaaGfifi + Gafifia + + hff) 

(GaWa)^ + (Bo?w)* 
(2G<,„Gw — GaWa)^ + [2Gaa(-Bw + bfi) — -BaWoP 

(33) 

(34) 

The maximum loss due to mismatch, corresponding to the maximum 
of |rp, can be found by setting the partial derivative.of |r|* with respect to 
{Bff + bff) equal to zero. The result of this is 

Bfiff + 63 = + (35) 

This expression is identical with Eq. (22), which gives the optimum load 
susceptance from the standpoint of conversion loss. If this susceptance 

value is used in Eq. (32), the result is 

Fo. = Gaa - 

Gngga + jBaWa 

Gw + j 
B 
2Ga 

(36) 

The r-f signal is applied to a microwave converter through a coaxial 
line or a waveguide. The position in this input line at which the 
signal terminals of the equivalent network are located is, as yet, arbi¬ 
trary. It is convenient to choose these terminals to be at a point 
at which Yoc is real. This is not incompatible with making Tao real, 
because, for instance, the r-f matching in the mixer could be such that 
Gaa is the characteristic admittance of the transmission line. Then K.o 
would be real at all points along the input line. Choosing the position of 
the input terminals to make Yoc real makes the imaginary part of the 

second term of Eq. (36) equal to zero, or 

GwBww - = 0. (37) 
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This is satisfied if 

2(joa Gfift = Oa$$at 0. (38) 

The first of the conditions of Eq. (38) results in € greater than one and, 
therefore, it does not have real significance. The second of these condi¬ 

tions, however, results in 

_ /nr Ga$$a _ 
oo — ^ata ^ — v^’oc. 

From Eqs. (31) and (39), 

G„ 
= 1 

Gfift 

Gatfa 
GaaGfff 

(39) 

(40) 

Under these conditions, however, Eq. (28) for « may be used to show that 

Therefore Eq. (27) becomes 

1+ 

(41) 

(42) 

It is now clear that the measurement of these two admittances at one 
pair of terminals of the converter, under each of two conditions at the 
other pair, constitutes, according to Eq. (42), a measurement of the 
mimimum conversion loss of the converter, except for the reciprocity 
factor. The result of this measurement, sometimes called the impedance 
lossLz, is given by 

1 \^Goo/Gbc 

1 “ \/Goc/G»c 

(43) 

This expression is identical with one which can be derived for the trans¬ 
mission loss of a piece of transmission line an integral number of half 
wavelengths long. For the transmission line, Goc is the conductance of 
the input terminals with the output terminals open-circuited and is 
the conductance with the output terminals short-circuited. An experi¬ 
mental apparatus to be described in Chap. 8 has been designed and used 
to measure the impedance loss of crystal mixers, by measurement of 
y/Goe/Gwe. The results, for silicon crystals, have been in good agree¬ 
ment with those obtained by more direct methods. 

2*8. The Dependence of Input Admittance on the I-f Load Admittance. 
The characteristic admittance of a transmission line may be shown to be 
just y/GjGoc- That the same expression holds for the converter may be 
verified by putting Eq. (24), for into Eq. (14), under the condition 
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that the choice of the position of the input terminals is the same as 
before, and therefore Ba$$a is zero, as in Eq. (38). It is now possible 
to discover the range of input admittances which will be shown by the 

converter for all possible values of i-f load admittance, by use of Eq. 

(43). It is a general theorem for linear networks that a circle on an 
admittance diagram is transformed by the network into another circle. 

It is known that, under the special conditions here assumed, two points 

0 

0.25 
Fiq. 2‘19,—Limitins r-f admittance contours vs. i-f load admittance for several values of 

impedance loss in decibels. 

of the admittance contour at the input terminals, resulting for output 
load admittances along the circle = jhg (a circle of infinite radius in a 
cartesian plot of conductance vs. susceptance, or the outside circle on 

a Smith chart), fall upon the conductance axis. It has also been shown 
that Goo differs from (?» by the maximum amount for this range of load 
admittances and, therefore, it follows that the conductance axis is a 

diameter of the input-admittance circle. If, further, the r-f tuning is so 

chosen that y/GJioo corresponds to a matched input line, the circle will 
be centered, on a Smith chart, at Yo. Several such circles are shown in 
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Fig. 2’19, corresponding to various values of Lz between 0 and 10 db. 
Under these conditions, only points inside the circle corresponding to 
the Lz of the converter in question can be produced as the input admit¬ 
tance to the converter by choice of the load admittance. The center 
pmnt of the circle To is obtained when the load admittance has the opti¬ 
mum value, as pven by Eq. (25). 

One of the important tasks in the design of converter and mixer cir¬ 
cuits is the adjustment of the tuning of the input circuit in such a way that 
minimum loss is obtained for the largest possible number of crystal units. 

In this connection it is important to realize the significance of the definition 
of the gain, and its reciprocal the loss, as it appears in the expression for 
the over-all noise figure for the cascaded converter and i-f amplifier. The 

input circuit of the i-f amplifier does not need to provide for the converter 
a load admittance such that the converter delivers maximum power. The 
conversion loss of a given converter, therefore, is not necessarily mini¬ 

mized by a tuning that matches the signal generator to the converter, 
with the converter connected to the i-f amplifier. The i-f input circuit 
is so chosen that the smallest possible noise figure compatible with the 

dedred bandwidth and the amplifier tubes is achieved. As a result, 

the input admittance of the mixer lies nearer to the boundary of the region 

inside the appropriate circle of Fig. 2-19 than to the center. Never¬ 
theless, for minimum over-all noise figure, the mixer tuning should be 

such that the characteristic admittance of the mixer is matched to the 
admittance of the r-f signal generator, since this gives minimum conver¬ 

sion loss. Therefore, a load admittance having the value such that the 

mixer delivers maximum power should be used in experiments intended 
to establish optimum r-f tuning conditions for the mixer. 

For converters in which ITojI 9^ iF^aj, and the actual loss therefore 

does not equal the impedance loss, the dependence of the input admittance 
upon the load admittance is greater than would be expected if reciprocity 
were assumed because of the relation of Eq. (30). With such units it is 

even more important that the input matching is achieved under the 
proper load conditions than for units of equivalent actual loss but for 

which reciprocity holds. 
Because the values of the parametric admittances, Y„„ of Eqs. (7) are 

dependent, throu^ Eqs. (8), (9), (10), and (11), upon the image- 
frequency termination y^, the characteristic signal input admittance as 

well as the loss are to some extent determined by this image-frequency 
termination. In a converter unit that is, in itself, insensitive to frequency 
but that is to be used with a high-Q resonator such as a TR switch, the 

measurement of the (duiracteristic input admittance should be made with 

this resonator in place. The input adnaittance is less dependent on the 
image-frequency load admittance, however, than on the i-f load admit- 
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tance. The mismatch encoimtered if the tuning is made optimum 
without the resonator in place is not large because an increase in loss of 
only a few tenths of a decibel would result even if the mixer were matched 

to the signal generator with an incorrect admittance connected to the 
i-f output terminals. A calculation of the magnitude of the interdepend¬ 
ence of the signal admittance and the image-frequency load admittance 

requires a knowledge of the values of the parametric admittances ynm of 
Eqs. (5). Although these can be measured, this subject will not be 
discussed here. 

2*9. Dependence of the I-f Admittance upon R-f Matching Condi¬ 
tions.—In a fashion exactly analogous to that of Sec. 2*8, the admittance 
of the i-f terminals of a converter may be shown to be dependent upon the 

signal-generator admittance. The symmetry of Eqs. (7) suggests that an 

expression similar to Eq. (43) could be written down immediately, where 
Goc anl Gao refer respectively to the conductance of suitably chosen i-f 

termir.als for the conditions of open-circuited signal terminals and short- 
circuited signal terminals. It is more convenient, however, to keep 
the previous choice of the position of the r-f signal terminals and the 

r-f matching conditions previously defined, to allow a single set of 
terminals to be used for the description of the converter in either direction. 

In practice, a special r-f circuit is required to allow variation of the admit¬ 
tance connected to the signal terminals independently of that connected 
to the image terminals. It will be assumed that this can be done, how¬ 
ever, and with this assumption a useful relation can be derived. 

The three conditions set up in the previous section were: 

1. R-f matching such that Fa« is real, and equal to Gaa- 
2. Choice of the position of the r-f signal terminals such that {YapY^a) 

is real, and equal to Gappa- 
3. Addition of a susceptance, bpy to the i-f terminals, which resonates 

out the imaginary part of Ypp, This is the condition of Eq. (35), 
which was used to calculate the quantity denoted by Yoc- 

By the use of these three conditions, the expression for the impedance 
loss may be calculated for measurements of the i-f admittance for short- 
circuited and open-circuited signal terminals. From Condition 3 and 

Eq. (15) the i-f admittance for short-circuited signal terminals may be 

written 
Fsoa = Gpp = Gsoa. (44) 

From Conditions 1 and 2, the i-f admittance for open-circuited r-f 

terminals may be written 

F«c. = Gw - ^ = Go... (45) 
O’oa 

The ratio Gow/G«« is therefore identical with that given by Eq. (40), and 
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the impedance loss can be written in terms of this ratio in the same way as 
for the r-f terminals 

^ ^ , (46) 
1 - VOZj^a 

This relation reveals a point that is important in the design of con¬ 

verters and i-f amplifiers. The i-f output admittance of the converter, 
which plays an important role in determining the i-f amplifier noise 
figure and bandwidth, can fall anywhere inside the appropriate circle on 

Fig. 2-19 depending upon the admittance of the signal generator con¬ 
nected to the input terminals of the converter. If a resonant circuit 
is included in the converter or in the line between the converter and the 

antenna, the i-f admittance may be expected to vary with the inter¬ 

mediate frequency. If the signal generator is matched to the crystal 
converter, the i-f admittance will be the characteristic admittance of the 

i-f terminals, which corresponds to the center point of Fig. 2*19 for that 
particular crystal, image-frequency termination, and harmonic-frequency 
termination. If the image-frequency termination is identical with that 

at the signal frequency, the i-f admittance of most crystals now available 
is between 2000 and 3000 micromhos. This value for the i-f conductance 

of the converter is valid only when the signal and image terminals are 
both connected to admittances matching the input admittance of the 
converter. 

Since the converter is tuned for minimum conversion loss, the admit¬ 

tance of the signal generator is nearly matched to the characteristic 
admittance of the signal terminals of the converter. At the image 
frequency, however, the signal generator admittance may have a different 

value, and this, too, affects the i-f admittance of the converter. In 

circuits involving an r-f resonator, the image-frequency load admittance 
is usually very different from that at the signal frequency. A TR cavity 
having a loaded Q of 300 at a signal frequency of 3000 Mc/sec almost 

completely reflects the image-frequency wave if the intermediate fre¬ 

quency is 30 Mc/sec. Because of the symmetry, shown by Eq. (5), 
between the signal and image frequencies, an expression may be written 

which expresses the impedance loss of the converter in terms of the i-f 
conductances measured with the image-frequency terminals ojjen- 
circuited and short-circuited. This expression is 

1 4“ \/Goey/Omiy 

1 — \^Goey/0»ey 

(47) 

The impedance loss Lz is the minimum loss that could be obtained if the 
roles of the signal and image terminals were interchanged. It is, there¬ 
fore, the same as the conversion loss between the signal and i-f terminals 
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when the image-frequency terminals are connected to an admittance 
equal to the admittance of the signal generator. Again, Fig. 2*19 is 
applicable. The center point now corresponds to the admittance 

resulting if the image terminals are connected to an admittance equal 
to the optimum signal-generator admittance. Since the termination at 
the signal frequency will be near this value, a low-Q circuit would provide 

the same admittance at both signal and image frequencies. The i-f 
admittance would then correspond to the center of the chart and would 
be between 2000 and 3000 micromhos, as mentioned above. 

If the termination at the signal frequency is kept constant and the 

phase of a complete reflection of the image-frequency wave is varied, the 
resulting i-f admittance should move along a circle, such as the appro¬ 
priate one in Fig. 2* 19. This could be done by varying the length of a 
transmission line, matched both ways at the signal frequency, connected 
between the converter and the TR cavity. An incomplete reflection of 
the image frequency would give rise to admittances on a smaller circle. 
It is thus apparent that any mixer or converter circuit, or any circuit 
preceding the converter, which reflects at the image frequency may be 
expected to give rise to an i-f admittance that varies mth the operating 

frequency. For this reason it is advantageous to make the line length 
between the crystal and TR cavity, or other device reflecting the image 
frequency, as short as possible. The variations encountered in the i-f 

conductance are of sufficient magnitude to affect seriously the bandpass 
characteristic of the input circuit, and the variations in capacitance can 
have a serious detuning effect on the i-f input circuit. In order to evalu¬ 

ate these variations it is convenient to put Eq. (47) into a different form. 

If Eq. (47) is multiplied through by \/G,oy and then by (V^+VGoc-y), 

the result is 

j Gtcy + Gocy + 2 a/GboGo Y 

I^Z — ^ 7y _ /nr 
O^BCY v^ojy 

Since y/GscyGocy = Go (the center point of Fig. 2*19, or that value of the 
i-f admittance with an image-frequency admittance equal to that at the 
signal frequency), it may be shown that, for losses greater than 5 db, 

the equation 

Gsoy Gocy _ 4 

Go Liz 

holds, within about 10 per cent. Since 5 db is about the minimum loss 
found for available crystal units, the maximum variation of i-f con¬ 

ductance is from about one half to twice the mean value for open-cir¬ 

cuited and short-circuited image-frequency terminations, respectively. 

In a given r-f circuit, the variation with different crystal cartridges, at a 
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fixed frequency, id determined by the variation in Oq from unit to unit 
and by the fact that the effective phase length, and so the position of the 
apparent termini satisf3dng Condition 2, is not the same from cartridge 

to cartridge. A consideration of Fig. 2-19 shows that small variations 

in the phase of the reflection of the image frequency give rise, primarily, 
to changes in i-f susceptance, for lengths giving either minimum or 

maximum conductance. In the region between these values, small varia¬ 

tions give rise, primarily, to changes in conductance. The choice of the 
length of line used could, in part, be determined by which of these two 
kinds of variation has the less objectionable effect upon the receiver noise 

figure and bandpass characteristic. 
Because the complex conjugates of the image voltage and admittances 

appear in Eqs. (5), it can be shown that the i-f admittance resulting 
from given signal-frequency and image-frequency terminations is the 
complex conjugate of that resulting if the signal-frequency and image- 
frequency admittances are interchanged. For instance, if the signal 
terminals are connected to a signal generator of the admittance that 
gives minimum loss, and if the image terminals are connected to a 
variable length of line, short-circuited at its far end, the i-f admittance 

goes around a circle such as the appropriate one of Fig. 2*19, as the line 
length is varied. If the roles of the signal and image terminals are 
interchanged the same circle will result but it will be traversed in the 

opposite direction as the line length is varied. 
From this it can be shown that, if the signal and image terminations 

are kept equal to each other but are changed together, the i-f admittance 

will remain real provided Condition 3 is satisfied. The connection 
between the impedance loss and the limiting values of the i-f conduc¬ 
tance, for complete reflection of both signal and image voltages, for all 

phases, is 

1 “■ 

(48) 

Experiments to measure conversion loss by means of this relation 

have been performed by R. H. Dicke. For silicon crystals, where reci¬ 
procity is found to hold, good agreement with the conversion losses 

measured by other methods was found. Instead of a complete reflection 
of the signal- and image-frequency waves, Dicke’s method made use of a 

post protruding into the input waveguide of the mixer, giving a known 

reflection coefficient less than unity, to allow transmission of the local- 
oscillator wave through the same waveguide. It is necessary in such an 

experiment to use such a low intermediate frequency that a reflection 
some distance back from the crystal in the input waveguide gives rise to 
identical load admittances .at the mixer, at the signal and image fre- 
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quencies. If the i-f wavelength is not very much longer than the distance 
in the waveguide between the crystal and the point at which the reflec¬ 
tion occurs, the phase lengths of the waveguide at the image and signal 
frequencies are different and the imaginary parts of the i-f currents 
excited by the reflected signal and image waves are not exactly equal 
in magnitude and opposite in phase. There will be, consequently, a 

variation of the imaginary part of the i-f admittance as the line length is 
varied. In Dickers apparatus the i-f frequency used was 60 cps and, 
therefore, this condition was well satisfied. However, with intermediate 

frequencies of 30 Mc/sec and line lengths of several feet, variation of the 
susceptance component is observed. 

In summary, it should be emphasized that the i-f admittance of a 

crystal converter is not a function of the crystal unit alone but is depend¬ 
ent to a considerable degree upon the details of the design of the mixer 
circuit The range of admittance values that are possible is determined 

by the crystal unit and by its minimum loss as a converter. However, a 
reasonably good crystal unit can be made to show conductances differing 
as much as a factor of 8, as can be seen from Eq. (48), the factor depending 

on the nature of the mixer circuit. In addition, the susceptance of the i-f 
terminals of the converter is not completely determined by the dis¬ 
tributed and lumped capacitances and inductances of the physical 

structure, since the susceptance can be affected to a considerable extent 
by the design of the r-f circuits. These effects become rapidly more 
pronounced as the crystal units are improved and, therefore, increasing 

care must be taken to obtain optimum performance from improved units. 

The input circuit of the i-f amplifier must be designed to give satisfactory 
performance with all values of the i-f output admittance of the mixer to 

be expected with different crystal units in the whole band of operating 

frequencies. It may be found advisable to restrict some receivers to the 
use of crystals having more than the minimum loss, just to gain the added 

independence in the r-f and i-f circuits such crystals would give. The 
effect would be similar to that of adding an attenuator to increase the 
total loss by the same amount, in either the r-f or the i-f circuit. 

2*10, Dependence of Conversion Loss on Image-frequency Termina¬ 
tion.—The minimum loss for a particular image termination, as defined 

by Eq. (27), depends upon the value of the image-frequency load, 

through Eqs. (8), (9), (10), and (11). The magnitude of the variation 
in the minimum loss which can be produced by changes in the image- 

frequency load admittance depends upon the values of the parameters 
ya/3, Yayj and of Eq, (5), and cannot be simply related to the 

minimum loss with a particular image-frequency load admittance. 
That there should be an effect of this kind, however, can qualitatively be 

seen from simple arguments. 
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The most pronounced effect of the image-frequency admittance on the 
conversion efficiency might be expected to occur with crystals with the 

smallest loss. Suppose, for instance, one had a converter that had 

unity loss, with a dissipative load connected to the image terminals. The 
device is said to have unity loss if the signal voltage develops the same 

available i-f power as is available from the r-f signal generator. The 

existence of the i-f voltage across the i-f terminals, however, must give 
rise to an image-frequency voltage across the image terminals and, 

therefore, to some dissipation of power in the image-frequency load. 

The signal is thus responsible for the generation of more total power than 
is available from the signal generator and this is incompatible with the 
assumption that the converter can be represented by a linear passive 

network. A perfect converter, for which the passive network representa¬ 
tion is valid, has a loss of 3 db if the signal-generator and image-load 

admittances are equal and are matched to the characteristic input 
admittance of the converter. One half the available signal power is 
transferred to the image frequency and dissipated in the image-frequency 
load. If there is no isolation of the signal- and image-frequency waves 

by means of tuned circuits, the minimum loss which a crystal converter 
representable by a linear passive network can have is 3 db. 

If, on the other hand, the image terminals are provided with a load 

having no conductance component, there will be some value of the 

susceptance of the load which will allow the converter to have no loss 
between the signal and i-f terminals. It can be shown that this will occur, 

if the terminal positions are chosen in accordance with the conditions of 
Sec. 2*9, for the image terminals either open-circuited or short-circuited. 
The i-f admittance will be a pure conductance, if the signal generator is 

matched to the characteristic admittance of the signal terminals and if 
the conditions of Sec. 2-9 are fulfilled. 

Such a perfect converter has not so far been made, but the crystals 

now available for use as converters do give losses as small as 5 db. The 
dependence of the loss on the image-frequency load would not be expected 
to be so pronounced as in an ideal lossless converter. A reduction of less 

than 3 db in the conversion loss from the value obtained with an image- 

frequency admittance equal to the signal-frequency admittance, there¬ 
fore, could be obtained through the use of an image-frequency load 

reflecting in the optimum phase. The magnitude of the effect depends 
on other parameters of the crystal as well as on the loss measured under 
the matched condition of the image, and an analysis will not be given 

here. This subject is discussed in detail by H. C. Torrey in Vol. 15 of 

this series. This discussion shows several possibilities for the dependence 
of the loss on the image-frequency load admittance. A plot of the loss as 
a fimction of the image load admittance can be made in the form of a 
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surface, where the height of the surface above a particular point in the 
complex half plane corresponding to positive image load conductances 
gives the loss associated with that particular value of the image termina¬ 

tion. For some crystal units, the loss is highest for open-circuited image 
terminals and falls to a minimum at large absolute values of the load 

admittance. For other possible crystals, the reverse might be true, 

and for still others a maximum loss, or a highest point of the surface, 
might occur for a load consisting of a pure conductance, with the mini¬ 
mum loss at open circuit. 

The determination of the best image-frequency load admittance for a 

crystal of a particular type must be done experimentally. There are 
two ways in which this can be done. One way is to measure certain 
differential coefficients descriptive of the crystal mixer. R. H. Dicke and 

S. Roberts^ have shown that the coefficients of the linear-network repre¬ 
sentation of the crystal converter can be expressed in terms of these 

differeritials, which in turn can be found by measurement of the r-f 

admittance at the local-oscillator level and measurement of the d-c 
characteristics. Examples of differentials to which the description of the 

converter has been reduced are the rate of change of direct current with an 

applied d-c voltage, the rate of change of the direct current with the r-f 
power, the rate of change of r-f conductance with the applied d-c voltage, 
and the rate of change of r-f conductance with r-f power. It was possible 

to show that from these differentials, the coefficients of Eq. (5), descrip¬ 
tive of the converter in question, can be evaluated and therefore the 
conversion loss for any particular image-frequency load can be evaluated. 

Also from these measurements, the value of can be found and, 
therefore, the loss can be calculated for the conversion of an r-f signal 
to an i-f signal, or of an i-f signal to an r-f signal. This treatment has 

been extended by H. C. Torrey and is discussed in detail in Vol. 15 of 

this series. 
The magnitude of the variations in the minimum loss of a converter 

with ordinary crystal units, resulting for different image-frequency 
loads, has been found by calculation from the differential coefficients to be 
about 1.5 db. The loss can usually be made either greater or less than the 

value obtained with an image-frequency load equal to the signal-generator 

admittance. The loss with equal signal and image loads is usually about 
midway between the two limits. Thus there might be a reduction of 

about f- db in conversion loss to be gained by choice of the best phase of an 

image-frequency reflection in the converter. Because the noise tem¬ 
perature of the converter may also be affected by the reflection of the 

' R. H. Dicke and S, Roberts, “Theory of Radar Mixers,” RL Report No. 287, 
July 16, 1942. 
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image frequency, the effect of the image-frequency reflection on the over¬ 
all noise figure is not determined by the loss alone. 

Another measurement that can be made to determine the effect of the 
image-frequency load on the loss is the direct measurement of the loss 
for various values of the image-load admittance. Direct measurements 
of the available i-f power, for a particular value of available signal power, 

are diflScult to make because the i-f output admittance and the signal 
admittance of the mixer depend on the image-load admittance. For 
each experimental value of the image admittance, the r-f matching must 

be adjusted for minimum loss, since otherwise the effect of a mismatch 
may give rise to a change in the measured loss, which obscures the effect 
imder investigation. If the available i-f power is found by measurement 

of the power delivered to an i-f load, the admittance of the i-f load must 

be such that the load absorbs all the i-f power available, or the power lost 
because of mismatch must be known for each value of the admittance of 

the image-frequency load. 
Experiments of this sort have been carried out at the Radiation 

Laboratory and elsewhere, and the results were substantially in agree¬ 

ment with the predictions from the measurements of the differentials. 
In the experiments a variable length of line was used between the mixer 
unit and a resonant TR switch. The TR cavity provides almost a 

complete short circuit of the input line of the mixer at the image fre¬ 
quency, whereas it provides a matched generator at the signal frequency, 
when the signal generator is connected to the input side of the TR cavity. 

The r-f tuning of the mixer was such that when the TR cavity was not 

present and the image frequency was therefore not reflected to the mixer, 
the mixer represented a matched load on the waveguide. Under this 

condition, the signal admittance of the mixer with the TR cavity in 
place should fall on a circle of constant reflection coeflScient for all lengths 
of the line between the TR cavity and the mixer. Variation of the length 
of this line, therefore, should not change the reflection loss on the r-f 

side of the mixer. The i-f load admittance was made equal to the complex 
conjugate of the i-f output admittance of the mixer when the TR cavity 
was removed and the input line was thus matched at both the signal and 

the image frequencies. With the TR cavity in place, the i-f output 
admittance measured relative to the i-f conductance with no TR cavity, 
should then fall, for all lengths of the line bet^^een the TR cavity and the 

mixer, on a circle about the center of a Smith chart. In this manner, the 

reflection loss on the i-f side is made to be independent of the r-f line 
length. With these precautions the results were still not considered to be 

very dependable, but no gross disagreement with the results of other 
methods was found. 

According to the calculations based on the differential coefficients, the 
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nxinimum and maximum values of the loss should occur when the suscep- 
tance has the same value as when the TR cavity is not present. This 
prediction was not verified, however, and therefore, measurements 

were made of the i-f output admittance as a function of the line length. 
Instead of a circle on a Smith chart, a curve reproduced in Fig. 2-20 
was found, where the experimental points are indicated by the crosses and 
the closed contour is a smooth curve drawn through them, consistent 

Fig. 2-20.— Locus of the i-f admittance of a converter as the phase of the image reflection 
is varied. 

with the probable experimental error. It will be observed that there is a 

considerable departure from a circle in the values of the susceptance for 
conductances higher than the characteristic conductance. The values of 
the maximum and minimum conductances, however, if put into Eq. (47), 

give a loss for the mixer which agrees well with a previous direct measure¬ 
ment of the conversion loss of the same crystal. A circle representing the 
expected locus of the i-f admittance as a function of the r-f line length is 

also drawn in the figure for comparison. In addition, the value of the 
conductance was measured with the TR cavity removed, and it was 
found to be exactly the geometric mean of the minimum and maximum 
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values, or as predicted from the linear-network representation. 
Thus the only disagreement is in the susceptance values of the i-f admit¬ 
tance, and no explanation for this has been found. A possibility is that a 
variation in a harmonic-frequency load is responsible, but, since the line 
length was changed by the use of a long split waveguide of variable 
width, it is improbable that the variation of the effective length of the line 
at harmonic frequencies would bear a simple relation to that at the 
fundamental frequency. Since the figure appears to be closed, such a 
relation would be necessary if a harmonic frequency were responsible 
for the distortion of the circle. 

2-11. Measurement, with an Admittance Bridge, of the Dependence 
of Conversion Loss on the Image Reflection.—Another measurement of 
the dependence of the conversion loss on the image-frequency load 
admittance was carried out for several crystal units by means of measure- 

)MA 

Fio. 2*21.—Apparatus for measurement of effect of reflection of the image-frequency wave 
on conversion loss. 

ment of the impedance loss of a mixer with several different lengths of line 
between the crystal and the TR cavity. The apparatus with which this 
was done was an admittance bridge, which will be described in Chap. 8. 
The TR cavity and the variable length of line between it and the crystal 
were considered to be included in the circuit represented by a linear 
network. The resulting impedance loss therefore included the loss in the 
TR cavity. Figure 2-21 shows a block diagram of the converter and 
variable i-f load circuit that were used. Since the shunt admittance of 
the i-f resonant circuit appears as a part of the converter circuit and 
contributes to the loss, pains were taken to make it sufficiently small to 
contribute only a negligible amount to the loss. With the coil used, the 
shunt admittance was less than twenty micromhos and this is very much 
smaller than the several thousand micromhos usually encountered as the 
output admittance of a crystal converter. 

The procedure of the experiment was as follows. For a particular 
setting of the variable line length, the switch S was first set in position 
(1), giving an i-f load admittance equal to the complex conjugate of the 
i-f output admittance of a mixer with an average crystal and no TR 
cavity. Then the mixer tuner was so adjusted that a small signal at the 
signal frequency was not reflected from the TR cavity. At the same time 
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the coupling and frequency of the local oscillator were set to the correct 
values. This tuning serves to establish nearly the proper loading on the 
TR cavity. If a large standing-wave ratio existed in the line between the 
mixer and the TR cavity, the part of the total conversion loss contributed 
by the TR cavity would be large, and a variation in it might obscure the 
effect under investigation. 

Next, the switch S was put at position (2) and the tuner on the input 
side of the TR cavity was adjusted to make the small signal pass into the 
tuner and converter without reflection. This made G»o equal to the char¬ 
acteristic admittance of the waveguide. Next, the switch was put into 
position (3) and the variable condenser adjusted for maximum reflection 
of the small signal at the input terminals of the first tuner. Under these 
conditions, the ratio (jm/j/Goc/j is equal to the voltage standing-wave ratio, 
and Eq. (43) may be written as 

L. - (49) 

From this expression, the impedance loss was calculated for that partic¬ 

ular setting of the variable line 
length. The line length was ad¬ 
justed in units of about 15® of phase 
and the whole procedure was re¬ 
peated for each setting. Curves 
showing the impedance loss of the 
converter, including the loss of the 
TR cavity, as a function of the set¬ 
ting of the variable line length, for 
three representative crystals, are 
shown in Fig. 2-22. Because the 
loss measured by this apparatus, 
with the TR cavity removed, agreed 
well with the calibration of the 
crystals by other methods, it was 
assumed that reciprocity held and 

the impedance loss was the same as the loss for conversion of the signal 
from radio to intermediate frequency. 

It will be observed that the curves do not show a cyclic variation of 
the loss as a function of line length, as would be expected. One reason for 
this might be that, for each line length, the mixer tuner was adjusted to 
establish the proper load admittance for the TR switch and this adjust¬ 
ment has some effect on the phase length of the line between the TR 
switch and the crystal. It is therefore possible that the actual phase 
length of the line was not a simple, function of the setting of the line-length 

Setting of the variable line length in arbitrary units 

Fig. 2-22.—Three representative curves 
for the impedance loss of a converter includ¬ 
ing a TR cavity, as a function of the length 
of the line between the TR cavity and the 
crystal. 
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adjustment. Another possibility is that the harmonics and other 
high-order waves developed by the crystal, which would be reflected to a 

large extent by the TR cavity, are responsible for the irregularity. 

These higher-frequency components would be affected in various ways 
by the setting of the line-length adjustment. The line length was 
varied by means of a polystyrene wedge that could be slid from the side 

to the center of the waveguide. This explanation of the irregularity 
would be in agreement with some measurements made at the Bell Tele¬ 
phone Laboratories on the effect of the image-frequency load on the 

conversion loss by the direct measurement of output power. It was 
reported that, in these experiments too, very irregular results were 
obtained until harmonic chokes were installed in the mixer unit. These 

chokes prevented the transmission of the frequency components in the 
region of the second harmonic back into the adjustable line and so to the 
TR cavity, and the curves obtained for the loss as a function of line length 

with the chokes in place were simple and periodic. The peak-to-peak 
variations were about the same as in the curves of Fig. 2-22, although, 
since they did not apply to the same crystals, no exact comparison could 

be made. 
An attempt was made to discover which line length corresponded to 

minimum loss. For each point of the curves of Fig. 2-22, the setting of 
the i-f condenser which maximized the standing-wave ratio was observed 
and from this the imaginary part of the i-f admittance could be estimated. 
The maxima and minima all seemed to correspond to real i-f admittances, 
in accordance with predictions from the linear-network representation, 

and independent measurements of the admittances for some of these 
points showed that, in most cases, the minimum loss occurred for the 

minimum-conductance point of the i-f admittance contour. This, 
however, was not always true; that is, with some crystals the maximum 
conductance point gave minimum loss. It thus appears that consider¬ 
ably more data must be obtained before it will be possible to include, in 

the design of converters, the image-frequency termination giving the 
minimum possible conversion loss. None of the designs to be described 

in later chapters includes this feature. Before it could definitely be stated 

that the converter should be designed for minimum loss in this way, the 
effect of the image-frequency load admittance on the noise temperature of 
the converter would have to be measured. Also, the fact that a low i-f 

conductance is usually associated with the best conversion efficiency 
makes the design of input circuits having a wide pass band difficult 
because the i-f capacitance of the output terminals of the mixer unit 

cannot be correspondingly reduced. If, on the other hand, there is a 
further decrease in the conversion loss of available crystals, it will become 
more important to include the proper image-frequency load in the 
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converter. At present, it appears that with ordinary crystals only a 
fraction of a decibel is to be gained by the reflection of the image wave in 
the best phase. An experiment on the effect of image reflection on both 

the noise temperature and the conversion loss has been performed by 
E. R. Beringer, M. C. Waltz, and C. P. Gadsden. The apparatus used 
for this experiment is described in Chap. 8. The results show that 

the over-all noise figure can be definitely improved by the proper choice 
of the phase of the image reflection, because the noise temperature did not 
change to compensate for the decrease in conversion loss. Experiments 

similar to this should be done for large numbers of crystals to determine if 

a fixed image-frequency reflection could be used for all crystals and over a 
broad band of frequencies. 

2*12. The Effect of Reflection of the Second Harmonic.—As has 
already been stated, the crystal mixer contains frequency components 
at the second harmonic and at higher frequencies. The treatment of 

these harmonics is likely to have some effect on the i-f admittance, the 
loss, and the signal admittance. Some manifestations of these fre¬ 
quencies have already been mentioned in Sec. 2T1 but a few remarks 
about some experiments that dealt independently with the higher- 

frequency components are in order. These experiments have been 
primarily concerned with the effect on the conversion loss of the load 
admittance at the frequency of the second harmonic. 

The first observation of an effect of waves having frequencies at the 
second harmonic of the local-oscillator or signal frequency was made at 
the Bell Telephone Laboratories in conjunction Avith experiments on a 

coaxial-line mixer designed by W. M. Sharpless^ for 3000 Mc/sec. One 
of the design parameters was the position of an abrupt change in the 
diameter of the center conductor of the coaxial line connecting to the 

crystal. The signal generator could be matched into the mixer, for any 
position of the step change in diameter, by two other adjustments. 
Data were taken of the conversion loss as a function of the position of the 

step, with the signal-generator admittance adjusted for minimum loss at 
each position. When these data were plotted it was found that the 
conversion loss varied cyclically, with a repetition occurring for a motion 

of about 2.5 cm. Any variation caused by changes of admittances at 
the fundamental frequency would have repeated at each half wavelength, 
or 5 cm, of motion. Therefore, the observed variation was attributed to 

second-harmonic components. The magnitude of the variation was 
between 0.5 and 0.75 db from minimum to maximum. The final mixer 
design was chosen with the step in the position of minimum loss, and this 

* W. M. Sharpless, '*The Influence of Harmonics on 10-centimeter Performance of 
Silicon Crystal Converters,” BTL Report MM-42-160-80, July 24, 1042. 
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Qiixer has since been used as the standard test mixer for acceptance tests 
of 1N21, 1N21A, and 1N21B crystals. 

In the process of establishing the crystal-test specifications, measure¬ 

ments were made of large numbers of crystals in mixers of many different 
designs. None of the other mixers had dimensions specifically chosen for 
optimum second-harmonic effect and yet no large disagreements were 

observed between the average values obtained with the various types as 
long as the signal-frequency matching was made to correspond to the 
same tuning condition. It might be that an effect due to the second 

harmonic is very frequency-sensitive, and also requires individual 
adjustment for each crystal unit because of variations in the effective 
phase length of the cartridges. It appears that equally good conversion 

losses are obtained on the average with 3000-Mc/sec mixers that have 
no provision for reflection of the harmonics in the best phase. If it were 
considered worth while to include adjustments in a mixer which would 

allow the best possible performance to be obtained from each individual 
crystal, it would perhaps be reasonable to include, in addition to adjust¬ 
ments for the signal matching, the local-oscillator injection, and the 

image-frequency termination, an adjustment to give the best load 
admittance at the frequency of the second harmonic. It is doubtful that 
the termination for the second harmonic could remain optimum over the 

wide band of frequencies in which most mixers are now designed to be 
used. A mixer that contained all these adjustments would probably be 
very difficult to tune, unless each of the adjustments could be made 

independently of the others. 

There have also been experiments in the 3-cm region (9000 to 10,000 
Mc/sec) for the purpose of finding the effect of second harmonics on the 

conversion loss. For one of these experiments, also made at the Bell 

Telephone Laboratories, a mechanism indicated in Fig. 2-23 was used. 
A common crystal mount in this frequency range has a crystal mounted 

across the waveguide, along the narrow dimension. The waveguide 

extends a short distance beyond the crystal and is then short-circuited by 
a plate or a sliding plunger. The distance to this short circuit determines, 

in part, the tuning of the mixer at the signal frequency. Instead of an 
ordinary plunger, the mixer of this experiment had a thin plate extending 
across the waveguide along the narrow dimension in the center of the 

wide dimension and continuing in this position a considerable distance 
back along the waveguide. Except for a small phase shift, this plate 
acts in the same way, at the fundamental frequency, as a short-circuiting 
plate or plunger filling the whole cross section of the guide, since the 

half-width waveguides on either side of the diaphragm are waveguides 
beyond cutoff for the fundamental-frequency waves. At the frequency 
of the second harmonic, however, these half-width guides are wide 
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enough to allow propagation. Short-circuiting strips in the small guides 
can be adjusted to control the admittance of the waveguide at the 
harmonic frequency. Observation of the output power from the con¬ 
verter, with fixed input power, revealed a cyclic variation which repeated 
with the proper distance of motion of the two side strips to correspond to a 
second-harmonic effect. The variation observed totaled about 0.5 db 

from minimum to maximum. When the two side strips were replaced by 
resistive cards, tapered to give small reflections, the observed output 

I'lo. 2-23.—Back plunger, iadepoudently adjustable for fundamental and harmonic 
frequencies. 

power was about midway between the maximum and minimum values 

found for the metal strips. 
A similar experiment was undertaken in which the apparatus used for 

the measurement of conversion loss by the admittance method was used. 
This apparatus also operated at about 3.2 cm and contained waveguide of 
0.400 by 0.900 in. inside dimensions. A short-circuiting plate was used 
over the end of the waveguide behind the crystal mount. To detect an 
effect due to the harmonic admittance of this part of the mixer circuit, 
this plate was replaced with one in the center of which was inserted a 
waveguide of 0.170 by 0.420 in. inside dimensions, as shown in Fig. 2*24, 
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Because this waveguide was beyond cutoff for the fundamental fre¬ 
quency, the motion of a short-circuiting plunger in the small waveguide 
would not affect the fundamental waves but would be expected to affect 

the admittance to the second har¬ 
monic and higher frequencies. In 
the second experiment, the tuner 
for the harmonic couples to a har¬ 
monic wave in the dominant mode 
only, whereas the tuner in the first 
experiment couples to both the 
dominant and the second modes. 

A change in the conversion loss 
of the mixer, caused by a change in 
the position of the small plunger, 
would produce a change in the 
admittance measured with the i-f 

leads either short-circuited or open-circuited, or for both conditions. 
When this experiment was tried, with several representative 1N23A and 
1N23B crystals, however, it was found that the effect on the admittances 
of moving the plunger was much smaller than could be measured, for both 
conditions, although the apparatus 
had sufficient sensitivity to detect a 
change in conversion loss as small as 
0.05 db. The effect of harmonic 
frequencies would be expected to be 
larger for crystals designed to oper¬ 
ate at the frequency of the second 
harmonic. An adapter was made 
to try IN26 crystals normally used 
in the 1.25-cm band and for these 
crystals also, a negative result was 
found. 

In an effort to make the tuning 
of the load admittance at the har¬ 
monic frequency cover a wider 
range, a tuner illustrated in Fig. 
2-25 was tried. This tuner con¬ 
sists of two small waveguides con¬ 
nected at right angles to the full-sized waveguide, about five-eighths of a 
harmonic wavelength apart. Sliding plungers in the small waveguides 
affect only the admittance at the harmonic frequencies because the wave¬ 
guides are too narrow to support waves at the fundamental frequency. 
The section of waveguide containing these side arms was placed in the line 

Fig. 2*26.—Harmonic-frequency admit¬ 
tance tuner. 
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between the signal generator and the mixer. In this experiment no 
measurable effect of the position of the plungers on the value of the 
admittance of the converter at the signal frequency was found. In both 

these experiments, a slight change in the admittance of the mixer, which 
repeated at settings of the plungers corresponding to half-wavelengths 
at the second-harmonic frequency, was detected. The change was 

not large enough, however, to allow measurement of a change in the 
impedance loss. 

Unfortunately, a direct measurement of output power was not tried 

with these same harmonic tuning devices. It may be suggested, however, 
that the reflection of the second harmonic appears in the reciprocity term 
\Ya0\/\y$a\y in the expression for the conversion loss and therefore 
affects the actual conversion loss but not the impedance loss. This 
possibility may have further foundation in the fact that Dickers proof 
of the 1 eoiprocity theorem requires certain relations to hold between the 

phases of the harmonic and fundamental frequency components in order 
that a time zero can be chosen about which the potential across the 
barrier may be expressed as an even function of time. 

Like the image-frequency effects, the harmonic effects cannot be 
evaluated in terms of the possible improvements in the over-all noise 
figures of receivers without parallel experiments on the effect on the 

noise temperature of the converter# No such experiments are known to 
the author. It appears, at the present time, that the image-frequency 
termination has a greater influence on the over-all performance than the 

harmonic-frequency termination. The effects of the load admittance at 
harmonic frequencies are small compared with the variations among 
crystals. Making a converter circuit that has a wide pass band and 
includes optimum terminations for the image and harmonic frequencies 

throughout this band is not a simple task. Whether a fixed setting of 
these terminations would give, even at a single frequency, optimum or 
nearly optimum performance with the majority of crystal units, cannot be 
decided until further data have been accumulated. These are some of the 
questions that were not answered satisfactorily during the war because 
they were of less importance to radar development than was the develop¬ 
ment of converters and mixers for new frequencies and types of service. 

2*13. The Welded-contact Germanium Crystal.—A recent develop¬ 

ment in crystal units, reported by H. Q. North of the General Electric 
Company, has resulted in crystal rectifier units that behave very differ¬ 
ently from any others previously observed. A description of their 

behavior is most easily given by an account of the experiments that led 

to the discovery of the unusual properties. 
These crystal units were originally intended for use at 25,000 Mc/sec, 

and were developed as a part of a program of research on germanium 
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crystals. Very great care was taken in the preparation of the ger¬ 
manium and the cat whisker and these parts were assembled into a 

cartridge resembling that of the 1N26 crystal (to be described in a later 
section of this chapter) to allow their use in the standard r-f circuit. 
The whisker was supported on a glass bead which was sealed into the 
outside cylinder of the cartridge, and the contact was made with very 
light pressure. It has been observed with other germanium units that 
some improvement in the conversion characteristics could be obtained 

if the crystal was subjected to a rather large direct current for a short time 
before it was used. In making an experiment on this effect, North 
discovered that a current of several hundred milliamperes in the forward 
direction could be passed through the unit without apparent damage to its 

high-frequency characteristics. The result of this large current was that 
the tip of the platinum-ruthenium-alloy cat whisker became so hot that 
it fused and became welded to the germanium. That such a weld was 

produced was verified by measurement of the force required to pull the 
whisker away from the germanium. This force was found to be sufficient 
to break the whisker itself. The crystal units resulting from this process 

seemed at first to be comparable, in their behavior at 25,000 Mc/sec, with 

silicon units of more conventional design. If for no other reason, 
welded crystals would have been interesting because of their great 

mechanical and electrical stability. 
Because these units did not have the same r-f characteristics as the 

1N26 units, it was thought probable that their conversion loss, as meas¬ 

ured in the test set for the 1N26, suffered considerably from reflection of 

the signal. As a consequence, they were tried at 3.2 cm. The 3.2-cm 
test set was equipped with a tunable crystal holder and it was found that, 

when the crystal holder was tuned for maximum delivered power, the 
losses of the welded units were as small as 3 db. An additional adjust¬ 
ment was used in the form of a d-c bias voltage in the forward direction. 

This bias voltage had a considerable effect on the minimum conversion 
loss obtainable and was retained as part of the converter circuit in all the 

subsequent experiments. Since the test set has the same load admit¬ 

tances at the signal and image frequencies, it was thought that these 
crystals were exhibiting the smallest loss compatible with the representa¬ 
tion as a passive network. Therefore, a few readings of a few tenths 

of a decibel less than 3-db loss were considered to indicate a small error in 

the absolute calibration of the test set. 
To verify the result obtained with the test set, the loss of a few of the 

best units was measured by the admittance-bridge method, described in 
Sec. 2*11. No resonant circuit was used to separate the image termina¬ 
tion from the signal-frequency termination, but the result of the experi¬ 
ment was that the reflection coefficient, for the open-circuit switch 



Sec. 213] THE WELDED OERMANIUM CRYSTAL 89 

position and optimum load susceptance, was as large as unity for some 
crystals. The impedance loss was therefore unity, indicating that the 
same power should be available from the i-f terminals of the converter as 
was available from the r-f signal generator. For some crystals, the 
reflected wave from the crystal seemed to be a little larger in amplitude 

than the incident wave, but this was thought to be an experimental error. 
In order to obtain the best results it was necessary to adjust the level of 

0 

0.25 
Fia. 2-26.—I-f admittance of a welded-contact crystal. 

the local-oscillator power and the magnitude of the forward d-c bias 
voltage, and with each crystal several tests were made in search of the 
optimum combination of these adjustments. The experiment definitely 

confirmed the result of the earlier one. 
In the experiment with the test set it had been found that the con¬ 

version efficiency was better if the 400-ohm i-f load resistance normally 
used was changed to 800 ohms. The test set measures the ratio of the 
available r-f power to the i-f power delivered to the load, and not the true 
conversion loss. Further experiments with this test set showed that 
still more i-f power was delivered to even larger i-f load resistances. The 
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loss factors became less than 3 db for many crystals and, for some, were 

even less than 0 db. This corresponds to an actual power gain, and it 

occurred without any isolation of the image terminals. An experiment 
was done to determine the i-f output admittance of a converter using 
these crystals, to discover the optimum load admittance. Since such a 

low loss must depend markedly on the r-f tuning, provision was made to 
include tuning of the r-f circuit by means of a sliding-screw standing-wave 
generator in the r-f-input waveguide. Local-oscillator power and a d-c 

bias voltage were provided. With the tuning screw inserted for a large 

reflection, the i-f (30 Mc/sec) admittance was measured for various 
positions of the screw along the waveguide. The result of this experiment 

is shown in Fig. 2*26, plotted on a Smith admittance chart. The signifi¬ 
cance of the extension of the contour outside the circle representing the 
ordinary complex half-plane, is that negative conductances were encoun¬ 

tered for some conditions of r-f tuning. The circle of zero conductance 

is the normal boundary of the Smith chart, but if negative conductances 
are included these become circles of larger diameter and, like the circles of 

constant positive conductance, have centers on the real axis and pass 

through the infinite-admittance point. 
The discovery of the negative i-f conductance of the welded-contact 

germanium crystals explained the experiments in which a conversion loss 

of less than unity was found, as well as the fact that this was obtained 
only under critical conditions of the r-f tuning. A device having a 
negative conductance can be made into an oscillator if it is loaded by a 

positive conductance of absolute value smaller than that of the negative 
conductance itself. The same device may be used as an amplifier with a 
true power gain if it is loaded with a conductance just too large to 

allow oscillation. The crystal, when used as a converter, delivered 
an increasing amount of power to the load as the load conductance 
was increased. When a resistance of several thousand ohms was used 

as the i-f load, a conversion gain of more than 10 db was obtained. 
The crystal was therefore acting as a regenerative converter. Further 
confirmation of the existence of the negative i-f conductance was 

obtained by connecting the converter to a shunt-resonant circuit, which 
had a shunt conductance smaller in absolute value than the measured 
negative conductance of the converter. Oscillation at the resonant 

frequency of the tuned circuit was obtained for all frequencies from 
5 to 45 Mc/sec, and a later experiment at the General Electric Company 
revealed oscillation near 10,000 Mc/sec, when the crystal was tried in a 

converter with a local oscillator at 26,000 Mc/sec. A negative i-f 
conductance has not been produced with crystals of other types. 

The d-c characteristic of the welded-contact units is also different 

from that of other units. A curve resembling the d-c characteristic of a 
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typical unit is shown in Fig. 2*27. The slope of the curve in the vicinity 
of the origin corresponds to a resistance of several megohms whereas the 
steepest part of the curve on the right side has a slope corresponding to 
a resistance of about 3 ohms. As 
mentioned previously, this part of 
the curve is a measure of the spread¬ 

ing resistance of the crystal and, 
with ordinary silicon units, it is 
about 60 ohms. On linear scales, 

the d-c characteristic appears to 
have a sharp bend in the forward 
direction, but the position of this 

bend on the voltage axis depends 
upon the scale of the current coordi¬ 

nates. A formula deduced on theoretical grounds, which expresses the 
relatioa between current and voltage applied across the barrier of the 
crystal in the forward direction is 

I = A(e'^^ - 1), (50) 

where e is the electronic charge, k is Boltzmann’s constant, and T is 
the absolute temperature. The constant A is related to the density 
of current carriers in the semiconductor and the area of the contact, and 

V is the voltage across the rectifier unit minus the drop in the spreading 
resistance. The d-c characteristic of the welded-contact crystal has been 
measured carefully and it is found to follow this formula closely over a 
wide range of current. When the logarithm of the current is plotted 
against the applied voltage on a linear scale, the plot is a straight line 
over six decades of current. Similar curves for other crystal units follow 

the formula over only two or three decades at most, and the slope does not 
agree closely with the formula. For the welded-contact crystal, H. C. 
Torrey has sho^vn that the d-c characteristic can be used to calculate the 

value of the electronic charge. Using a more precise formula than Eq. 
(60), Torrey obtained a value for e agreeing with the accepted value 
within experimental error. The d-c characteristic of the welded-contact 

crystal thus agrees more closely with the theoretical prediction than do 
the d-c characteristics of the more common types. 

If the d-c characteristic of a welded-contact crystal is displayed on an 

oscilloscope when the crystal is mounted in a converter with local-oscil¬ 

lator power incident, the presence of the negative conductance can be 
observed. For ordinary crystal units, a curve similar to that shown in 

Fig, 2-28 is obtained. The intercept with the current axis is the rectified 

current caused by the incident r-f power, and the plot shows the total 
current for bias voltages of both signs. The shape of the curve for a 

Fio. 2*27.—D-c characteristic of welded- 
contact germanium crystal. 
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conventional crystal is not very much affected by the r-f tuning but, when 
the welded-contact units are tried, the situation is changed. Depending 
upon the r-f tuning, a variety of curves can be produced and among them 

Fio. 2*28.—D-c characteristic of normal 

are curves resembling those of Fig. 
2*29a and 6. The curve of Fig. 
2-29a is not much different from 
the curve for an ordinary crystal, 
but that of Fig. 2-296 clearly demon¬ 
strates the negative conductance 
and the fact that it is most easily 
obtained with a small forward bias 

crystal with local-oscillator power incident 

simultaneously. 
voltage applied to the crystal. 
Other effects on the d-c character¬ 

istic could be obtained by adjusting harmonic-frequency admittances in 
specially designed r-f circuits. 

A theory of the source of the negative i-f conductance of these crystals 
has been given by Torrey. He has shown that the i-f conductance of a 
crystal can be made negative under certain conditions of r-f tuning, if the 

variation of the barrier capacitance with the voltage applied across the 
barrier is taken into account. The negative conductance should show up 
only in units which have very small spreading resistances, as have the 
welded-contact crystals, and for high-frequency local-oscillator voltages. 

' It 

(a) (*>) 
Fig. 2*29.—D-c characteristic of welded germanium crystal for two conditions of r-f tuning. 

where the effect of the capacitance on the rectification efficiency is con¬ 
siderable. There is no possibility of producing the negative conductance 
in the absence of local-oscillator voltage, because it is from this source 
that the necessary energy associated with the negative conductance must 
come. 

If, because its conversion gain can be made large, a crystal of this 
type could be used to obtain a receiver having a smaller effective over-all 
noise figure than is obtained with conventional crystals, it would be of 
great importance as a converter for a microwave receiver. Experiments 
by E. R. Beringer, M. C. Waltz, and C. P. Gadsden, with an apparatus 
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similar to one described in Chap. 8, showed that the noise power available 
from the converter, when the converter is operated in the condition of 

negative i-f conductance, was also large. As a result, it was not found 
possible to obtain with these crystals, in any of the many tuning condi¬ 
tions tried, an effective over-all noise figure smaller than can be obtained 
with conventional crystals. The tuning conditions tried included the use 

of separate tuning of the signal-frequency and image-frequency circuits, 
but the only advantage of the converter over one using a conventional 
crystal was that the greater output power allowed the use of some¬ 

what reduced gain in the i-f amplifier. When operated in a tuning condi¬ 

tion in which a negative i-f conductance was obtained the over-all noise 
figure was not very much larger than that obtained with conventional 

crystals. The tuning is critical, however, and a receiver, the perform¬ 

ance of which depends on the large conversion gain, would be difficult to 
keep ir proper adjustment. 

Sorie attempts to make regenerative and superregenerative converters 
were made but they were not carried very far. The use of germanium 
crystals for such converters may have importance in lightweight appara¬ 

tus, because the i-f amplification required could be considerably reduced. 

The noise power available from crystals of this type may be reduced by 
further research, and such a development would allow lower receiver 
noise figures to be obtained. The treatment of the image and harmonic 

frequencies in converters designed to operate with germanium crystals 
would hi, much more important than it is with the crystals in use at 
present. A more complete discussion of the welded-contact crystals, is 

given in Vol. 15 of this series. 
2«14. The Converter Noise Temperature.—The noise temperature 

was defined in Chap. 1 and reference to it has been made in connection 

with the effect of the image load admittance on the loss"and in the discus¬ 
sion of the welded-contact germanium crystal. The magnitude of the 
effect of a given noise temperature on the over-all noise figure of a receiver 

depends on the magnitude of the noise figure of the i-f amplifier. With an 
i-f amplifier having a noise figure of unity, a change in the noise tempera¬ 
ture of the converter by a given factor produces a change in the over-all 

noise figure by the same factor. Since amplifiers with noise figures 
smaller than two can now be made, it is important that the noise tempera¬ 
ture of the converter be as small as i>ossible. 

The noise temperature of a crystal converter is never less than unity. 
By definition, it would be unity if no excess noise were developed in the 
crystal itself and the noise power available from the converter were only 

the Johnson noise associated with the i-f output admittance. If the 
conversion loss of the unit were very small, the i-f admittance of the con¬ 
verter would have a temperature determined by the objects and the 
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^haoThing media in the field of view of the ante^ When the noiee 
temperature of a converter ia measured, however, the antenna is replaced 
by an r-f resistance at room temperature and, 1/ no excess noise were 
developed in the converter, the noise power available from the converter 
would be kTB, where T is room temperature. 

As a result of the research on semiconductor crystals and on techniques 
of preparation and manufacture of rectifier units, the noise temperature of 
units now available has become considerably smaller than that of early 
units. The excess noise developed by the crystal unit is associated with 
the flow of current through the barrier; this current consists of a flow of 
discrete charges and, consequently, has a nonuniform character. The 
approximately linear relationship between the noise temperature of the 

converter and the crystal current, which is roughly proportional to 
the incident local-oscillator power, bears out the theory that the noise is 
similar to the shot-effect noise in a diode. If there is no incident local- 
oscillator power, the crystal no longer acts as a frequency converter, and 
the available noise power is just Johnson noise. 

In order to specify the quality of a crystal as a converter, it is neces¬ 
sary to give the conversion loss and the noise temperature corresponding 
to the same amount of local-oscillator power. The magnitude of local- 
oscillator drive should be chosen to be the magnitude for which optimum 
over-all noise figure is obtained in a receiver using the crystal as a con¬ 
verter. The optimum local-oscillator power depends on the noise figure 
of the i-f amplifier following the converter. The local-oscillator drive 
chosen for the specification of the loss and noise temperature is that which 
results in the minimum over-all noise figure in a receiver using an i-f 
amplifier with a noise figure typical of present production. If a receiver 

uses an i-f amplifier with a smaller noise figure, the optimum value of the 
over-all noise figure is obtained with less local-oscillator drive. For 
best results, the optimum local-oscillator level should be determined 
experimentally. Since the over-all noise figure does not vary rapidly 
with local-oscillator drive in the region of the minimum, a small departure 
from the optimum local-oscillator drive does not entail a large increase in 

over-all noise figure. 
It has been found that the noise temperature of a crystal converter, 

unlike the conversion loss, is not independent of the intermediate fre¬ 
quency at which it is measured. In general, it is found to be lower at 
high intermediate frequencies than at low ones, although at frequencies 
above a few megacycles per second the variation with frequency is not 

very pronotmced. Since 30 Mc/sec is the most common intermediate 

frequency, the noise temperature of most crystals is measured at that 
frequency, although some are measured at 60 Mc/sec, also a common 
intermediate frequency. 
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For some purposes it is desirable to have a receiver with an i-f ampli¬ 
fier at a frequency lower than this, or even to connect an audio-frequency 
amplifier to the output terminals of a frequency converter. It is easier 
to make an i-f amplifier having a very narrow pass band at low frequencies 
than at high frequencies, and for this reason a low intermediate frequency 
might be desired. An audio-frequency amplifier might be used in an 
application such as c-w radar, where the reflected wave received differs 
from the transmitted frequency because of the doppler effect with a 
moving target. It is important to realize that the noise temperatures 

usually quoted for crystal converters apply at 30 Mc/sec and that the 
temperature at low frequencies is considerably higher. If a narrow pass 
band is desired, it is usually better to use a double i-f system, where the 

first amplifier stages operate at 30 Mc/sec or more, and a second fre¬ 
quency conversion is made to allow the use of a narrower, low-frequency 
amplifier. 

Measurements, made at the University of Pennsylvania, of the noise 
temperature in the video- and audio-frequency range, show that the noise 
temperature of a crystal converter increases as 1// in this range. The 

values common at a low audio frequency are very large. At 100 cps, a 

noise temperature as large as 10^ is common. The noise figure of a 
receiver using an audio-frequency amplifier would be correspondingly 

large. The minimum signal power detectable with such a receiver would 
be very much larger than that detectable with a receiver having the same 
bandwidth but a high intermediate frequency. This same limitation is 
encountered when crystals are used as rectifiers for experimental purposes 
and small changes in the rectified current are intended to show small 
changes in the incident r-f power. Because of the low-frequency noise, 
there are slow changes in the rectified current with a fixed incident r-f 
power, and the fractional change in incident power which can be detected 

is therefore limited to a rather large value. 
Usually, the noise temperature of a crystal converter is raised if a 

backward bias voltage (one in the direction of high resistance) is applied 
to the crystal. For this reason, it is advisable to keep the resistance of 
the circuit through which the crystal current flows as low as possible. 

For the purpose of filtering, resistors have been used in series with the 
crystal-current leads but, because the flow of crystal current through such 
resistors develops a backward bias voltage at the crystal unit, it is not 

advisable to use such resistors unless they are small or are shunted by i-f 
chokes of low d-c resistance. A total resistance of about 100 ohms can be 
tolerated in the crystal-current path without producing an appreciable 

deterioration in the over-all noise figure of the receiver. Since the crystal 
current is usually less than 1 ma, a backward bias voltage of less than 0.1 

volt can be tolerated. 



96 CRYSTAL RECTIFIER UNITS [Sec. 215 

Specific values and an outline of the method of measurement of the 
converter noise temperature of crystals of various available types are 

given in later sections of this chapter. It must be remembered, however, 
that since all the standard tests are made at 30 M c/sec and at higher fre¬ 
quencies, the test specifications cannot be used to estimate the noise ^ 

figure of receivers using intermediate frequencies much below this. 
2*16. Crystal Burnout.—In Chap. 1, the need to protect the sensitive 

part of a receiver was discussed in explaining the function of the duplexer 

common to all single-antenna radar systems. The amount of protection 

the duplexer must provide depends on the amount of power that can be 
dissipated in the input circuit of the receiver without damage. Since the 

best over-all noise figures are obtained with microwave receivers using 

crystal converters as input circuits, the more power a crystal unit can be 
made to withstand without damage, the less protection is required from 
the duplexer. A considerable part of the work on the development of 

crystal rectifiers, therefore, has been directed toward increasing the 
amount of electrical shock they can withstand without damage. Great 

increases in the resistance of crystals to both mechanical and electrical 

shock have been made. In some instances, there have been simultaneous 

reductions in the loss and noise temperature. This improvement is 

valuable for crystals intended for use in isolated receivers because, 
although the danger of damage from a local transmitter may not exist, 
accidental mechanical and electrical shocks can occur. 

The crystal cartridges now available are all hermetically sealed by 

filling the region above the semiconductor and around the cat whisker 
with a wax having a low r-f loss factor. In addition to making the 

hermetic seal, the wax serves to support mechanically the fine wire cat 

whisker, and the contact is therefore made more stable against mechani¬ 
cal shock than it would be otherwise. There is no reason to believe that 
a crystal rectifier unit that was never subjected to electrical power greater 

than a few milliwatts, and that was never subjected to severe mechanical 
shock, would ever change in its characteristics. Nevertheless, the prob¬ 
lem of burnout of the crystal converter has been one of the greatest 

sources of trouble in a radar system, and, as a consequence, a large amount 
of work has been done to reduce the frequency of occurrence of burnout. 
This work has been directed toward increasing the amount of protection 

and the lifetime of the TR switches, and toward increasing the resistance 
of the crystal units to damage by electrical shock. Resistance to electri¬ 

cal shock could be increased relatively easily at a sacrifice in the noise 

figure of the receiver, but this sacrifice could not be tolerated. 
A crystal rectifier, to be useful at very high frequencies, must have a 

very small contact area. The barrier capacitance is partially determined 

by this contact area and, with a large contact area, the nonlinear resist- 
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ance of the contact is effectively bypassed by the capacitance. When a 
large current is passed through a crystal rectifier, heat is generated in the 
very tip of the cat whisker and in the semiconductor just below it, because 
these are the regions of highest electrical resistance. The weld of the 
special germanium crystals was accomplished in just this way. Unfortu¬ 
nately, ordinary tungsten-whisker silicon crystal units do not react 
favorably to such heating. Instead, the contact is destroyed, or the area 
of contact is made so large, by the fusion of the tip of the whisker, that 
the crystal is no longer a good high-frequency rectifier. A crystal that 
has deteriorated because it has been subjected to excessive electrical 
power is said to be burned out. A burned-out crystal may exhibit its 
deterioration as an increase in conversion loss, an increase in noise tem¬ 
perature, or both, if it is used as a frequency converter or, if it is used as a 
low-level detector, as a decrease in rectification efficiency. 

243. Correlation between TR Leakage Power and Crystal-burnout 
Power.—It has already been stated in Chap. 1 that the power that leaks 
through a TR switch consists of two 
components called the spike'’ and 
the * ^ flat.'' The spike occurs at the 
beginning of the radar transmitting 
pulse and builds up with that pulse 

to an amplitude sufficient to initiate Fig. 2-30.—Envelope of the r-f pulse 

the arc in the TR switch. After the ^ 
arc is initiated, the amplitude of the 
leakage signal falls abruptly to a smaller value, where it remains until 
the end of the transmitting period. The envelope of the pulse trans¬ 
mitted through a TR switch can be observed with an r-f envelope viewer. 
This instrument consists of a crystal detector and a video-frequency 
amplifier, the output voltage of which is applied to the vertical-deflection 
plates of a cathode-ray tube. A sweep voltage, synchronized with the 
pulse rate of the radar transmitter, is applied to the horizontal-deflection 
plates of the tube. In Fig. 2*30 a sketch of a typical trace produced by 
the leakage power from a TR cavity, as viewed with an r-f envelope 
viewer, is shown. In this sketch, and on most of the viewing systems, 
the peak power of the spike appears to be about twice that of the flat. 
The average leakage power can be measured with bolometers and is 
usually found to correspond to an average power for the duration of the 
pulse of less than 50 mw. The power level at the peak of the spike cannot 
be found from the trace on the envelope viewer alone, because the band¬ 
width of the video amplifier is not sufficient to ensure that the r-f envelope 
viewer responds rapidly enough to show the true magnitude of the spike 

relative to the flat power. 
Measurements of the r-f pulse power, in l-^sec pulses, required to 
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damage crystal rectifiers have been made. This power was found to be 
considerably larger than the 50 mw of average power that passes through 
the TR switches during the transmission period. Yet crystal burnout 
was not at all uncommon in the radar systems in which such crystals and 
TR switches were used. Even after crystals that could withstand several 
watts of r-f pulse power had been developed and the apparent safety fac¬ 
tor was very large, the burnout problem persisted. Finally, techniques 
for the measurement and viewing of the spike were developed. One 
of these techniques consisted of a measurement of the total leakage power, 
by the bolometer method, and a measurement involving the calibration 
of the r-f envelope viewer as a power meter. Comparison of the results of 
these two measurements showed that the average leakage power, as 
indicated by the bolometric method, was considerably greater than that 
calculated from the height of the flat part of the leakage on the viewer, 
the pulse length, and the recurrence rate. Therefore, the actual peak 
amplitude of the spike part of the leakage is much greater than indicated 
by the viewer and, consequently, the time duration of the spike must be 
very short compared with the response time of the viewer. This was 
confirmed by measurement with the other method, which was accom¬ 
plished with a transmission channel bypassing the TR switch and having 
the right phase and amplitude characteristics to produce destructive 
interference between the waves transmitted by this channel and by the 
TR switch during the time of the flat-power leakage. The subsidiary 
channel was adjusted until the flat power was completely canceled, and 

only the spike remained to be seen 
on the envelope viewer. The amp- 

r litude of the spike is almost entirely 

I --“> NormiT unaffected by the addition of the 
-1 -L—..— interfering channel because the 

T, „ oi T I / XU spike power is transmitted through 
Fig. 2*31.—Leakage of a TR switch with * ^ •. i • i 

flat power canceled out. the ± R switch without much atten¬ 
uation, before the arc is initiated. 

The attenuation of the subsidiary channel is the same as that of the TR 
switch when it is firing, and the power transmitted by it is therefore small 
compared with the spike power at the time of transmission of the spike. 
A sketch of the trace on the r-f envelope viewer with the flat power 
canceled out is shown in Fig. 2*31. When the residual average power 
under these conditions was measured with a bolometer, it was found to 
correspond exactly to the discrepancy between the measurements by the 
first method. 

Because the duration of the spike was found to be so short (less than 
10“* sec), it was not yet substantiated whether such a short pulse could 
damage a crystal unit by heating, since the crystal unit must have a 
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nonzero thermal time constant. The time constant had in fact been 
estimated to be somewhat longer than the duration of the spike and^ 

therefore, it was suspected that the damaging effect of the spike might be 
measured by the energy content of a single spike, independent of its peak 
power. Tests of the burnout characteristics of crystal units with video¬ 

frequency pulses, shorter than 10“® sec but of various durations, were 
made and it was found that the energy was the important parameter- 
The methods of measurement of the spike allowed the calculation of the 
energy per spike pulse, and it was found that there was a much smaller 
safety factor of protection against burnout by the spike than by the flat 
leakage power. In addition, the methods of measurement and of viewing 
of the spike energy revealed a great dependence of the spike energy on the 

functioning of the keep-alive electrode of the TR tube. Improvements 
in the design of the keep^-alive electrode and of the circuit supplying 
the voltage for it considerably reduced the frequency of burnout of crys¬ 
tals in radar systems. Consequently, the research on the burnout 
characteristics of crystals was directed most strongly toward measure¬ 
ment and improvement of their resistance to burnout by very short pulses. 

It was found that the burnout of crystals by the r-f spike energy correlated 
reasonably well with the values obtained from experiments with video¬ 
frequency pulses. 

In some frequency bands, crystals of several different types, having 
different degrees of resistance to burnout, are now available In the 
3000-Mc/sec region, for instance, the 1N21A crystals are subjected to 

short pulses containing 0.3 erg of energy, whereas the 1N28 crystals are 
subjected to pulses containing 5 ergs, before their loss and noise tempera¬ 
ture are tested. That the increase in resistance to burnout was not 

achieved at a sacrifice in noise figure is evident from the fact that the 
limits on the loss and noise temperature of the 1N28 crystals are lower 
than those of the 1N21A crystals. The 1N21B units, however, have a 

burnout test at lower energy than the 1N28 units, and a lower limit on 

the conversion loss. 
In addition to burnout of this instantaneous kind, it has been found 

that a slow deterioration with time occurs when crystals are subjected to 
pulses of considerable magnitude but containing insufficient power to 
cause a crystal to be burned out by a single pulse or by a small group of 
pulses. For instance, a crystal that might withstand several hundred 
pulses of 2 watts pulse power sometimes shows a serious deterioration 
over a period of operation of many days when subjected to pulses of a few 

hundred milliwatts pulse power recurring 1000 times per second. It is 

therefore advantageous to make the leakage power of the TR switch as 
small as possible and to make occasional checks of the crystal unit, even 
if no failure of the TR switch has occurred and no abrupt change in 
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receiver sensitivity has been observed. At power levels of a few milli¬ 
watts, crystals appear to last indefinitely if handled with reasonable care. 

In this connection it should be pointed out that one of the most fre¬ 

quent causes of damage to crystal units is the discharge through the crys¬ 

tal of the electrostatic charge commonly accumulated on the body. 
Discharging the body capacity to the apparatus before a crystal is inserted 

or removed precludes the possibility of burnout by this means. In this 
way one makes certain that no discharging current will flow through the 
crystal unit. It is confusing to have a crystal burned out during the 

time between its testing and its insertion in the apparatus. The energy 
stored in the charge on the capacity of the body, even for electrostatic 
potentials that would not normally be noticed, is sufficient to cause bum- 

out of some units. 
In addition to damage by electrical shock, the delicate contact of the 

crystal rectifier unit is subject to damage by mechanical shock. The 
wax filling cannot prevent motion of the whisker if extreme accelerations 

are encountered, and, hence, it is advisable to make checks before use on 

all crystals that are accidentally dropped. For this purpose and for 
checking for damage from electrical sources, the back-resistance meter, to 

which reference has already been made, is a very useful and simple test 
device. Information on the design and use of this device is given in Sec. 
2*20. In the table at the end of this chapter, a column giving limiting 

values of the back current at one volt, for crystals of the various types, 

is included. 

TESTING AND SPECIFICATIONS OF CRYSTALS 

In the earliest days of the development of crystal rectifiers for use as 
microwave frequency converters, the only specification of the quality of 
the crystal was the effective over-all receiver noise figure resulting with 

its use. The noise figure was ascertained by measurement of the r-f 
input signal power required to give an output signal power equal to the 

output noise power. In addition, the width and shape of the pass band 
had to be measured in order to evaluate the equivalent noise bandwidth 
B of the receiver. The ratio of the required input signal power to kTB 

is the effective over-all noise figure of the receiver. This was sufficient 
description of the particular receiver for which it was measured, but it did 
not allow computation of the expected noise figure for the same crystal 
with a different i-f amplifier. 

The conversion loss and the noise temperature of a crystal used as a 
frequency converter are, together, a measure of the quality of the crystal 
alone. They can be used to calculate the effective over-all noise figure of 

a receiver using the crystal as a converter if the effective noise figure of 
the i-f amplifier, with a generator having an admittance equal to the i^f 
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admittance of the converter, is known. The first equipment for measure¬ 

ment of the loss and noise temperature of a crystal closely resembled an 
ordinary microwave superheterodyne receiver. The loss was measured 
by calibrating the i-f amplifier as an i-f power meter and comparing the 
i-f power delivered by the crystal converter with the r-f power available 

from the signal generator. The measurement of noise temperature was 
made by comparison between the values of the output noise from the 

receiver with the crystal in place and with the crystal replaced by an 
equivalent i-f resistance. From this comparison the noise temperature 
can be calculated, provided the effective noise figure of the i-f amplifier 

is known. The amplifier noise figure was measured in a standard manner 
by use of a temperature-limited noise diode. 

This method of measurement of the quality of a crystal was rather 

unreliable and difficult to carry out. Simpler apparatus was subse¬ 
quently developed for making the measurements of loss and noise tem¬ 
perature. Moreover, a j3umout test was included in the specifications 

and a standard apparatus for this test was developed. The remaining 
sections of this chapter are devoted to a description of the principles of 
this test apparatus. It is not intended to give sufficient detail in this 

description to enable the reader to duplicate the apparatus but only to 
make clear the meaning of the test specifications. A table of some of the 
specifications and related data for crystals of the types now available is 

included at the end of the chapter. 
2*17. Conversion-loss Measurement.—To measure the conversion 

loss of a crystal by the direct method, an accurately known amount of r-f 

signal power, 1 fiw or less, must be available. Similarly, it must be possi¬ 
ble to measure accurately a smaller i-f power. The frequencies of the r-f 
signal and the local oscillator of the converter must be such that the out¬ 
put signal of the converter has the frequency of the i-f amplifier that is 
used as a power meter. Because the conversion loss is dependent on the 
load admittances at the image and harmonic frequencies, the loss meas¬ 
ured in this way can be different for the same crystal in different mixers, 
even if all the available signal power is matched into the converter. 

To simplify the measurement of conversion loss, the ^‘modulation 
method'^ was developed. In this method, no signal generator, separate 

from the local oscillator, is used and the converter output power is meas¬ 
ured with a standard instrument. The crystal is placed in an appropriate 
mount, either a waveguide or a coaxial line, depending on the frequency. 

This mount is adjusted, on the basis of statistical data on large numbers 
of representative crystals, in such a way that an average crystal has the 
minimum loss at this adjustment of the mount. Provision is made in the 

crystal mount to bring out the rectified crystal current and low-frequency 
voltages in the same way as in a conventional mixer. The manner in 
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which this is done will be made apparent in the following chapters. This 

crystal mount is placed at the end of a similar waveguide or coaxial line, 
from which the local-oscillator power is applied, through a matched 

dissipative attenuator, at an appropriate known level. Because of the 

matched attenuator the local oscillator, as a signal generator, has an 
admittance equal to the characteristic admittance of the line. A small 

amplitude modulation is then introduced on the local-oscillator signal 

and the magnitude of the voltage thus produced at the output side of the 
crystal, across a resistance equal to the optimum load resistance for an 

average crystal, is measured by means of a sensitive a-c voltmeter. The 
modulation frequency is low, usually 60 cps, and an ordinary amplifying 
voltmeter having a full-scale sensitivity of 0.01 volt can be used. For a 

full-scale deflection of such a voltmeter, an i-f power of 0.25 /xw is required 

if the load resistance is 400 ohms. If the conversion loss were 6 db, the 
modulation required for a full-scale deflection would be equivalent to an 
available signal power of 1 fiw. This is found to be a small enough signal 

to allow the converter to behave linearly. 
The amplitude-modulated local oscillator is equivalent to an unmodu¬ 

lated local oscillator and a signal at each of the sideband frequencies 

corresponding to the signal and image frequencies of a converter. This 
may be shown in the following way. If 27r times the local-oscillator 
frequency is w, and 27r times the modulation frequency is /3, the instanta¬ 

neous local-oscillator voltage is 

E = Eo{l + m cos pt) cos coty (61) 

where m is the fractional modulation and Eo is the unmodulated ampli¬ 
tude. A trigonometric manipulation allows this to be written 

m 171 
E = -Bo cos o)/ -f- Bo "2 cos [(w + P)t] + B© cos [(co — P)t\. (52) 

Thus, there is a signal at each sideband frequency, of amplitude Bo or a 

171^ 
power equal to BJFo The incident local-oscillator power is 

o 

Tp2 

Po = ^ Fo. (53) 

Therefore, the signal power in one sideband may be written 

P. = Po^- (64) 

In the measurement of loss, the incident local-oscillator power can be 
measured directly with a thermistor, or a Wollaston wire, in a bolometer 
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bridge and, therefore, the equivalent signal power can be found, provided 

that the modulation percentage can be measured. In one form of the 

loss-measurement apparatus, the modulation is produced by an eccentric 
rotating disk made of carbon-coated Bakelite. The disk projects into 

the waveguide that supplies the local-oscillator power to the mixer. The 
disk is so proportioned that when it rotates at a constant speed, sinusoidal 
modulation of the amplitude of the local-oscillator signal at the crystal 

results. By rotating the disk slowly the modulation percentage can be 
measured. The value of the loss can be calculated from knowledge of Pq 
and of the delivered output power as measured by the voltmeter. 

It is more common, however, to make the absolute calibration by what 
is known as the ^‘incremental method’’ for a few crystals which are then 
carefully preserved as standards. If these crystals are inserted in an 

apparatus using electronic amplitude modulation, the level of the local- 
oscillator power can be set to give the proper rectified crystal current, 
and the a-c output meter may be made to read correctly by setting 

the modulation level. The incremental d-c method may be regarded as 
an extrapolation of the modulation method to zero frequency. A sensi¬ 
tive current meter is so connected that it measures a small fractional 

change in the rectified current. This change in the rectified current is 
produced by a small, known, percentage change in the r-f power. If the 
change in current and the differential admittance of the crystal to DC are 

known, it is possible to calculate the output power that would be produced 
if the change in incident power were repeated sinusoidally. With a set of 
a few crystals calibrated as primary standards in this manner, any num¬ 
ber of crystals may be calibrated with a modulation-method apparatus 

for use as secondary standards at the many locations where modulation- 
method apparatus is used. The use of several standards is a protection 
against changes or damage in any one of them, since a change in a crystal 
will immediately be discovered because of disagreement with its calibra¬ 
tion when the instrument is adjusted to read correctly for the others. 

The loss, as measured in the test, is not exactly the loss that is used for 

the calculation of noise figures, except for some special cases, although 
the measured loss does not differ greatly from the loss appearing in the 
formula for the effective over-all noise figure of a receiver. The i-f load 

of the testing apparatus is fixed at a value equal to the i-f output admit¬ 
tance of an average crystal, and the power delivered to it—not the availa¬ 
ble i-f power—is measured. Under the conditions of measurement, the 

i-f output admittance of most crystals does not differ from the load admit¬ 
tance by an amount causing a loss, due to mismatch, of more than a few 
tenths of a decibel. Because the tuning of the crystal holder is fixed, 

crystals having signal admittances that differ from that of an average 

crystal are not tuned for minimum conversion loss, Both of these 
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factors tend to make the measured loss greater than that which could be 
obtained from a given crystal if both the i-f load admittance and the r-f 
tuning were adjusted to the optimum values. 

In the calibration of the apparatus, each sideband signal contributes 
a component to the low-frequency output voltage. There is a phase 
relationship between the local-oscillator signal and each sideband such 

that two modulation-frequency components at the output terminals of the 

crystal are in phase, because they arise from amplitude modulation. 
The output voltage, therefore, is twice as-great as it would be if there 
were only one signal having the same amplitude as one of the sideband 

signals. The loss, therefore, is computed assuming a signal amplitude 
twice that of a single sideband component, or a signal power twice that 
available in the two sideband signals. When the calibration is made 

in this way, the loss obtained is, except for the mismatch factors, 
that which would result if conversion were made from a single signal 
frequency to the intermediate frequency and if the r-f tuning at the signal 
frequency were identical with that at the image frequency. As was 
shown in Sec. 2-10 the minimum loss that a converter, representable as a 
linear passive network, can possess under these conditions of tuning is 3 

db. This corresponds, in the modulation-method test, to conversion of 
all the available signal power in the two sideband signals into low-fre¬ 
quency power. A crystal for which this is true shows a 3-db loss accord¬ 
ing to the calibration. Thus, a crystal that shows less than 3-db of loss 
in this apparatus, as do the welded-germanium units, delivers to the load 
resistor more power than is available in the input signal. Such a crystal 
converter cannot be represented by a passive network, although it may 
still be linear, and the excess power must be derived from the local- 
oscillator wave, the bias supply, or both. 

In the specification tests of crystals there is no explicit measurement 
of the r-f admittance in a particular mount nor, except for one type of 
crystal, of the i-f admittance. Because the loss measured is the ratio of 
the equivalent available r-f power to the i-f power delivered to a fixed load, 
and not the ratio of this r-f power to the available i-f power, a limit is 
implicitly imposed on the range of admittances possible. Crystals having 
r-f or i-f admittances greatly different from the average must also posses a 
minimum conversion loss considerably below the specified limit to pass 
the loss test. Such crystals are not often found because the upper limit 
on the loss is not very much greater than the average loss for crystals of a 

given type. The fact that some reflection loss can occur at the single 
frequency of the test does not allow much margin for frequency-sensitive 
behavior in a circuit that must operate in a wide band since reflection loss 

increases much more rapidly with the degree of mismatch after the first 

few decibels. If all of the mismatch loss were to occur on the output side 
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of the test converter, the possible scatter of the i-f admittances of many 

crystals, from this cause, combined with the effect of the image-frequency 
termination when a high-Q TR cavity is used, could pose a considerable 
problem to the designer of the i-f input circuit. Fortunately the i-f 

admittance seems to be fairly uniform from crystal to crystal under the 
conditions of the test. The loss caused by r-f mismatch is usually greater 
than that caused by i-f mismatch because the crystal cartridge represents 

a fairly sizable circuit element compared with the r-f wavelength and there¬ 
fore its r-f admittance is determined not only by the semiconductor and 
contact but by all of the discontinuities and dimensions of the cartridge. 

The i-f admittance is determined by these things only in so far as the r-f 
tuning affects the i-f admittance, which is very little because of the buffer¬ 
ing effect of the conversion loss. 

2'18. Noise-temperature Measurement.—Because the noise tem¬ 
perature is dependent upon frequency, it must be measured at the inter¬ 
mediate frequency to be used. For this reason the noise-temperature 

test equipment resembles a complete superheterodyne receiver much more 
closely than does the loss-test apparatus. As is also true for the appara¬ 
tus used to measure loss, the noise-temperature test equipment used at 

present is similar in principle for all microwave frequency ranges and 

differs primarily in having r-f circuits in a medium suitable to the particu¬ 
lar frequency. Thus the 3000-Mc/sec test sets for loss and noise-tem¬ 
perature measurements utilize principally small coaxial lines, and the 

crystal mounts are of a coaxial-line type. The test sets for 9280 Mc/sec 
and that for 25,000 Mc/sec, on the other hand, use appropriate wave¬ 

guide transmission lines and crystal mounts. 
A block diagram of the present form of the noise-temperature measure¬ 

ment apparatus is given in Fig. 2*32. The local-oscillator power enters 

the mixer through a filter cavity in order to minimize any spurious noise 
that might enter at either of the sensitive sideband frequencies. Attenu¬ 
ators are used on both sides of this filter, to ensure that the filter does not 
pull the oscillator frequency badly and to provide a matched line looking 

from the mixer back toward the local oscillator. The mixer is identical 
with the one used in the corresponding loss-measurement apparatus and 
the level of the incident local-oscillator power is set to be the same as 

in the loss apparatus. The input terminals of the i-f system can be 
switched from the output terminals of the mixer to a fixed dummy 
resistor for purposes of comparison. Between the output terminals of the 
mixer and the preamplifier is a lumped-constant circuit. This circuit 

transforms the input admittance of the i-f amplifier to a value equal to the 
complex conjugate of the output admittance of the mixer with an average 

crystal. In addition, the transformer has such characteristics that it is 
equivalent to a transmission line having a characteristic admittance equal 
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to the output admittance Of the mixer with an average crystal and having a 
length equal to five-eighths of a wavelength at the intermediate frequency. 
The function of this circuit is to make the output noise of the receiver 

Fig. 2*32.—Block diagram of noise-temperature test apparatus. 

independent of the i-f admittance of the converter provided that it is 
real and has a noise temperature of unity. It is this circuit that makes 

the apparatus better suited to the 
measurement of noise temperature 
than an ordinary receiver. 

The output noise of an amplifier 
may be regarded as arising primarily 
in the input stage of that amplifier 
and ahead of it, provided the input 
stage has sufficient gain to make the 
contribution to the total output noise 
from other stages negligible. In the 
apparatus under discussion, this con¬ 
dition is fulfilled, and if the only 
sources of noise are Johnson noise 
and noise arising in the tube, the cir- 

F.0.2.33.-Eqmvalent oircuirof i-f input ^uit may be represented by Fig. 2-33, 
amplifier. to an approximation sufficient for the 

present purposes. The grid of the 
tube is considered to have no admittance, and the noise generated in the 
tube is considered to be caused by the Johnson noise in the resistance A. 
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at room temperature. The impedance Zinput, or its reciprocal the input 
admittance, may be considered to be made up of the input admittance to 
the tube plus all admittances associated with the circuit connected to the 
input terminals of the amplifier. In the case in question, however, the 
input circuit includes the i-f admittance of the mixer, transformed by 
the special circuit between the mixer and the amplifier, and a conductance 
added from grid to ground. The total effective circuit may be repre¬ 
sented by the equivalent circuit shown in Fig. 2*34. The i-f admittance 
of the mixer is made real by an added susceptance and, for a crystal 
having the average i-f admittance, the transformation effect of the input 
circuit is such that the admittance at the output terminals of this circuit 
is equal to qq. Thus the only elements appearing in the circuit of Fig. 
2*34 are the transformed i-f conductance g of the mixer with its associated 
noise-current generator i, the conductance ^o, made up of the input 

Fig, 2 H4.—Equivalent circuit of mixer, five-eighth-wavelength line and input amplifier. 

conductance of the tube and an added resistor with its associated noise- 
current generator ^2, and the equivalent noise-generating resistance for the 
tube with its associated noise-voltage generator Cn- Each of the noise 
generators generates a noise current or voltage given by the thermal- 
agitation equation. The temperature of the i-f conductance of the mixer 
is t times room temperature, and the temperature of the other resistors is 
room temperature. 

The admittance of the output terminals of the transmission-line sec¬ 
tion may be obtained from the general transmission-line equation, which 
for a line having no loss is 

Y _ y Et -I- jYo tan fil 
' " Fo + jYtr tan fit 

(55) 

where fi is 2ir/\ for a distributed-parameter line, I is the line length and 
Y1 is the admittance of the pair of terminals at one end when an admit¬ 
tance Yt is connected to those at the other end. In the present case, the 
admittance of the output terminals of the five-eighth-wavelength line is 

Fi = go 9 + jgo ^ 
go + jg 

^ggo + j(gl - g^) 
gl + g^ 

(56) 



108 CRYSTAL RECTIFIER UNITS [Sec. 2-18 

A new equivalent circuit may now be drawn, eliminating the transmission 
line, as in Fig. 2*35. The magnitude of the noise current associated with 
the mixer is found from the fact that the noise power available at the 
output terminals of the line is the same as that from the mixer, since the 

line is lossless. The mean square [iol^ of the noise current induced in 
the input conductance go, in a narrow frequency band dv, is 

= [li;p + W] (57) 

where |ii|* and [tel ^ have the values shown in Fig. 2*35. The noise voltage 
developed across the conductance go is 

_ l*il* + RzF 
9l iffo+Kil*' 

(58) 

The substitution, from Eq. (56), for Yi and the insertion of the values of 
|zi|* and 1^2!* in terms of the conductances, reduces Eq. (58) to 

“(TO-} 
The mean square of the total input noise voltage is the sum of this voltage 
and the voltage arising from the noise resistance of the tube, or 

RT* = R* + R* = 4*7 [1 + (< - 1) + /?„j dy, (60) 

where the ratio g/go has been written as a. The admittance transforma¬ 
tion of the input circuit is used to make the value of l/2jfo comparable 
with that of R„, which, for a typical pentode 30-Mc/sec amplifier tube, 
is about 2500 ohms. 

Equation (60) describes the behavior of the test set. First, let us 
suppose that the mixer has a noise temperature of unity, or that a resistor 
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at room temperature is substituted for the mixer at the input terminals of 
the coupling network. The term that depends on the conductance at 
the mixer terminals is then zero and the output noise power of the ampli¬ 
fier is independent of the conductance, provided that the noise examined 
is only that contained in a narrow frequency band, in which the trans¬ 
formation effect of the input circuit may be considered to be independent 
of frequency. In practice, a fairly narrow-band communications receiver 
is used, following a preamplifier. If the noise temperature of the mixer 
is not unity, the contribution is a maxi¬ 
mum if a is equal to unity. The contri¬ 
bution falls to 80 per cent of the maximum 
value, for the same value of if a is as 
much as a factor of 2 larger or smaller 
than unity. The increase in the output 
noise power from the amplifier with a 
crystal in the mixer, over that with the 
amplifier connected to the resistor, is 
proportional to ^ — 1. 

To calibrate the apparatus, the value 
of Rat could be measured and an output 
meter measuring noise power at the output 
terminals of the amplifier could be used. 
Instead, the apparatus is calibrated in 
such a manner that the value of Rn need 
not be known, and a meter having any law 
of response can be used at the output 
terminals of the amplifier. For this pur¬ 
pose the noise diode is included in the 
circuit. This diode is a specially con¬ 
structed tube having a tungsten filament 
and short leads. The magnitude of the 
plate current of the diode is controlled by 
the temperature of the filament, and a 
plate voltage sufficient to ensure satura¬ 
tion current for all filament temperatures is applied. Thus, space- 
charge smoothing of the plate current is eliminated. Under these 
conditions, the mean-square fluctuation components of the plate current, 
in a given frequency band, caused by the shot effect can be calculated. 
Diodes that arc used for the measurement of amplifier noise figures in 
this way are called temperature-limited diodes. Figure 2-36 shows a 
possible circuit for utilization of such a noise diode, where Ri is the i-f 
resistance of the mixer, equal to 1/g, and is the resistor included for 
comparison purposes. 

To preamplifier 

Fig. 2-36.—Possible circuit for 
utilization of noise diode. 

C = bypass condenser (1000 
/x/ifd at 30 Me/sec). 

RFC = intermediat.e-froquency 
choke. 

R = filament rheostat. 
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The noise diode may be considered as a noise generator with a 
mean-square noise current given by 

17;[2 = 2el dp, (61) 

where I is the diode plate current, e is the electronic charge, and dp m the 
narrow band of frequencies being examined. If a resistor of conductance 
g is put into the mixer in place of the crystal, the mean-square thermal 
noise current in this resistor is 

= 4 kTg dp. (62) 

Therefore, the total mean-square noise current in the resistor is 

W = ^el dp + 4kTg dp. (63) 

The resistor may be regarded as having a noise temperature t given 

2el 
t = L = 1 -f 

|2 ^ ^tkTg 
(64) 

The standard temperature for purposes of such calibrations is taken as 
that which makes e/kT equal to 40 per volt and corresponds to a tem¬ 
perature just less than 20®C. Thus Eq. (64) becomes, 

< = 1 + 20 -• (65) 

The calibration of the noise-temperature measurement apparatus 
can thus be made by observing the output meter at several values of 

diode current with each of several 
resistors having different conduct¬ 
ances in place of crystals in the mixer. 
A typical calibration curve for an 
output meter giving readings pro- 

Reiative 
deflection 

2 -_ f=5 

(=4 

1.5 

< = 2 

f=l 

0.5 0.75 1 1.5 

2*37, where the ordinate is the out- 
put-meter reading on a linear scale 
and the abscissa is the value of a on 
a logarithmic scale. 

In practice, the input transformer 
is a lumped-constant ^-network. 
This circuit contains several variable 

condensers which must be tuned properly. When the condensers are 
correctly adjusted, the output-meter reading is independent of the con¬ 
ductance of the resistor placed in the mixer and is the same for the switch 
in the position that connects the dummy resistor to the amplifier input 
terminals. 

Fig. 2*37.—Typical calibration curves 
for noise-temperature measurement set, 
with special input circuit. 
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Unfortunately, this special input circuit does not work so well for the 
measurement of the noise temperature of a mixer that has a reflection 
of the image-frequency wave. It has been shown in Sec. 211 that such a 
reflection can give rise to a susceptance component in the i-f admittance 
of the mixer and such a component would upset the adjustment of the 
special input circuit. 

For mixers not having reflections at the image frequency, the noise- 
temperature measurement apparatus can be used to measure the i-f 
conductance as well as the noise temperature, by use of the temperature- 
limited diode. The diode plate current required to cause a given deflec¬ 
tion of the output meter is dependent on the magnitude of the conduct¬ 
ance at the output terminals of the mixer. A calibration can be obtained 
using resistors in the mixer. Then a measurement of the diode current 
needed to produce a given deflection on the meter with a crystal in the 
mixer constitutes a measurement of the i-f conductance of the mixer, 
if a square-law (power) n\^ter is used. 

2-19. Bumout-test Apparatus.—^To simulate the spike energy as a 
cause of crystal burnout, the apparatus used to test crystals for suscep¬ 
tibility to burnout subjects a crystal to a very short video pulse. The 
specifications for most types of crystals require all units to be subjected 
to a pulse of this sort before they are tested for loss and noise temperature. 
Crystals intended for use as low-level detectors, on the other hand, 
because they are not commonly used in systems having duplexers, are 
rarely subjected to spikepulses but are more frequently burned out 
through the presence of powerful radar transmitters in the immediate 
vicinity. Therefore, the pulses to which such a crystal might be sub¬ 
jected would more likely be ordinary radar pulses of about l-jitsec 
duration. Less attention is paid to the burnout characteristics of such 
crystals, as a consequence. 

The apparatus developed by H. C. Torrey for the burnout test of 
mixer crystals consists of a short piece of coaxial line, connected at one 
end through a high resistance to a source of d-c voltage which charges the 
line to that d-c voltage. The crystal to be treated with a burnout 
pulse is inserted into a holder at the other end of the line but not put 
into contact with the center conductor. A sudden contact of the center 
conductor with the pin end of the crystal cartridge is made by dropping 
the center conductor a short distance onto the cartridge tip. This 
discharges the line in a single pulse through the crystal in a time approxi¬ 
mately equal to 2l/c where I is the length of the line and c is the velocity 
of light. The length of the line is made such that the pulse length is 
about 5 X 10“® sec. This time is so short that the burnout of the crystal 
depends upon the pulse energy and not upon the pulse power. The 
energy delivered to the crystal is just the energy stored in the capacitance 
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of the line and this is easily calculable from the size of the line and the 

voltage. In this way a single pulse of uniform energy is delivered to each 

crystal before it is tested for loss and noise temperature. If it has 

been damaged appreciably by this pulse it will not pass these later tests 

and therefore no electrically fragile crystals should find their way into 

service. The correlation between burnout by a video pulse of this kind 

and burnout by an actual r-f spike pulse has been found to be good and, 

therefore, this simple technique has been adopted in preference to an r-f 

burnout test. 

The value of the energy of the pulse used depends on the type of 

crystal being tested, as will be evident from the table at the end of this 
chapter. The lower-frequency units can, in general, stand a larger 

amount of energy before burnout occurs because the area of the contact 

of the cat whisker and the semiconductor is larger. Also there are 

available, in some frequency ranges, units that have high burnout 

resistance and high loss, as well as units that have the lowest possible 
loss and reduced burnout resistance. This is not obvious from the 

table, however, because some types with high loss and noise-temperature 

limits but with small burnout energy, or no specification of burnout at all, 

are also listed. These are obsolete or obsolescent types having character¬ 

istics inferior to the more recently designed types designated by the 
same code number followed by a letter A, B, or C. The lower limits on 

the loss and noise temperature as well as the higher resistance to burnout 

of later types are illustrative of the progress made in the design of crystal 

units through the intensive research that was carried on during the war. 

For the burnout test of crystals for which the burnout specification is 

given in terms of watts of pulse power in a 1-jusec pulse, a video pulse 

is also used, but the pulse is formed by a lumped-constant pulse-forming 

network which is discharged through the crystal unit. The pulse power 

delivered depends upon the admittance of the crystal unit at this level 

relative to the characteristic admittance of the network. The specifica¬ 

tion is the available power, but this power is dissipated by the crystal 

only if the crystal admittance matches that of the network. The 
network admittance is chosen to be approximately equal to the crystal 

admittance at this power level and, therefore, the available power is not 

greatly different from the power actually delivered. 

The burnout specifications, like the other specifications, were deter¬ 

mined on the basis of tests of representative units, rather than being 

arbitrarily set up as minimum acceptable requirements. When research 
and improved manufacturing techniques indicated that it was easy to 

produce large numbers of crystals passing existing specifications without 

large “shrinkage,” a new set of specifications was written for a crystal 
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Crystal 

with a different type number, usually the old number with the added 
A or B, In this way the improvements found possible on a laboratory 
scale were quickly reflected in improved production types. The result 
is that the crystals available at present represent a great advance in 
both burnout and noise-figure characteristics relative to those available 
only on a laboratory scale in 1942. 

2*20. The D-c Crystal Checker.—The fact that there has been shown 
to be a reasonably good, if not perfect, correlation between the back 
resistance of crystal units of one type and their noise-figure character¬ 
istics has been mentioned earlier. The correlation is sufficiently good to 
enable it to be said that a crystal of a particular type, passing more than a 
given back current at a given applied voltage, has probably been burned 
out. Perhaps more important is the fact that a unit passing less than 
this given current has almost certainly not been damaged severely. 
Without a check as simple as this, the service problem of microwave 
receivers under field conditions is 
rendered very difficult because there 
are many possible sources of trouble 
other than the crystal. By this test 

the condition of the crystal can be 
quickly determined; if the crystal is 
not at fault, another source of trouble 
may be investigated. In addition, a 
simple check makes possible periodic 
checks of operating crystals, allowing 
slow deterioration which might otherwise go unobserved to be watched 
and not allowed to proceed far enough for it to be detrimental to the 
performance of the receiver. 

The limiting back current is known, for most of the available crystal 
units, for 1 volt of potential difference across the unit. A circuit 
diagram of a test unit that can be used to make this check is given in 
Fig. 2*38. A switch Si is used to turn the unit on and off, and a second 
switch S2 enables the single meter to be used, with the switch in the upper 
position, to adjust the potential across the test crystal to 1 volt. In 
the lower position the current through the crystal is read on the meter. 
The position in the circuit of the meter and of a resistance Rj equal to 
the meter resistance, are interchanged by the switch >82 and, therefore, 
the current through the crystal is the same for either switch position. 

The value of the maximum back current at 1 volt for a relatively 
undamaged crystal, has been found to be dependent upon the crystal type 
only, and not upon the manufacturer, with one exception. For the 
1N26 crystal, it was found that the limit on the current was sufficiently 

Fiq. 2*38.—D-c crystal checker. 
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different for crystals of the two manufacturers to warrant the use of a 

value for each. These values as well as the single ones for the other types, 

where known, are included in the table of specifications at the end of this 

chapter although they are not to be considered as specifications. It is 

possible that the safe currents will change for crystals produced in the 
future under the same specifications, because there is nothing included in 

the specifications which relates directly to them. If it is desired to 

guard against any amount of deterioration no matter how small, it is 

perhaps best to keep a record of the back current at 1 volt for each 

crystal, from the tiihe it is first used and to be suspicious of the crystal if it 

shows any tendency to pass greater current with use. If a number of 
crystals show such a change upon insertion into an operating mixer it is 

to be taken as evidence that the TR switch or some other part of the 

circuit is allowing the crystal to be damaged by excessive electrical power. 

It is worth while to repeat the caution about static charge on the body 

when handling crystals, and the importance, therefore, of grounding the 

body to the apparatus through a path other than the crystal while it is 
being inserted or removed. Care should be taken to be sure that the 

apparatus is electrically grounded. A considerable a-c voltage with 

respect to ground may be present, especially if the apparatus contains a 

filter in the a-c line. Many crystals have become damaged because of 

this, and it is advisable to take appropriate precautions to eliminate such a 

voltage. 
2*21. Specifications and Relevant Information on Available Types.— 

Table 2-1, to which reference has been made many times throughout the 

chapter, follows. The table gives the specifications as well as other 

information on the various types of crystals currently available for use as 

detectors and mixers in the microwave region. There are two general 

types of cartridge, and the one applying to each crystal is indicated in 

the first column of the table as A or B. These symbols refer, respectively, 
to cartridges like those shown in Figs. 2-39 and 2-40. An outline of the 

physical dimensions, with tolerances, is given for each of these cartridges. 

This is an important factor in the design of mixer and detector mounts 

since considerable nuisance is encountered if the mount is designed on 

the basis of the dimensions of only a few units. The large ceramic unit 

was originally used at 3000 Mc/sec in a coaxial-line mount where it is 
small compared with the dimensions of a convenient line, or compared 

with the wavelength. Later, crystals for the 3-cm region were built in 

the same cartridge. In this region the cartridge is still not large com¬ 

pared with the dimensions of conventional rectangular waveguides in 

which it is mounted. For 26,000 Mc/sec, this unit is excessively large 

compared with either the waveguide dimensions or the largest single-mode 
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coaxial line at that frequency. Consequently, the coaxial type of cart¬ 
ridge of Fig. 2*40 was developed by Bell Telephone Laboratories. It has 
much smaller internal dimensions in accordance with the use at shorter 
wavelengths. There has been some use of this same cartridge for units 
recently designed for lower frequencies because of the shielding of the 
sensitive contact from stray radiation and because of the smaller physical 
dimensions. There is, in addition, less probability of damage through 

Fio. 2-39.—Ceramic crystal cartridge. 
Note 1. Eccentricity between tip and base shall not exceed 0.0075. 
Note 2. Metal parts shall be silver-plated min. 20 mg/in* or gold-plated min. 10 mg/in*. 
Note 3. Used for types; 1N21, 1N21A, 1N21B, 1N23, 1N23A, 1N23B, 1N27, 1N28, 

1N29. 
This drawing is taken from BuShips Dwg. RE 38A192. 

static discharge from the body, since the mount is so constructed that 
contact to the outside •cylinder will almost certainly occur before the 
discharge can go through the crystal. 

The table gives, next, the use for which the crystal is intended, either 
as a low-level *^ video detector or as a mixer unit. The next column is 
the frequency of the specification tests. For mixer crystals, the local- 
oscillator power level to which the loss and noise specifications refer is 
given, then the minimum rectified current, measured by a meter of 100- 
ohms resistance, and then the maximum acceptable values of loss and 
noise temperature. For some crystals the i-f resistance under the con¬ 
ditions of operation in the test set is specified, and, if so, it is given in 
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the next column. For most crystals this is not specified and, for these, the 
value of the load resistance used in the loss test is indicated by the 

©Note 2 
4>0.002 
-0.003 

Note 1. Finish; plate with 0.00002 tin over nickel flash or 0.0001 gold or silver. 
Note 2. OD dimension applies to length indicated. 
Note 3. Axis of center conductor not to deviate from axis of outer conductor referred 

to its outside diameter more than 0.004. 
Note 4. The polarity is such that sleeve is positive when current flows in the pass 

(forward) direction. 
Note 5. Crimp permissible but adjacent surface shall not be bulged beyond maximum 

diameter. 
Note 6. This edge to be sharp and free from burrs. 
Note 7. Slight chamfer permitted. 
Type test following: F, H, notes 1 and 4, 5, and 7. 
Design test following: B, D, J, K, O. 
Production test all other dimensions and notes. 
This drawing is taken from BuShips Dwg. RE 38A208. 

numbers accompanied by TL for ‘‘test load.^^ The “videooutput 
resistance is given in this same column for low-level detectors and the 
next column gives the figure of merit /. Following this comes a column 
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giving the pulse energy of the burnout test, or the peak power where 

appropriate. For some types the number in this column is labeled 
“design.” This means that the test is made only on a few sample units 

and the number then represents only the approximate power that units of 

this type may be expected to withstand. Next comes a column of over-all 

noise figures for a receiver using mixer crystals that just pass both 

the loss and noise-temperature tests and having an r-f amplifier with a 

noise figure of 5 db. This is by no means to be considered as the best 
noise figure possible with that type of crystal since some units show 

losses as much as 2db less than the maximum values, and noise temper¬ 

atures effectively equal to unity. Moreover, the 5-db i-f-amplifier noise 

figure is by no means the lowest obtainable; values as low as 1.5 db have 

been obtained with some recent circuits. A combination of such an 

amplifier with the best 1N21B crystal at 3000 Mc/sec would give an 

over-all noise figure of about 6.5 db. At 10,000 Mc/sec such noise 

figures are also possible with the 1N23B and at 25,000 Mc/sec over-all 

noise figures of about 7.5 db have been observed. Finally a column 

of maximum back current at one volt, as discussed in Sec. 2-20, is given. 

For the 1N26 crystal, two numbers are given, one followed by SEP 

standing for Sylvania Electronic Products Company, and the other by 

WE for Western Electric Company, the two manufacturers producing 

these units at present. 

The region of frequencies near the test frequency is not the only region 

in which a unit may be used. In general, however, the units would be 
expected to show greater conversion loss at higher frequencies, although 

an increase of frequency of 10 or 20 per cent would not produce a serious 

effect. The use of the units at lower frequencies will certainly not 

result in a greater loss and can, in fact, result in slightly lower loss, 

especially for the high-bumout units having relatively high loss at the high 

frequency. Because the units are not tested at these lower frequencies, 
however, there is no implicit control over the r-f admittance character¬ 

istics. Therefore, the admittances of the various units would not neces¬ 
sarily be very uniform or have any relationship to that of units designed 

for this frequency. 
In addition to the development of microwave crystal rectifiers, there 

has been considerable work done on units for special purposes at lower 

frequencies. As an example, there are units for use as diodes in such 

applications as second detectors in superheterodyne receivers and as d-c 

restorers in special circuits where their characteristics and small physical 
size make them more desirable than ordinary diodes. This subject is not 

within the scope of this volume and for details of the properties of such 

crystals the reader is referred to Vol. 15 of this series. 



CHAPTER 3 

SIMPLE MICROWAVE CRYSTAL MIXER CIRCUITS 

Some of the devices which have come to be known as ‘‘mixers” 
or “converters” in the microwave range perform the function of con¬ 
verting a received signal at a microwave frequency into one at a lower 
intermediate frequency, in addition to several other secondary functions 
which are special requirements of their application in microwave radar. 
Some of these additional functions will be described in later chapters; the 
purpose of the present chapter is to discuss in some detail the considera¬ 
tions involved in the design of crystal mixers that perform, in conjunction 
with the local oscillator, the single function of frequency conversion of a 
microwave signal. 

There are many possible variations in the design of a mixer for a 
particular frequency region and it Avill not be possible to give details of 
each of the types in current use. The examples cited will usually be those 
of designs evolved at the Radiation Laboratory and these cannot be 
considered as the only possible ones. It has been the attempt, in design¬ 
ing these circuits, to make a single unit as a basic design for each frequency 
range for which a particular type of transmission medium is used in order 
to avoid the much greater labor involved in designing a particular 
unit for each piece of equipment and to allow as wide a tuning range in the 
equipment as possible. 

The problem of the design of crystal-mixer circuits cannot be treated 
with any degree of finality because the details of the mixer best suited to a 
particular task depend, to a larger degree than do other microwave 
circuits, on things outside of the control of the designer. The design 
must, for instance, be influenced primarily by the physical and electrical 
characteristics of the available crystal units. Since there is reason to 
believe that improvements may lead to units considerably different from 
those available at present, one may expect that mixer designs for such 
future units will be correspondingly changed. The frequency ranges 
covered by designs for radar use are by no means the only important ones; 
hence, for many purposes, the details of these designs are not of general 
interest. Unlike the purely microwave circuits, the mixer cannot be 
adapted from one frequency band to another by a simple scaling process 
because the crystal unit, which plays such a dominating role in the 
operation of the circuit, will neither have the same characteristics in 
the scaled circuit nor be scalable in itself. The detailed designs that will 
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be given as examples, therefore, will probably be of less general interest 
than would warrant the inclusion of a large number of them. More 
emphasis will be put on the general methods and ideas that have been used 

in the design of the mixers, in the belief that analogous courses may be 
taken for frequency bands and uses other than those encountered in the 
Radiation Laboratory experience. 

3*1. The Basic Mixer Circuit.—One of the simplest possible circuits 
that a mixer can have is that of Fig. 3*1. In this circuit, the antenna or 
signal generator is represented by the current generator delivering a 

current ia and having an internal admittance Ya, and the local oscillator 
by the current generator producing a current and having an internal 
admittance y„* These two generators are connected in parallel through 

l-f load 
admittance 

ya 

the crystal unit to the i-f output terminals which, in use, would be 
connected to the input circuit of the i-f amplifier. In the diagram, 
a load circuit presenting an i-f load admittance F^, and a low-resistance 
d-c circuit are shown. As shown in Chap. 2, the r-f tuning of the mixer 

should be set with a matched i-f load admittance in place. 
The functions of the various parts of the circuit are the following. 

The magnitude of the local-oscillator current establishes, in conjunction 

with the i-f load admittance, the input admittance of the mixer to the 
small signal from the signal generator. The r-f choke on the one side 
of the crystal unit and the i-f choke on the other provide a low-resistance 

path to the rectified current. The crystal, therefore, does not become 
appreciably biased by the rectification of the local-oscillator signal. In 
order that the r-f voltages of both the signal and the local oscillator may 

be impressed primarily across the crystal unit, an r-f bypass condenser is 
provided across the i-f output terminals. For maximum power delivered 
to the i-f load, this capacitance must either have a negligible susceptance 
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at the intermediate frequency or be resonated with an opposite suscep- 
tance component in the i-f load admittance. 

The basic mixer is most easily understood when the conversion loss of 
the crystal is large. Under this condition the r-f and i-f aspects of the 
mixer circuit may be considered separately because the effect of the load 

Signal generator Local oscillator 

Fig. 3*2.—Simplified representation of r-f aspect of high-loss mixer. 

admittance on one pair of terminals is negligible at the other pair. Thus, 
both the signal admittance and the i-f admittance are dependent only 
on the crystal unit and the amount of its local-oscillator drive. The 
r-f circuit and the i-f circuit may be considered separately as illustrated in 
Figs. 3-2 and 3*3, respectively. The i-f load circuit influences the r-f 
conditions only in so far as, in combination with the r-f bypass circuit, it 
develops an r-f voltage drop. Similarly, the r-f circuit influences the i-f 
admittance only in so far as, in combination 
with the i-f bypass circuit, it produces an i-f 
voltage drop and so detracts from the i-f volt¬ 
age appearing at the output terminals. 

The best performance of a mixer of this 
kind, as a frequency converter, is obtained 
when the signal power is caused to develop 
the maximum possible voltage across the crys¬ 
tal unit. This condition is satisfied if the 
signal-generator admittance is made equal to 
the complex conjugate of the input admit¬ 
tance to the crystal mixer, and if no r-f signal power is dissipated 
in the admittance of the local oscillator or of the i-f load. To satisfy 
this last condition, the local-oscillator admittance must be zero and 
the admittance of the bypass circuit must be infinite. In practice, it 
is necessary only to make the local-oscillator admittance so small, and 
the admittance of the r-f bypass circuit so large, compared with the signal 
admittance of the crystal, that the amount of signal power that is dissi¬ 
pated in them is a negligible fraction of the available signal power. The 

Fig. 3-3.—I-f circuit of high- 
loss mixer. 
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design of the r-f portion of a high-loss mixer, therefore, reduces to three 

parts which are: 
1. Design of a signal-coupling mechanism to match all available 

signal power into the crystal unit. 
2. Design of a local-oscillator-coupling mechanism that has negligible 

effect on the signal admittance. 
3. Design of an r-f bypass circuit for the i-f output terminals that will 

not allow the r-f power to couple to the i-f load circuit. 
Usually, the signal generator to which the mixer should be matched is 

the antenna of the receiving system. The antenna, in turn, is so made 
that its radiation admittance terminates a transmission line in its char¬ 
acteristic admittance. The desirable signal-input circuit, therefore, 

would be a transmission line of the same type, with the mixer so arranged 
that the crystal provides a matched load to this transmission line, 
whether it be a coaxial line or a waveguide. In addition, there must be 

terminals to supply local-oscillator power, across which only a negligible 
part of the available signal power appears, and there must be terminals 
for the i-f output voltage. Experimentally, the admittance of a high-loss 
crystal unit for the small signal in the presence of the local-oscillator 

drive, is found to be approximately the same as for a signal of the same 
magnitude as the local-oscillator signal in the absence of the local- 

oscillator drive. It is possible, therefore, to begin the task of mixer 
design by designing a crystal mount that contains only the crystal unit 
and the i-f output circuit without incorporating the LO coupling circuit. 
The mount is so adjusted that a signal at the local-oscillator level is 

matched into the crystal unit. Moderate corrections may be required, 
for low-loss crystals, to obtain minimum conversion loss from the crystal 
mount, when finally operated as a mixer. By such a procedure the task is 

made straightforward even if there is no previous information as to the 
input admittance of a particular crystal in the desired mount and fre¬ 
quency range. 

3*2. The Design of a Crystal Mount.—The physical form of the 
mount for the crystals in ceramic cartridges is arbitrary. The only 

' features that all such mounts have in common are contacting elements for 

both ends of the cartridge unit. The unit can be made to be a part of a 
coaxial line, or it can be mounted in a waveguide or in a resonator. 
Nothing in the basic mixer circuit requires or excludes frequency selectiv¬ 

ity in the r-f circuit, except for the separation of i-f, d-c, and r-f voltages. 
Hence, any form of the mount will operate equally well at the frequencies 
for which the signal-input-line admittance matches the antenna-line 

admittance. Historically, resonant mixers were at first considered 
necessary, but only 'because admittance transformation was obtained 
through their use. The more recent designs of mixers use nonresonant 
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coaxial-line and waveguide mounts for the crystal. Any r-f preselection, 
or separation of signal- and image-frequency terminals, has been accom¬ 
plished through the use of a resonant TR cavity or of a resonator added 
between the crystal mount and the input terminals. 

The crystal is mounted in either waveguide or coaxial line, in such 
a way that it does not represent a large mismatch as a termination of the 
line when r-f power at the local-oscillator level is incident in the line. 
If, with an experimental crystal mount, a large mismatch is found, a 
measurement of the apparent admittance of the crystal allows a correcting 
change to be made. If the mismatch is not large, tuning elements, sueh 

as sliding-screw tuners, stub tuners, plungers, and sliding quarter-wave¬ 
length transformers, may be added to cause the crystal to match the line. 
An investigation of the admittance characteristics of a large number of 

representative crystals will show whether all units can, by means of the 
tuning elements, be made to match the line. 

The tuning of most recently designed crystal mounts has been fixed. 

Fixed tuning is possible because the crystal units are made to pass the 
conversion-loss test in a mixer having fixed tuning. As a consequence, 
it should be expected that the crystal units should behave identically 

in the receiver mixer, provided its tuning is fixed at the same point as that 
of the test mixer. A crystal mount identical with the one used in the 
mixer of the crystal test set would be properly tuned only for the fre¬ 
quency of operation of the test set and with a circuit in which the image- 
frequency wave is not reflected to the mixer. If fixed tuning is desired at 
a single frequency of operation different from that of the test set, it may be 
achieved through fixing the tuning adjustments of the mixer on the basis 
of best results with a large number of representative crystals. On the 
other hand, if the mixer is required to operate over a wide band of fre¬ 
quencies, the same tuning may not be adequate, and tuning elements 
might be required for a mixer intended for use in a broad band if not for 

use at a single frequency. 
If fixed tuning over as wide a frequency range as possible is desired, 

the crystal mount itself should come as close as possible to a matched 
termination of the input line. Any additional transformer is then 
required to give only a small transformation effect and it is, consequently, 

relatively insensitive to frequency. As a general rule, the larger the 
transformatidn effect of a simple microwave admittance transformer, 
the more sensitive to frequency it becomes. This effect is obvious for a 
transformer employing a quarter-wavelength section of transmission line. 

There is, of course, in addition to the frequency-sensitive character of the 
admittance-matching circuit, frequency dependence of the admittance of 

the crystal unit itself, although it is difficult to separate the two effects. 
It is often possible to combine a mismatched crystal and mount with a 
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matching circuit in such a way that the frequency sensitivity of the two 
tend to compensate each other. The match can then be held over a 
wider band than would be possible for a mount that was perfectly matched 

at the center frequency of the band. With a mount that is perfectly 
matched at a given frequency, it is often possible to add a resonant 
circuit that, at the resonant frequency, has a transformation effect of 

unity, and hence no effect, but that compensates for the frequency 
dependence of the crystal admittance at other frequencies. 

It should be noted here that the only difference between a crystal 
mount designed for a mixer and one designed for a low-level detector is 
in the level of the input signal for which the admittance measurements 
are made. For a low-level detector, these measurements must be made 

at a signal level of 1 tiw or less, and the resultant admittance of a partic¬ 
ular mount is consequently different from that at the local-oscillator 

(a) Coaxial-line crystal mount for 10-cm band. (h) Crystal mount for 3-cm band. 
Fla. 3-4,—Cartridge-crystal mount. 

level of signal. The design of a low-level detector, however, is completed 
when a satisfactory mount has been achieved for the small signal level, 
because there is no need for a local-oscillator circuit, and the efficiency is 

so small that the load admittance does not affect the r-f match. A mount 
for use in a mixer must ultimately be checked as a mixer with the local- 
oscillator injection operating and with an appropriate i-f load admit¬ 

tance and d-c circuit as well as any preselecting resonant circuits in place, 
because all of these things have some effect on the resultant small-signal 
admittance. The preliminary admittance measurements with the single 

signal at local-oscillator level must be made with a low-resistance path 
for the rectified crystal current, in order to avoid the generation of a 
backward bias voltage across the crystal. That the level of power 

actually being dissipated in the crystal unit is about the same as the 
recommended local-oscillator level can be assured by use of a milliam- 
meter in this d-c circuit. The incident power may be appropriately 

increased if the mount has a large reflection loss. 
8*8. Crystal*Mounts for the 8-cm and the lO-cm Bands—Two 

crystal mounts commonly used for crystals in ceramic cartridges are 
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illustrated in Fig. 3^40 and b. The first is a coaxial-line mount used in 
the range from 4000 to 2500 Mc/sec and the second is a waveguide mount, 
in rectangular waveguide 1 by i in. OD by 50-mil wall, used in the range 
from 9600 to 8500 Mc/sec. The diagrams are only ssntnbolic of the r-f 

characteristics of the mount, for they show no provision for bringing 

out the low-frequency voltage or rectified current. The mounts in 

which this provision is included are shown in Figs. 3’5 and 3*6. In the 

coaxial-line mount it is necessary to have a path of low d-c resistance to 
and of low i-f impedance between the center and the outer conductors of 

the coaxial line, to correspond to the r-f choke of Fig. 3-1. Provision 

for this return path has not been shown because its nature is dependent 
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upon the rest of the mixer. In some mixers the return path is provided 
by a loop that excites the coaxial line. If there is no such loop, a quarter- 
wavelength side stub, which is also useful for supporting the center 
conductor, can provide this d-c return. The diameter and characteristic 
admittance of the coaxial line shown in Fig. 3'4a are such that the line 
fits over the cartridge unit conveniently, and connects without serious 
mismatch to the standard type-iV coaxial-line fittings used for low-level 
cables. The crystal admittance resulting with a line of this size and no 
transformers is not greatly different, at 3000 Mc/sec, from the line 

Fig. 3*6.—Waveguide crystal mount for 3-cm band. 

admittance. If this had not been true, a line having some other char^« 
acteristic admittance would have been preferable. There are several 
parameters in the mount for 6000 Mc/sec which can be chosen to make 
the average representative crystal unit terminate the line in its charact^- 
istic admittance. The position of the crystal unit, both relative to t^e 
center of the broad dimension of the waveguide, and axially along tiie 
narrow dimension, may be adjusted to control the resultant admittance. 
The distance along the waveguide from the axis of the crystal cartridge to 
the short circuit at the back end of the pnit is also such a parmneter. 
None of these parameters afford strictly independent adjustn^t the 
rmitmrt admittance. It is found, howevm^, that the admittanee 
detmmined from the measiumnent of tho standkg-wave in Hie 
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waveguide leading to the crystal is referred to the plane of the axis of 
the crystal cartridge, the adjustment of the length of waveguide beyond 
the crystal unit results essentially in variation of the susceptance com¬ 
ponent of the crystal admittance. At a length about equal to one half of 
the wavelength in the waveguide, the crystal unit is completely short- 
circuited by the reflected short circuit at the end of the waveguide and 
the reflection coefficient of the mount is unity. The crystal current 
becomes zero for this length, since no voltage is built up across the 
crystal barrier. 

It is not advisable to achieve a match with the waveguide crystal 
mount by using a length, between the short circuit and the crystal, near 
to a half wavelength, since the susceptance introduced by the back part 
of the waveguide .is then large. The susceptance varies very rapidly 
with frequency and the crystal mount is correspondingly sensitive to 
frequency. The adjustment of the length of waveguide beyond the 
crystal is the design parameter most easily determined, because a sliding 
short-circuiting plunger in the waveguide can be used. If the suscep¬ 
tance component of the crystal admittance can be tuned out only with a 
length nearly equal to the length for which the crystal is short-circuited, 
it is preferable to change the mount in some way to allow the use of a 
length more nearly equal to one-quarter wavelength in the waveguide. 
It has been found that a change of the position of the crystal along the 
line through its axis also causes a change primarily in the susceptance 
component of the crystal admittance. The position may be so chosen 
that the crystal mount has only a small susceptance with a short circuit a 
quarter-wavelength beyond the crystal. The effect of moving the crystal 
cartridge across the waveguide in the plane perpendicular to the wave¬ 
guide axis is primarily to vary the conductance component of the 
admittance. This variation occurs because the voltage (integrated field 
intensity) between the top and bottom of the waveguide is a sinusoidal 
function of the crosswise position, with a maximum at the center and 
zeros at each side. Correspondingly, the presence of the crystal unit 
has the greatest effect on the electric field when the crystal is at the center, 
and has less influence when the crystal is moved toward the side of 
the waveguide. The conductance of the crystal mount thus falls from 
a maximum value with the crystal at the center to a minimum with the 
crystal at either side. 

In this way it has been found possible to make a crystal mount for the 
9000-Mc/sec frequency region which has an admittance, with a crystal 
iepresenting an average with respect to the admittance scatter of all 
units, equal to the characteristic admittance of the waveguide at the 
levri of signal equal to the optimum local-oscillator drive. The crystal 
units used in this region are the 1N23, 1N23A, and 1N23B types, all (ff 
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which show approximately the same spread of admittance since they are 
tested, in production, in identical mixers. 

It is more diflSicult to make the desired adjustments of admittance in 

the coaxial-line mount than in the waveguide mount. Although the 
wavelengths for which the coaxial-line mount is used are longer compared 
with the dimensions of the crystal, the crystal cannot be treated as a 

lumped-circuit element because it appears as part of the center conductor 
of the coaxial line. It is largely fortuitous that a coaxial line of a con¬ 
venient size and characteristic admittance can be used as a crystal mount 

in the 3000-Mc/sec region, since the early crystal mixers used for pro¬ 

duction testing were not at all similar to the present mount. An r-f 
impedance of 40 to 50 ohms in the coaxial-line mount must be derived 
from the effect of the barrier capacitance and from the transforming 

effects of the various parts of the cartridge. At a frequency as low as the 
intermediate frequency, the crystal unit would exhibit an impedance to a 

small signal of the same order as the i-f output impedance. The i-f 
output impedance is usually several hundred ohms, and a crystal having 
an r-f impedance this high would be difficult to match to a 50-ohm line. 

At 9000 Mc/sec, the aspect of the crystal in the waveguide mount is 
such that it can be considered approximately as a lumped admittance 
connected across the waveguide. 

3*4, The Filter in the I-f Output Lead.—The r-f bypass at the low- 
frequency (i-f, video-, or audio-frequency or direct-current) output 
terminals is, in neither of the mounts under discussion, completely 
accomplished through the use of a simple lumped capacitance, as would 

be inferred from the basic equivalent circuit. The function of this 
circuit may be considered as twofold: (1) it provides a path of high r-f 
admittance, compared with that of the crystal, with the result that the 

loading of the transmission line is the same as if the crystal were short- 
circuited to the line at this point; (2) it prevents leakage of any appreci¬ 
able amount of r-f power—primarily local-oscillator power, since its 

level is so much higher than that of the signal—into the input circuit of 

the i-f amplifier. The requirements set on the effectiveness of the filter 
circuit by the first of these functions might at first appear to be much 

smaller than those of the second. Since the r-f admittance of the input 

circuit of the i-f amplifier to which the mixer is to be connected is arbi¬ 
trary, the effectiveness of the filter circuit could be reduced considerably 

if a resonance were to occur when the two were connected together. 
Consequently, to avoid such effects, a large capacitance or a more 
complex filter is required. It is felt that the circuit of the filter type 

is more effective, per unit of capacitance introduced at the i-f terminals, 
than the lumped capacitance, in a restricted band of radio frequencies. 
Since most applications of microwave mixers have been in receivers 
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having wide i-f pass bands, the i-f capacitance of the mixer is important 
in determining the maximum pass band of the input circuit of the ampli¬ 
fier. The lower this capacitance, the wider the input circuit can be made. 

The operation of the filter is similar to that of many filters used as 

joints for r-f lines. In the filter used with the 3000-Mc/sec crystal 
mount, a spring-metal contact is used to make connection to the large 
end of the crystal cartridge. The spring contact is mounted by a rivet 

on the base of a cylindrical metal cup that has an open end toward the 
i-f outlet. The center conductor of the i-f line extends into this cup and 
terminates at the solid end of it. The inside of the cup, which is filled 

with a polystyrene dielectric, is thus a concentric line short-circuited 

at one end and a quarter wavelength long, in the dielectric. The open 
end, therefore, has a vanishingly small admittance. A wave progressing 

along the coaxial line formed by the outside conductor and the outer part 

of this cup induces currents in the outer wall of the cup, and, in order 
for the wave to travel qiit the i-f line beyond the open end of the cup, 
the current of the inner conductor must pass through the small admit¬ 
tance of the cup. Thus, unless the r-f admittance of the i-f output line 
seen at the open end of the cup is also very small, the major part of the 

voltage drop at this point appears across the end of the cup or choke. 
The r-f current in the i-f output line is kept small, because of the small 
admittance of the choke and, therefore, the r-f power getting into the 
i-f circuit is kept small. In order that the choke system be equivalent 
to an r-f bypass at the base of the crystal, the length of the coaxial line 
formed by the outer conductor and the outside surface of the cup or 
choke, is made equivalent to a quarter wavelength. Because this line is 

terminated in an admittance at least as small as the admittance of the 
choke, a large r-f admittance results between the base of the crystal 

and the outer conductor of the crystal mount. 

In the waveguide crystal mount used at 9000 Mc/sec, the r-f filter 
on the i-f output lead operates in much the same way, except that the 
addition of a small lumped capacitance just beyond the quarter-wave¬ 
length choke gives further assurance that the r-f admittance of the i-f 

output line is large at this point. The choke occurs, for mechanical 
reasons, in the outer conductor of the coaxial i-f output line. The point 

at which the choke appears in series with the output line, however, is a 
quarter wavelength along the line from the point at which the large 
bypass admittance is desired, in this case between the pin end of the 

crystal cartridge and the bottom wall of the waveguide. The reasons 
governing the choice of a circuit containing both a distributed-parameter 
filter and a lumped capacitance are largely mechanical, since the center 

conductor of the output line must be supported. The capacitance of 
the lumped condenser is not large compared with the distributed capaci- 
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tance of the output lead. The total i-f capacitance, consequently, 
could not be reduced greatly by elimination of the condenser, and its 
inclusion makes the tolerances on the dimensions of the choke filter less 

rigid. The filter action is also less frequency-senritive than it would be 
without the condenser. 

A choke joint or a filter of this kind is most effective over a wide 

frequency range if the characteristic impedance of the coaxial line 
forming the choke is as high as possible, and if that of the line forming the 
quarter-wavelength transformer is as low as possible. At the frequency 

for which the effective lengths of the choke and of the transformer are 
exactly one-quarter wavelength the filter is perfect, since the impedance 
at the open end of the choke is infinite. The impedance between the 

crystal and the outer conductor of the crystal mount is therefore zero, if 
dissipation in the filter itself is neglected. At a frequency differing from 
this by a small amount, however, the impedance at the open end of the 

choke is a large reactance. The larger this reactance is, compared with 
the characteristic impedance of the transformer section and compared 
with the r-f impedance of the i-f line, the smaller are the leakage of r-f 
power into the i-f circuit and the impedance between the end of the 

crystal and the outer conductor of the crystal mount. The reactance of 
the choke is proportional to the characteristic impedance of the line 
forming the choke. 

In the coaxial-line mount, therefore, the ratio of the diameters of the 
outer and inner conductors of the line forming the choke is made relatively 
large and the ratio of the diameters of the outer and inner conductors 

of the line forming the quarter-wavelength transformer is made small. 
The maximum usable line size for the 9000-M c/sec crystal mount is 
one in which the mean circumference of the inner and outer conductors is 

nearly 3 cm, for other modes than the principal mode may be propagated 
in a larger line. The characteristic impedance of the choke, therefore, 
cannot be made very high and, consequently, the addition of the con¬ 

denser across the i-f line helps to reduce the leakage of r-f power in a 

wide band of frequencies. 
The only effect of the filter on the i-f characteristics of the crystal 

mount is to produce a capacitance, provided the section is short compared 
with a quarter wavelength at the intermediate frequency. Since this 
is true, the i-f capacitance is just the static capacitance between the 

inner and outer conductors of the output line. In the coaxial crystal 
mount the capacitance is contributed primarily by the quarter-wave¬ 
length section of the cup and increases with decreasing characteristic 

impedance of this transformer. The desire for a small i-f capacitance 

in the mixer sets the limit on the diameter ratio of this section of line, and 
the bandwidth of the choke is therefore restricted. Each of the crystal 



Sbc. 3-6] TUNABLE CRYSTAL MOUNTS 131 

mounts illustrated has an i-f capacitance of about 11 niit. The effective¬ 
ness of the chokes in eliminating leakage power can be measured by 
inserting the crystal mount, with a crystal in place, between a signal 

generator at the local-oscillator level and an output indicator such as a 

spectrum analyzer. By comparison of the leakage power with the power 
available directly from the signal generator, the insertion loss of the 

crystal and filter is found, and if it is also known that the crystal mount 

approximately matches the signal-generator impedance, it may be 
concluded that the incident power is almost completely delivered to the 
crystal, if the insertion loss is large. Just how large this insertion loss 

must be is difficult to determine, but with the mounts described it is 
greater than 30 db in the frequency bands for which they are intended 
and with a matched coaxial-line r-f load at the i-f output connectors. 
Two cups differing in length but other¬ 
wise identical have been used in filters 
in the coaxial-line mount. One of 
these cups has an outside length of | 
in. and gives maximum insertion loss 
at a wavelength of about 10.7 cm. 

The other has a length of i in. and 
gives a maximum effect at about 8.8 
cm. The longer cup is used between 

9.5 and 12 cm and the shorter one 
between 7.5 and 9.5 cm. A curve 
typical of the ratio of the power inci¬ 

dent on the crystal to that leaking into 
an r-f load matching the line admittance on the i-f output connector is 
shown in Fig. 3'7. The ordinate is the power ratio in decibels and the 

abscissa is the wavelength expressed in units of the resonant wavelength 

of the choke. 
3*6. Tunable Crystal Mounts.—A technique commonly used* in the 

ffOOO-Mc/sec band to make the crystal mount tunable, after it has been 

designed to give an approximate match, is illustrated in Fig. 3-8. The 
position of the short circuit behind the crystal is made adjustable through 
the use of a plunger of the choke type and, thus, the effective susceptance 

of the crystal is controlled. Two tuning screws, one situated three 
eighths of a wavelength and the other five eighths of a wavelength ahead 
of the center line of the crystal are provided. These screws allow adjust¬ 

ment primarily of the conductance component of the admittance referred 
to the center line of the crystal. The admittance of the crystal itself 

is, of course, not changed by the insertion of the screw but the admittance 

at a point an integral number of half wavelengths toward the generator 
from the center line of the crystal is changed, primarily in the conductance 

Fig. 3*7.—R-f leakage of choke vs. 
wavelength. 
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component, for a small insertion. That this is true can be seen with the 
aid of an admittance diagram, , with the knowledge that the effect of the 
tuning screw is to add a capacitive susceptance in shunt at the center line 

of the screw. Thus, if the crystal were matched to the waveguide, a 
small insertion of the screw three eighths of a wavelength from the 
crystal would make the crystal appear to have a conductance larger than 
unity. A small insertion of the other screw would decrease the apparent 
crystal conductance. Only one screw is used at a time, the choice of 
screw depending upon whether the apparent conductance must be 
increased or decreased. The adjustments of the screw and of the plunger 

Fia. 3*8,—Tunable crystal mount for the OOOO-Mc/sec band. 

are completely independent only for very small insertions of either 
screw. A large range of tuning is available from the adjustment of the 
plunger and one screw. If, however, the crystal is severely mismatched 

to the waveguide with no insertion of the screw and with the plunger set a 
quarter wavelength from the crystal, some dissipative loss may result 
in the tuning screw and in the plunger when they are used to match the 
crystal mount to the waveguide. In addition, the frequency sensitivity 
of the resulting admittance is large. Both the plunger and the tuning 
screws have choke systems similar to that of the i-f output lead, to 
prevent leakage and to decrease contact losses. Only a small current 
flows at the points where metal-to-metal contact occurs and the design 
considerations of these choke systems are similar to those of the filter. 

The best operation over a wide band is obtained for a high characteristic 
impedance in the line forming the choke and a low characteristic imped¬ 
ance in the quarter-wavelength transformer section. Attempts have been 
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made to design plungers and screws that actually make contact and thus 

have not the constructional complication of the chokes, but no designs 
have been found which are as satisfactory under service conditions as 

those using chokes. This is particularly true of the tuning screws, if 

smooth continuous operation is desired. For experimental purposes, an 
ordinary screw can be put into a threaded hole in the top wall of the 
waveguide and locked by forcing a nut on the screw above the waveguide 

against the top wall. This simple screw, however, cannot be adjusted 
continuously because it depends for contact on the clamping effect of the 

nut. 

The only tunable crystal mounts of the coaxial-line variety that have 
been built have used standard coaxial-line tuning elements. One of these 
mounts contained, in the line ahead of the crystal, a pair of polystyrene 

cylinders filling the space between the inner and outer conductors of the 
coaxial line. The length of each of the cylinders was one quarter of the 
wavelength in the dielectric. The cylinders could be slid together along 
the line, and the spacing between them could be varied from zero to 
one-half wavelength. This device constitutes what has been called a 
‘‘double slug^^ tuner. Since the characteristic admittance of the section 

of line in which one of these dielectric cylinders appears is vX times the 
normal line admittance, where ke is the dielectric constant of the cylinder 
material, it is apparent from an admittance chart that the maximum 

transformation effect occurs for a spacing between the cylinders of 
one-quarter wavelength. An admittance corresponding to a voltage 
standing-wave ratio equal to kl can be made to match the line. With 

the cylinders together or one-half wavelength apart, there is no trans¬ 
formation effect because a half-wavelength section of transmission line is a 
one-to-one transformer. Therefore, any transformation from unity to 

kl can be achieved. The phase angle can be controlled by the position 
of the pair relative to the crystal mount and, in this way, any voltage 
standing-wave ratio less than kl can be matched out. 

Under special conditions, tuners having tuning ranges smaller than 

this have been used. This is true, for instance, for some crystal mounts 
for low-level detectors, where the same basic mount was used but where 
measurements of the admittance of the mount with large numbers of 

representative crystals showed that it was possible to bring all of the 
crystals sufficiently close to a match over the required 10 per cent band of 
frequencies with a single sliding metallic slug. Such devices can be 

designed only by measurement of the admittances to be matched to the 
line. Thus, if the required tuning range is known, a satisfactory tuning 

device can be found. 
One frequent source of trouble in crystal mounts that have had 

several changes of crystals is in the contact to the pin end of the crystal 
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cartridge. Experience has shown that contacting fingers such as those 
shown in Fig. 3-5 have been the most satisfactory ones tried, especially 
when made of tempered beryllium copper. Similar contacting fingers 

have consequently been used in all mounts used for crystals in ceramic 
cartridges, in both the 3-cm and the 10-cm regions. Saw cuts 0.020 
in. by 0.375 in. were found to give a good compromise between large 

contact pressure and ability to withstand reasonable deflections without 
becoming bent through distortion beyond the elastic limit. Although 
the specifications of the crystal cartridge call for a rounded end on the 

pin, it has been found well worth while to include an internal bevel in 
the end of the contacting fingers to assist in the centering of the pin 

during insertion of a crystal in the mount. 
3*6. Admittance Scatter in a Mount of Fixed Tuning.—Because of the 

desire to make crystal mixers that are fixed in tuning, a large part of the 
design of the crystal mount is concerned with finding the best fixed 

adjustment for all crystal units that are expected to be used. This can 
be done by measurement of the admittances of very large numbers of 
crystal units representative of those which will be used in the mount, and 

by adjustment of the mount in such a way that the scatter of admit¬ 
tances, when plotted on a Smith admittance chart, covers an area centered 
at the characteristic admittance of the input line. In order to reduce the 
labor involved in making these measurements, a special procedure of 
crystal selection has been used. 

To ensure that the crystals to be used in the tests were representative 
of those to be encountered in service, crystals were chosen at random from 

stocks of the various types made by each of the several manufacturers. 
A total of one or two hundred crystals was used and the r-f admittance 
of each was measured in a crystal mount that was found to be reasonably 

well matched for a few randomly chosen crystals. Then these admit¬ 
tances were plotted as points on an admittance chart and from this the 
area and, therefore, the proper tuning of the mount could be determined. 

Once this had been done it was not considered necessary to use the large 
number of crystals in further work for this frequency band, since the 
entire admittance region could be represented by a few crystals having 

admittances on the boundary of the region and by one or two having 
admittances in the center of the region. It was found that 10 per cent 
changes in frequency or small changes in the mount affected the admit¬ 
tances of all the crystal units in about the same way. Their positions 

on the margins or in the center of the admittance spread were conse¬ 
quently preserved, even though the whole region was transformed to 

another part of the admittance chart. These representative crystals were 
preserved for use in tests of many kinds and such tests could then be 
regarded as showing the results to be obtained with crystals of almost any 
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characteristics to be encountered among production units. Since the 
crystal units of one t3T)e number but different sufiBxed letters (11^21, 
1N21A, 1N21B) were usually used interchangeably, the original selection 
included samples of all such types. There was, usually, less difference 
found among the different types than among crystals of the same types 
but from different manufacturers. Almost all of the design considera¬ 
tions of the fixed-tuned mixer are dependent upon this admittance 

Fiq. 3*9,—Impedance scatter of 1N21A and 1N21B crystals in a coaxial-line mount at 
8.5 cm. 

spread. The borderline crystals, therefore, were used in many tests 
besides the admittance measurement of the mixer. 

In Fig. 3-9 a typical spread of impedances for a coaxial-line 8.6-cm 
mount is shown with the borderline crystals selected as representative 
marked with circles. An admittance scatter at 3.3 cm in a mount 
resembling the standard one of Fig. 3-6 b shown in Fig. 3.10. The 
outlines of the spread at 3.13 cm and at 3.53 cm are also shown, with 
the positions for the representative crystals at these wavelengths indi¬ 
cated by the circles on these contours. It will be observed that the 
admittance change occurs almost entirely in the susceptance component 

wid is in the direction which would be found if the crystal unit were 
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representable as a shunt-resonant circuit connected across the waveguide 
at the position of the centerline of the crystal unit. 

Fig. 3*10.—Admittance scatter of 1N23, 1N23A, and 1N23B crystals at 3.13, 3.33, and 
3.63 cm. 

3*7. Local-oscillator Coupling Mechanisms.—As discussed in Sec. 31, 
the prime requirement of the method of coupling the local-oscillator signal 
to the crystal is that it does not cause a significant loss of received signal 

power. In the equivalent mixer cir¬ 
cuit of Fig. 31 this was shown to 
require that the shunt admittance of 
the local-oscillator circuit measured 
in the mixer be small compared with 
the signal-generator and crystal 
admittances. For this to be possi¬ 
ble the power available from the local 

oscillator must be much larger than that which is actually transmitted to 
the crystal, because a large mismatch exists between the local oscillator 
and the mixer circuit. In Fig. 3*11, an equivalent circuit illustrating this 
situation is given. The signal-generator admittance has been assumed 

Fio. 3-11.—Simplified equivalent circuit 
of a mixer. 
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to be pure real and the crystal admittance gc has also been assumed to be 
pure real. If the local-oscillator admittance were zero, maximum power 

would be delivered to the crystal if g, were equal to gc. The simplest 
case to analyze is the one in which these admittances are the same at the 
signal and local-oscillator frequencies, and the mixer may therefore be 

considered to have a low Q. It is easily shown that the fraction of the 
signal-generator power that is delivered to the crystal when the local- 
oscillator coupling is added is 

T,o = ig,gc/[(g, + ?« + giy + bf], (l) 

where gi and bt are the real and ima^nary parts of the admittance of the 

local-oscillator circuit as measured at a point in the mixer line. Cor¬ 
respondingly, the fraction of the available local-oscillator power which is 
delivered to the crystal is 

Tic = ‘igig./[(g. + gc + giY + 6?]. (2) 

The fraction of the signal which is lost through the introduction of the 

local-oscillator circuit is 

which is 

T.i = _ T 

_ ^ 4g.gc(2c.gt + 2g^i -f gf -f bf) 
(g. + g<-)*[(g. + ge + gi)^ + bj] 

Under the condition that g, = gc this is 

4g^( + gf + &? 
(g. + gc + gi)* + b\ 

(3) 

(4) 

(5) 

If the admittancc'of the local-oscillator circuit is small compared with g„ 

the last two terms in the numerator may be neglected and the equation 
then is identical with Eq. (2). This means that, for small local-oscillator 

coupling, the fraction of signal power which is lost because of the presence 
of the local-oscillator circuit is approximately equal to the fraction of the 
available local-oscillator power which is delivered to the crystal. If, 

therefore, it is desired that not more than 6 per cent of the signal 
power be lost because of the local-oscillator circuit, 20 times the required 
local-oscillator drive for the crystal must be available from the local- 

oscillator circuit in the mixer. Since the local oscillator is often coupled 
through a circuit that has loss, for reasons that will be discussed in a later 
section, the local oscillator must be capable of delivering more power than 

this, and the design of the LO coupling circuit is not so simple as it might 
appear. Even if the local oscillator can deliver 100 times as much power 
as is required to drive the crystal, precautions against deterioration in 
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mixer noise figure caused by interaction between the signal circuit and the 

local-oscillator circuit must be taken. 
An additional complication to the problem of the design of an LO cou¬ 

pling circuit is that the output power available from different oscillator 
tubes of the same type can differ by large factors. Usually, the tube 
specifications set a lower limit to this output power but many tubes can 
be found which give two or three times as much power as this minimum. 
When this variation is added to the variation encountered as the tube is 
timed through a wide band and to the variation in the amount of coupling 

with crystal admittance, the total variation of local-oscillator power 
delivered to the crystal under all conditions of operation is more thto can 
be tolerated if the mixer is to operate within a few tenths of a decibel of 

optimum noise figure. It has therefore been considered necessary to 
have an adjustable local-oscillator coupling in order that the optimum 
local-oscillator power at the mixer crystal may always be obtained. In 

so-called fixed-tuned mixers this adjustment is retained and is the only 
adjustment required for operation with any crystal of the proper type 
and with any local-oscillator tube in the specified band of frequencies. 

If the amount of local-oscillator power delivered to the crystal is varied 
by adjustment of the coupling circuit, the values of gi and bi in Eqs. (2) 
and (5) vary. Equation (5) applies if the tuning of the crystal mount is 

optimum in the absence of the LO coupling circuit. For a fixed amount of 
coupling, the tuning of the crystal mount could be such that the sus- 
ceptance component of the admittance of the local oscillator was canceled 

by a susceptance of equal magnitude and opposite sign in the crystal 
admittance. The conductance of the crystal mount could be made 
equal to gr, gi to obtain maximum signal power in the presence of the 

LO coupling circuit. If this were done the percentage of the available 
local-oscillator power delivered to the crystal would be exactly equal to 
the percentage of available signal power lost because of the presence of the 
local-oscillator circuit. A practical LO coupling circuit must be adjust¬ 

able and the correction in the tuning of the crystal mount cannot be made. 
The signal loss is therefore increased because of reflection. 

The simplest LO coupling circuits are ineflBcient because the added 
susceptance bi is large compared with the conductance gi. Because of 
this, the signal power lost by reflection is larger at a given effective cou¬ 
pling than it would be if the admittance of the local oscillator were kept 
real at all adjustments. 

Most of the mixer circuits that have been designed for radar service 
have been operated with a TR cavity preceding the mixer in the signal 

line. The most commonly used TR cavities are highly resonant, and the 

circuit representing the local-oscillator coupling is not the same as that for 
the signal. Many TR cavities have sufficiently high Q*s to be treated as 
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completely reflecting circuits at the local-oscillator frequency, when 
resonant at the signal frequency. If such a TR cavity is used the local- 
oscillator injection can be made at a point in the mixer line, between the 

TR cavity and the crystal, where the admittance of the line terminated 
by the cavity is almost zero. In a waveguide, for instance, the TR cavity 
appears as though it were a short circuit, at frequencies sufficiently 

removed from resonance and, therefore, the admittance of the line ter¬ 
minated by the TR cavity is very small at a point a quarter of a wave¬ 
guide wavelength toward the crystal. If the local-oscillator signal is 

injected at such a point, as a signal from a generator having a small admit¬ 
tance, the fraction of the available local-oscillator power delivered to the 

crystal is 

Tu = 
^QiQc 

Igc + gi^ + 6? (fl) 

Therefore, the effective coupling is greater by a factor of about four 
than the coupling obtained without the TR cavity for the same gi and 
6i, if Qg is equal to gc and if gi and bi are small compared with This can 

be explained in another way by supposing the local oscillator to excite a 

wave that travels in both directions from the injection point in the mixer 
line. Without the TR cavity the wave that travels toward the signal- 

input end of the mixer is lost, but with the TR cavity present, it is 
reflected. The choice of the injection point at a quarter of a wavelength 
from the position of the short circuit that is equivalent to the TR cavity 

at the local-oscillator frequency corresponds to a position such that the 

wave reflected by the TR cavity has the same phase as that traveling 
toward the crystal. Hence the total amplitude of the wave traveling 

toward the crystal is twice as great as it would be without the TR cavity. 
Therefore, four times as much local-oscillator power arrives at the crystal. 

Besides giving greater local-oscillator coupling for a given amount of 
interaction of the local-oscillator circuit and the signal circuit, the addi¬ 

tion of the TR cavity causes another change in the operation of the mixer 
'circuit. For a small coupling without the TR cavity, the power delivered 
to the crystal by the local-oscillator circuit is a stationary function of the 

crystal admittance when the crystal is matched to the signal generator. 
Only the ordinary reflection losses are involved when the crystal admit¬ 
tance is different from this value, because the reflected local-oscillator 
wave is almost entirely dissipated in the signal-generator admittance. 
When the TR cavity is used, however, the local-oscillator power delivered 
to the crystal becomes very strongly dependent on the crystal admittance. 

If gi is small compared with g^ the power delivered by the local oscillator 

to the crystal is proportional to l/g^. This requires that the available 
range of adjustment of the local-oscillator coupling be much greater than 
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without the TR cavity, to allow the optimum local-oscillator power to be 
delivered to crystals of all admittances occurring in the representative 
scatter. Two crystals having conductances differing by a factor of four 
would require adjustment of the local-oscillator coupling by almost 
this factor for the same power delivered to the crystal. It is, therefore, 
even less satisfactory to use a fixed LO coupling adjustment in a mixer 
having a resonant TR cavity in the signal line than in one having a com¬ 
pletely nonselective circuit. Thus, although in the crystal test sets a 
fixed LO coupling adjustment is used with a single oscillator tube at a 
single frequency of operation, it is impractical to attempt fixed adjustment 
in a mixer for use with a TR cavity. 

3*8. Capacitive Local-oscillator Coupling in Coaxial-line Mixers.— 
At 10 cm, where the small coaxial-line crystal mount is used, the common 
LO coupling circuit is a small capacitive probe, terminating a coaxial line 

that is coupled to the local oscillator 
Input line To crystal 

Fia. 3*12.—Adjustable local-oscillator 
coupler for a coaxial-line mixer. 

and projecting into the main coaxial 
line of the crystal mount. One 
form of such a coupling mechanism 
is shown in Fig. 3T2. This device 
allows adjustment of the probe in¬ 
sertion without movement of the 
local-oscillator line, which is a con¬ 
venience when frequent adjust¬ 
ments must be made. It is simpler 
to construct a coupling probe that 
is adjusted by sliding or screwing 
the whole coaxial line of the local- 
oscillator circuit in a sleeve 
mounted on the mixer line. An 

adjustment of this type has been used in mixers such as those used 
for crystal testing. In the mixer for testing, however, the level of the 
local-oscillator signal is changed only if the local oscillator is changed; 
otherwise the coupling adjustment is locked. It is important that good 
electrical contact be made through the screw threads or in the sliding 
section; therefore, a clamping arrangement or a lock nut is usually pro¬ 
vided. In a circuit like that shown in Fig. 3-12, the center conductor of 
the side arm ending in the probe makes a sliding contact with the center 
conductor of the LO input line, and the spring used for this contact has 
been somewhat troublesome. The spring, which has slotted ^'fingers'' 
at each end to contact the rod sliding in it, must be carefully soldered so 
that the temper is not lost. Beryllium copper is a very satisfactory 
material for a spring of this sort because it can be hardened after the 
soldering is done. The length of the stub line supporting the center 
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conductor changes with adjustment of the probe insertion, but, since 
the probe represents a severe mismatch at the end of the line, the small 
reflection due to this stub is not serious. 

In order that the local-oscillator tube will oscillate with this probe as its 
load, it is necessary to arrange that the actual load admittance presented to 
the oscillator is compatible with the characteristics of the oscillator. One 
way in which this can be assured is to use such a length of line, between 
the oscillator and the probe, that the admittance presented to the oscil¬ 
lator at the other end of the line lightly loads the oscillator. If this is done 
and if the system is to be continuously tunable, the line must be so short 
that the phase length of the line does not change appreciably in the 
required tuning range. If the equivalent electrical length of the line 
does change by a quarter wavelength, the loading will be very heavy and 
the oscillator may not operate satisfactorily. Another way of avoiding 
load admittances which upset the operation of the oscillator tube is to use 
lossy cable to couple the oscillator to the mixer circuit, to attenuate the 
wave reflected from the probe. 
Thus, the range of admittances that f-' . 
are presented to the tube as the 
phase length of the line changes r silver rings 

with frequency is reduced aifd can ^ 
be made small enough for the tube 

to operate satisfactorily. In view peslstor disk : \ A 

of the difficulty in getting sufficient IRC VC 14204 : I 

local-oscillator drive without suffer- f P1 
ing from signal loss, however, this 
can be done only if a large excess of mluMni 
power is available from the tube. 313.—Loc^^sciiiator coupler with 

For operation with a 2K28 tube and 
with a nonresonant mixer circuit, 6 db of attenuation can be used but 
there is very little extra coupling available, with the most powerful tubes, 
before interaction and signal loss become serious. 

A third way in which the load admittance of the local oscillator can be 
maintained at a reasonable value over a wide frequency range and with a 
long coupling line is illustrated in Fig. 3-13. Here a “resistor disk^^ 
which is a disk of Bakelite, coated with a carbon resistance material, and 
having silvered inside and outside rings for contacts, is put into the line. 
The resistance between the contact rings of this disk is the characteristic 
impedance of the coaxial line, 50 ohms in the local-oscillator circuit. The 
disk would be a reflectionless termination for the line if its r-f character¬ 
istics were such that it loaded the line with a resistance alone and if the 
admittance of the remainder of the line beyond the disk were zero. In 
practice there is a capacitive susceptance due to the large dielectric con- 

Reslstor disk 
IRC VC 14204 

50X1 Resistor disk 

Fio. 3* 13.—Local-oscillator coupler with 
resistor-disk termination. 
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stant of the Bakelite base of the resistor disk, as well as the conductance, in 
shunt with line in the plane of the disk. The line may still be terminated 

by the disk, however, if it is placed in a position where the admittance of 
the line beyond it contains an inductive susceptance of the same magni¬ 
tude as the capacitive susceptance of the disk. Thus, the susceptance 
is resonated out and the load terminating the local-oscillator line has the 

conductance of the disk plus a small conductance caused by the small 
power transfer from the probe to the crystal-mixer line. The small 

capacitive susceptance of the probe and of the disk makes the resonant line 
length between the probe and the disk somewhat less than a half wave¬ 
length. A resistor disk has been provided in all coaxial-line mixers of 

recent design to secure a reasonable load admittance for the local oscil¬ 
lator. This circuit is less wasteful of local-oscillator power than that 
using attenuating cable. The local-oscillator power available at the 
mixer is reduced by a factor of approximately 2 (it cannot be specified 
exactly because the oscillator is not a linear generator) but the line may be 
made very nearly matched. In the design of Fig. 3*13, the admittance 
of the line between the probe and the disk varies as the probe is adjusted. 

Consequently, the termination is also varied but the voltage standing- 

wave ratio is less than about two for all adjustments and over a plus 
or minus 10 per cent band in the region of 10 cm. Since the half-wave- 

length section of line beyond the disk is frequency-dependent, the 
bandwidth is correspondingly restricted. The useful bandwidth is 
determined by the excursion in admittance that can be tolerated by the 

oscillator tube. At 10 cm, where the capacitive susceptances of the 
probe and the disk are small, the admittance of the termination is 
given approximately by 

Yr « r„ (l + j tan 

For small deviations from Xo, the resonant wavelength, the admittance is 

From this the wavelengths on each side of Xo for which a given reflection 
coefficient would be encountered can be calculated to estimate the usable 
bandwidth. For a voltage standing-wave ratio of 1.5, a reflection 

coefficient of absolute value 0.2 is required and the wavelengths for 
which this standing-wave ratio would be encountered are approximately 

Xo ± 0.12Xo; hence, a bandwidth of plus or minus 12 per cent is possible 
with that tolerance in the standing-wave ratio. 

3.9. A Local-oscillator Coupling Circuit for Coaxial-line Mixers.— 
A very useful LO coupling circuit for coaxial-line mixers in which rigid 
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connections between the local oscillator and the mixer can be used is 
illustrated in Fig. 3-14. This circuit has some very great advantages 
over the capacitive-probe coupling circuit, especially if the LO output 
power is low. A direct connection is made between the mixer line and a 
coaxial line terminating in the pickup loop of the local oscillator. This 
line includes a movable section, with spring contacts in both the inner 
and outer conductors, so that the orientation of the loop with respect 
to the mixer can be adjusted and then clamped. For decoupling of the 
nignn.1 from the local oscillator, the resonant nature of the local-oscillator 
cavity is utilized. Because the local oscillator is tuned to a frequency 
differing from the signal frequency by the intermediate frequency, the 
local-oscillator cavity is not resonant 

at the signal frequency. A signal 
wave traveling down the local-oscil¬ 
lator line is therefore almost com¬ 
pletely reflected at the loop. So far 
as the signal frequency is concerned, 
the local-oscillator line is just a stub, 
and if it is made the right length it 
has practically no effect on the 
signal-frequency wave. The line is 
approximately of nonreflecting 
length if the distance from the inside 
wall of the outer conductor of the 
mixer line to the end of the loop, 
including the perimeter of the loop, 
is an odd number of free-space quar¬ 
ter wavelengths. A single quarter 
wavelength would allow a reflection in the mixer line producing a 
voltage standing-wave ratio of less than 1.2 over a band of plus or minus 

10 per cent. 
The load presented to the local-oscillator line is nearly matched in this 

circuit. If power enters the mixer through a resonant cavity or a TR 
cavity, the reflection of power at the local-oscillator frequency by this 
cavity must reinforce the local-oscillator wave traveling toward the 
crystal, just as it does in the capacitive-probe coupling circuit. In other 
words, the section of line from the junction to the cavity must behave as a 
quarter-wavelength stub. The local-oscillator line is terminated by 

the crystal and is usually not seriously mismatched. 
If no resonant cavity is used, the mixer line is matched in both 

directions—at one end by the crystal and at the other by the antenna. 
The local-oscillator line might be made to have a characteristic admt- 
tance twice that of the mixer line and the standing-wave ratio in it might 

From To crystal 
input line mount 

Fig. 3-14.—Adjustable local-oscillator 
coupling circuit in which the resonance of 
the LO cavity is utilized for decoupling 
the LO circuit from the signal. 
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therefore be nearly unity. With a line only one-quarter wavelength long, 

however, this would not be necessary, since the load presented to the 
oscillator would change very slowly with frequency, although the voltage 

standing-wave ratio would be about two. 
The coupling of the local oscillator is adjusted by rotating the loop 

in the local-oscillator cavity. A range in coupling from zero to full 
coupling is achieved for a rotation of 90® from a position with the loop in 
the plane of the magnetic field to a position perpendicular to the magnetic 
field in the local-oscillator cavity. The great advantage of this circuit 
is that full coupling between the local oscillator and crystal can be 
obtained without danger of interaction with the signal circuit of the 
mixer, provided the intermediate frequency is high compared with 

t'o/Qh, where Ql is the loaded Q of the oscillator cavity and vo is the radio 
frequency. Thus the local-oscillator power required is reduced from 25 
or more milliwatts to about one milliwatt. For mixers that have no 

resonant cavity in the input circuit, this coupling circuit is especially 
useful, since the capacitive-probe type does require large oscillator power 
in that case. It is also simpler than the probe coupling circuit when 

it is necessary to include a resistor disk for maintaining a matched 

local-oscillator line. 
3-10, Local-oscillator Coupling in Wavegxiide Mixers.—In wave¬ 

guide mixers for the wavelength region for which the previously discussed 
waveguide crystal mount is used, the LO coupling problem is similar 
to the coaxial-line problem, but is complicated by the fact that the local 

oscillators commonly used (723A/B, 2K26, and 2K45) have coaxial-line 
output leads of a very special type. These output lines end in a small 
dielectric-encased antenna which is supposed to couple as a probe to the 
waveguide. In many early mixers that were built and put into service, 
this antenna was used to couple local-oscillator power directly to the 
mixer by allowing the antenna to project by an adjustable amount into 
the mixer waveguide at an appropriate place. The adjustment of the 
probe insertion was made by using a tube mount, on the broad side of 
the rectangular waveguide of the crystal mount and mixer, which could 
be adjusted in spacing from the waveguide. In this way the antenna 

at the end of the coaxial line projecting from the base of the tube was 
made to extend into the waveguide by a variable amount. Local- 
oscillator coupling of this kind has recently been completely abandoned 

because it does not afford a controllable load admittance at the oscillator 
tube. Only enough coupling is needed to ensure that a few per cent of the 
available local-oscillator power is coupled into the waveguide of the 
mixer, in accordance with the preceding discussion. Decoupling of 
the signal from the local-oscillator circuit is thus assured but, because 
only a small percentage of the available local-oscillator power is coupled 
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out of the LO output line into the waveguide, a large standing-wave ratio 
can exist in the output line. Since the line has a physical length of about 
3 in., it is electrically about 2.6 wavelengths long and the electrical length 
is strongly dependent on the oscillator wavelength. Thus, the load 
admittance presented by this output line to the oscillator cavity varies 
rapidly with wavelength. Wavelengths are found, consequently, at 
which the oscillator operates very erratically or not at all. If the same 

Insulating material 

m 

m li/SS 

±0.006 
u— 0.87Cr'—J 

Fig, 3*15.—Test mount for a 2K25. 

tube is used in a circuit in which the tube is operated into a reasonable 
load admittance, it can be tuned smoothly through these same wavelength 

regions. The fault, therefore, can definitely be attributed to the load 

circuit. 
With a given tube, a coupling circuit of this type operates satisfac¬ 

torily at some wavelengths, and its simplicity would recommend it for a 
simple mixer even if the tuning range were restricted. It is found, how¬ 
ever, that the wavelengths of satisfactory operation are not the same for 
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various tubes of the same type, because the electrical length of the 
output coupling line is not controlled. Thus, many otherwise satis¬ 

factory tubes must be discarded in favor of others which have output 
lines of different electrical lengths,, when the tube is coupled to the mixer 

in this way. 
As a result of the difficulties of this kind which have been encountered, 

a definite circuit for coupling these oscillators to a waveguide has been 
made a part of the oscillator specifications. With this circuit, almost the 

full power available from the oscillator is coupled to a matched load 
terminating the waveguide. Continuous tuning of the oscillator over its 
specified tuning range results if the waveguide has a nonreflecting 

termination. To be certain that this is true, the specifications require 

that each tube be tested or this property in the specified mount, and 
the tube must pass a test for minimum output power in the same.mount. 

A mixer that is to use one of these tubes as ‘a local oscillator must 
present to the tube the same admittance as is presented to it in this test 
mount if continuous tuning and reasonable output power are to be assured. 
Thus, the tube must be mounted vnth the same probe position, as regards 

insertion and position laterally and longitudinally on the waveguide, and 
the waveguide must be approximately matched at its load end. Figure 
3*15 shows the important features of the test mount or the 2K25 tube. 

In some mixers to be described in later sections, the tube mount is not 
identical vath this in all details because it could not easily be made so. 
In these mixers, extensive tests with large numbers of tubes were made 

to ensure that the mixers would operate satisfactorily over the required 
tuning range with the great majority of tubes. 

3*11. A Directional Coupler for Coupling the Local Oscillator to the 

Mixer.—A simple mixer for the 3-cm region can be coupled to the local 
oscillator in a variety of ways. In view of the requirement that the local 
oscillator operate into a special circuit it seems advisable that two 

separate waveguides be used, one for the mixer proper, and one for the 
local oscillator and load circuit, with a coupling circuit between these 
waveguides which transmits the required amount of local-oscillator power 

from the local-oscillator waveguide into the mixer waveguide. This 
suggests that a ‘directional coupler'' would be the ideal circuit to use. 
A directional coupler is a special network having four pairs of terminals 
and having the property that power sent into one pair of terminals is 

almost completely transmitted to a ihatched load on the opposite pair. 
A small fraction of the power is coupled into a third pair of terminals 
and none to the fourth. The symmetry is such that if the direction of 

power flow is reversed the small amoimt of power is available from the 
fourth pair of terminals and none from the third. At microwave fre¬ 
quencies, the directional coupler can be realized by a structure such as 
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that shown in Fig. 3* 16. The details of the design of circuits of this 
kind will be found in Vol. 11, Chap. 14, but a qualitative description 
of the operation of the directional coupler is given here to facilitate the 
discussion of its use as an LO coupling circuit. 

Two waveguides running parallel to one another are coupled together 
by two channels of the same width as the waveguides .but of smaller 
narrow dimension and one-quarter wavelength long. These channels are 
spaced one-quarter wavelength apart, as indicated in Fig. 3-16. Both of 
these dimensions are only equivalent electrical dimensions because 
corrections must be made to compensate for end effects. The operation 
as a directional coupler depends on the fact that each channel excites 
a wave in one waveguide when a wave is sent through the other. The 
excited wave propagates only in the same direction as the exciting wave 
because destructive interference takes place between the two components 
traveling in the other direction. As a wave that is sent into the structure 

Fio. 3*16.—Waveguide directional coupler. 

at A passes the channels, a small percentage of the energy is sent down 
each channel. If the coupling is small, the amplitudes of the waves in the 
two channels are almost the same. Each of these waves excites waves 
propagating in both directions in the lower waveguide but the com¬ 
ponent traveling toward C arriving at 3 by way of the path through 
2 and 4 is opposite in phase to that excited by way of the path through 
1 and 3 because it has traveled one-half wavelength farther. Hence, the 
two waves traveling toward C interfere destructively. The two waves 
traveling toward D are in phase with each other and, consequently, a 
wave of twice the amplitude, or four times the power, of that which would 
result with a single channel is propagated toward D. Because of the 
symmetry of the device it can be seen that a wave sent into B propagates 
primarily to A with a small part sent to C and none to D, and similarly 

for the other branches. 
The amount of power that is coupled from the one waveguide to the 

other is dependent on the width of the channels. The characteristic 
impedance for rectangular waveguides of the same broad dimension is 
proportional to the narrow dimension 6. The junction formed between a 
channel and the main waveguide may be considered as equivalent to a 
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series connection and, therefore, the impedance loading one of the channel 
waveguides is twice the characteristic impedance of the main waveguides 

if both ends of the loading waveguide are matched. In units of the 

characteristic impedance of the channel waveguide the load impedance is 
26/5', where 6 is the narrow dimension of the main waveguide and 6' is 

that of the channel. At the other end of this channel, because the channel 
is one-quarter wavelength long, the impedance is the reciprocal, or 
6'/26. Returning to units of the characteristic impedance of the main 
waveguide, the impedance at the input end of the channel is (6')V2(6)2. 

This impedance may be considered as appearing in serfes with the load 
impedance in the waveguide on the side of the channel opposite to the 
side connected to a signal generator. If all four waveguides are matched, 

a fraction, approximately equal to (6') V2{6)^, of the power available from 
a signal generator on one waveguide would be coupled by a single channel 
into the other waveguide. With two channels, a fraction of the power 
approximately equal to ib'y/{b)^ is coupled into a matched load at one 
end of the other waveguide. 

To be used as an LO coupling circuit, the directional coupler of Fig. 

3*16 would be excited by the local oscillator at A and by the received 

signal at C, and it would be terminated by a matched dummy load at B 
and by a crystal mount at D, and a complete mixer results. The fraction 

of the received signal power which is lost by transmission to the dummy 
load at B is the same as the fraction of the total local-oscillator output 
power which is transmitted to the mixer crystal. One disadvantage of 

the directional coupler in this application is that it is very difficult to 
provide an adjustable coupling for it. Thus the only way of achieving an 
adjustable local-oscillator drive is to use a dissipative attenuator between 

the local oscillator and the coupling channels. If this is done, the 
coupling must be designed to give the required local-oscillator drive under 
the most adverse conditions of oscillator output power and crystal admit¬ 

tance. The signal power lost into the local-oscillator circuit is independ¬ 

ent of the attenuator adjustment and, therefore, is always that associated 
with the amount of coupling and is not reduced when a high-power 

oscillator and a good crystal are used. This is not a serious disadvantage 
but its existence should be realized. Many other forms of directional 
couplers can be made and it would not be worth while to go into the 

details of all of these here. Any directional coupler, however, with an 
appropriate coupling factor would be satisfactory. With a 2K25 tube, 
the minimum output power is specified as 15 mw and the local-oscillator 

drive desired for crystals of the 1N23 type is about 1 mw. A directional 

coupler for this combination should couple, from the local oscillator to 
the crystal, of the available power. Such a coupler is sometimes called 
an 11.8-db coupler. 
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It should be pointed out that there is a smaller loss of signal caused 
by the local-oscillator circuit with a directional coupler than there is with 
a coupler of the simpler nondirectional type discussed in connection with 

Eqs. (2) and (5) for the mixer circuit without a resonator. The similarity 
between Eqs. (2) and (5) was stated to show that the fraction of signal 
power lost could not be made smaller than the fraction of available local- 

oscillator power delivered to the crystal, which is the same condition that 
exists for the directional-coupler circuit. There is a difference, however, 
in that, in the formej example, the available power was that in the mixer, 

and if a matched load such as a resistor disk is provided, only about half 
the power actually available from the oscillator is available in the mixer. 
With a directional coupler it is the total power available from the oscil¬ 

lator which enters into the reciprocity relation. Consequently, the 
directional coupler results in only half as large a signal loss as the simpler 
coupling, if the full coupling is being used. The fact that the signal loss 

does not decrease with more favorable conditions, however, means that 
this advantage is lost when attenuation must be used between the 
oscillator tube and the directional coupler. 

With the mixer preceded by a resonant circuit such as a TR cavity, 
there is no such advantage from the use of a directional coupler over the 
nondirectional circuits. It was shown that the fractional loss of signal 

power with a simple coupling circuit can be as small as one quarter of 
the fraction of the local-oscillator power available in the mixer delivered 
to the crystal. With a matched load, such as the resistor-disk circuit 
discussed in Sec. 3*8, provided for the local oscillator, the local-oscillator 

power available in the mixer is one-half that available from the tube 
alone. The fractional loss in signal power, therefore, can be as small 
as one-half the fraction of the local-oscillator power available from the 

tube delivered to the crystal. Thus the signal loss with a directional 
coupler is twice the minimum loss possible with the simple circuit if a 
resonant signal circuit is used ahead of the mixer. Because the coupling 

with the directional coupler is independent of the admittance at the 
signal-input terminals of the mixer, the position of the coupler in the line 
between the resonant circuit and the crystal is not important. If the 

resonator were separated from the mixer by such a long length of line that 
the admittance looking toward the resonator at the injection point of 
the local-oscillator power varied rapidly with the frequency, a directional 

coupler would be superior to the simple coupling circuit. Another point 
of great importance when no resonant circuit is used between the antenna 
and the mixer is that the only source of signal radiated from the mixer 

would be reflection, of local-oscillator power, by the crystal, if the 

directional coupler is used. With the simple circuit, the amount of 

local-oscillator power radiated under these conditions would be the same 



160 SIMPLE MICROWAVE CRYSTAL MIXER CIRCUITS [Sue. 312 

as the amount delivered to the crystal. Directional couplers have not 
been used extensively in microwave mixer circuits, chiefly because it is 
difficult to make them adjustable and because they have not been 
mechanically convenient for most applications. It will be shown later 
that in circuits operating with a resonant TR cavity, it is desirable that 
the length of line between the TR cavity and the crystal be kept short. 
Most directional couplers transmit the coupled wave in the same direction 
as the original wave, as does the one of Fig. 3-16, and this requires that 
the local-oscillator tube be located at some distaiyie from the crystal. 
This requirement has not been compatible with the desire for short 
line length between the TR cavity and the crystal with the duplexer 
circuits used and, consequently, other circuits have been found more 
adaptable to the service. The design of a mixer, whether a coaxial-line 
or waveguide type, using a directional coupler for the local-oscillator 
injection is straightforward and any of the directional-couplers that are of 
convenient shape and have the required amount of coupling may be used. 

3-12. A Single Channel for Local-oscillator Coupling.—A simple 
nondirectional circuit for coupling the local oscillator to a waveguide 
noixer, which is similar to the directional coupler of Fig. 3T6 in principle 

but contains only one coupling 
channel, can be used. Such a 
coupling circuit is illustrated in 
Fig. 3T7. Following the qualita¬ 
tive argument given for the] chan¬ 
nel width of the directional coupler, 
the power coupled from one wave¬ 

guide to the other, with all four pairs of terminals matched is approxi¬ 
mately {b'y/2{by. If this circuit is used as the LO coupling circuit 
for a mixer, the oscillator output power can be sent into A or B and 
a matched dummy load placed on the other end of this waveguide. 
The signal would be incident at C and the crystal mount would be at Z). 
Since the coupled power is the total power taken out of the local-oscillator 
waveguide, with a termination in the mixer waveguide at each end which 
is matched at the local-oscillator frequency, the power transmitted to 
the crystal is just half the power coupled from one guide to the other, or 
(6')*/4(6)*. If the mixer has a resonant filter such as a TR cavity 
in the signal line, the coupling depends upon the admittance presented by 
this circuit, at the local-oscillator frequency, at the coupling channel. 
BecaiDse the junction is a series connection, the largest coupling occurs 
when this admittance is very large and the coupling is then approxi¬ 
mately (6')V(l>)*‘ All of the power taken out of the local-oscillator 
waveguide is transmitted to the crystal and this power is twice the amount 
without the resonator since the impedance terminating the cross-coupling 

Fig. 3*17.—Nondirectional coupling circuit. 
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channel is 1 instead of 2 in units of the characteristic impedance of the 
main waveguide. 

The amount of the coupling for the single channel can be made 
variable by the addition of an adjustable susceptance element in the 
channel. In Fig. 3*18 the effect of adding a capacitive susceptance in the 

coupling channel at a point midway between the two waveguides is 
illustrated on an admittance chart. The load admittance in units of the 
characteristic admittance of the channel was taken as 0.25 at point (1). 

Fia. 3*18.—Admittance diagram illustrating effect of adjustable susceptance for coupling. 

Without the susceptance, the admittance at the input end of the channel 
corresponds to the point (2a) or a conductance of 4 in units of the char¬ 
acteristic admittance of the channel. Since this conductance is added 
in a series circuit in the local-oscillator waveguide, the impedance is more 
significant, and this is 0.26 in units of the characteristic impedance of the 
channel or 0.126 in units of the main-waveguide impedance. Hence, the 
power coupled from the local-oscillator waveguide to the other would be 
about 12.6 per cent of the power delivered by the local oscillator to the 
dummy load. Only one half of this power goes into the crystal. With a 
capacitive susceptance of 0.5, in units of the admittance of the channel. 
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added at the midpoint of the channel, the admittance at the input end of 
the channel is that of the point (2b). The corresponding impedance is 

that of the coordinates at (2c) or 0.16 + yo.22 in units of the character¬ 
istic impedance of the channel. In units of the characteristic impedance 
of the main waveguide this is 0.08 + jO.ll. Therefore, 8 per cent of the 
power delivered by the local oscillator to the load is transmitted into the 
mixer waveguide and the delivered power is slightly changed because of 
the appearance of the reactive term. 

It might be thought that to avoid the reactive term the susceptance 
should be added at a point such as (3), where the circles of constant 
conductance are approximately orthogonal to the circles of constant 
standing-wave ratio. Since it is just as important, however, to avoid 
large reflections in the local-oscillator waveguide as in the mixer wave¬ 
guide, this is not so. Although the resultant variation of the series 
impedance presented to the local-oscillator waveguide would be resistive, 
that presented to the mixer waveguide would be reactive and severe 
reflections would result. It is sometimes more convenient to use a 
channel three quarters of a wavelength long for such a coupling circuit. 
Then, an inductive susceptance at the midpoint, or a capacitive suscept¬ 

ance at a position a quarter wave¬ 
length either side of the midpoint 
would produce a coupling that de¬ 
creased with increasing suscept¬ 
ance. An inductive susceptance 
used at the midpoint of the quar¬ 
ter-wavelength channel would give 
increased coupling with increasing 
insertion. The mismatch that 
would be introduced by such a 
coupling device would increase with 
increasing coupling and could be¬ 
come serious unless a limit on the 
range of adjustment were provided. 
It is difficult to set a limit on the 
adjustment since the susceptance 
of a structure introduced into the 

waveguide varies rapidly with frequency when the susceptance is large. 
Under most circumstances the amount of mismatch that can be tolerated 
is larger for conditions requiring small local-oscillator coupling because 
the crystals that have small conversion loss usually require small local- 
oscillator drive to achieve optimum over-all noise figure. 

Expressions giving the amount of coupling between the local oscillator 
and the crystal, and the reflection coefficient caused by the coupling 

Fiq. 3*19.—Equivalent circuit of channel 
local-oscillator coupler. 
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channel, as a function of the added capacitive susceptance can be derived 

from a consideration of the equivalent circuit of Fig. 3-19. All imped¬ 

ances and admittances are expressed in units of the characteristic imped¬ 
ance or admittance of the main waveguides and it is assumed that the 
local oscillator, dummy load, signal generator (receiver antenna), and 
crystal are all matched to the waveguides at the local-oscillator fre¬ 
quency. The series impedance introduced in the local-oscillator circuit 
by the coupling channel and mixer can be calculated by transforming the 
load admittance of the channel, b'/2bj through the eighth-wavelength line 
by the transmission-line formula for a lossless line. 

y ^ y Yt + tan (kl) 
' Fo + iF, tan (fcO (7) 

where Fo is the characteristic admittance of the line, Ft is the terminating 
admittance, k is the wave number equal to 27r/Xy, and I is the length of 
the line. For the eighth-wavelength 
lines kl is t/A and the transmission- . 
line formula is 

Yt + jY, 
Y = Yo 

Yo + jYc (8) 

Next, the variable susceptance B is 3-20.—Equivalent of local-oscil- 

added and the resultant admittance, circuit, 

again transformed by this formula, gives the admittance Fc at the input 
end of the channel. The impedance Zc is the reciprocal of Fc and the 
entire circuit becomes equivalent to that of Fig. 3*20. The fraction of 
the available local-oscillator power coupled into the crystal is 

T = 
2Rc 

(2 + R.y + XI' 

and the absolute magnitude of the reflection coefficient is 

|rl = 

By algebraic manipulation, these relations become 

1 - {l+Zc) _ Rl + XI 1 
1 + (1 + Zc) L(2 + B«)* + XU 

T = 
+ (2 + By] 

and 

ir 

[.42^2 + (2 + By + 4.42]2 + ^2^2 [(2 + B) ^2 (2 _ B)]2 

-1 

(9) 

(10) 

(11) 

16A* + [(2 + B) - A* (2 - B)Y P 
+ (2 + By + 4A*]“ + [(2 + B) - A* (2 - B)]*j 

(12) 
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where the quantity A is the admittance terminating the channel in 

units of the characteristic admittance of the channel. The value of 

which gives the required maximum coupling To may be found by setting 

B equal to zero in Eq. (11) and solving for A^. If this is done, 

A^ = [(1 - 2To) - (1 - 4T,)H]. (13) 

For To small compared with i, this expression may be simplified by the 

expansion of the second term in series and the neglecting of terms higher 

than the third. The result is 

A* = To. 

This is identical with the result obtained for the fraction of the total 

power delivered to the crystal, if the series impedance of the channel 

B B 
Fio. 3*21.’—Fraction of LO power coupled vs. Fio. 3*22.—Standing-wave ratio vs. sus- 

susceptance. ceptance. 

in the local-oscillator waveguide is small compared with the character¬ 

istic impedance of the local-oscillator waveguide. 

A typical example of a 3-cm mixer would employ a 2K25 oscillator 

tube and a 1N23 crystal. The oscillator tube may be expected to give at 

least 15 mw of power and the local-oscillator drive required for the crystal 

is less than 1 mw. Hence, To could be 0.05. If this value is used in 

Eqs. (11) and (12), the coupling and reflection coefficient as functions 

of the adjustable susceptance can be found. In Fig. 3-21 the fraction 

of the power available from the oscillator coupled into a matched crystal 

is plotted as a function of the susceptance. In Fig. 3*22 the standing- 

wave ratio is plotted as a function of susceptance, found from Eq. (12) 
by the relation 
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The standing-wave ratio has a maximum of 1.55 at infinite susceptance, 
corresponding to zero coupling. This amount of mismatch relative to 
the optimum load admittance for the tube has been found not to cause 
trouble with the great majority of tubes. 

3-13. An Exact Equivalent Network for the Coupling Channel.—The 
analysis of the circuit on the basis of a simple series connection to repre¬ 
sent the junctions is not sufficiently accurate to allow exact specification 
of the length and width for a particular coupling factor. As in almost 
all microwave circuits, there are end effects, associated with the excitation 
of higher modes in the waveguide, or coaxial line, which cause some 
departure from the results expected on the basis of the simple circuit. 
However, by m^ans of some exact equivalent circuits for a junction of 
this type, developed by J. Schwinger, it is possible to calculate the length 
and width for minimum mismatch (equivalent to a pure series resistance) 
for a given coupling factor. Schwinger 
derives an equivalent network for the 
junction where the terminals of the net¬ 
work are considered to lie in planes, in the 

respective waveguides, adjacent to the 
junction. Because many modes exist in 
the immediate vicinity of the junction, 

the admittances in these planes cannot 
be specified, but the equivalent circuit 
predicts the admittances which would be 
measured at planes an integral number 
of half wavelengths back from the junc¬ 
tion in the respective waveguides. The 

agreement of these equivalent circuits 
with experiment is very good. By mak¬ 
ing use of them, the conventional tech¬ 
nique of cut and try can be eliminated. 
For waveguide and coaxial-line (Struc¬ 

tures of many other types, Schwinger^s technique has been used and the 
results are being compiled in Vol. 10 of this series. 

In Fig. 3*23a is shown a cross-sectional view of the T-junction where 
b and 6' are the inside dimensions of the waveguides. In the same 
figure the equivalent network is shown where the terminal pairs are in the 
planes corresponding to the dashed lines of the structure. The com¬ 
ponents of the network are represented as capacitances or inductances 
depending upon whether the sign of the susceptances is positive or nega¬ 
tive. They do not necessarily show the corresponding frequency 
dependence. This is evident from the relation below giving the values 

3 
1 1 1 4, 
1 12 h 

1 1 1_t- 

(a) 

Fig. 3*23.—Equivalent circuit for an 
E-plane T-junction. 
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of these susceptances in terms of 6, 6', and k the wave number, equal 

to 2w/\g. 

All the susceptances except B2 have the direction of change with fre¬ 
quency normally associated with a low-frequency susceptance of the 
same sign but the dependence is inversely or directly with the waveguide 

wavelength and not the free space wavelength. 
A technique that can be used for the calculation of the length and 

width of a channel for a particular coupling is to estimate the width 

on the basis of the simple series-junction formula, To = 
Next, the admittance at terminal pair (3) with pairs (1) and (2) connected 
to matched loads, or unit admittances, can be calculated. From this 

admittance the standing-wave ratio and phase in the coupling channel 
can be found and from this a plane in the junction at which the load 
admittance would be real is found. The difference in position between 
this plane and the plane containing the terminals of the equivalent 

circuit is the end effect. The length of the channel is made to be 
physically the one-quarter or three-quarters of a waveguide wavelength 
between these corrected planes. If this length is used for the narrow 

waveguide, the admittance presented to the terminal pair (3) of the 
second network can be calculated and hence the amount of power coupled 
across found, as well as the standing-wave ratio and phase in the input 

waveguide. In examples the standing-wave ratio is found to corre¬ 
spond to that which would be found for a simple series circuit coupling 
out the same fraction of power, and the choice of the length on the basis 
of the end-effect planes is considered to be valid. From the phase of 
the standing wave, the position of end-effect planes for the terminal pairs 
(1) and (2) can be found and, thus, the circuit can be considered as 

equivalent to the simple series circuit connected between these planes. 
All three of the planes are found to fall inside the junction from the 
planes defining the position of the terminals of the equivalent network. 

The algebra of this calculation is perfectly straightforward but quite 
tedious. There is no point in giving an example here, although some 
results to show the magnitude of the divergence from the simple idea of 
series connection may be of interest. For a mixer for 1.25 cm, using 
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main waveguides 0.170 by 0.420 in. ID, the coupling and end corrections 
have been calculated for several channel widths. It was found that 
the end corrections amounted to about 0.025 in. at each end of the 

channel, thus shortening the length of the channel by about 0.050 in. 
from a quarter-wavelength in the waveguide for channel widths from 

0.060 in. to 0.100 in. In this range of widths, the power coupled into 

the mixer differed by less than 15 per cent from the value calculated 
from the simple series circuit with the formula (&')^/4(6)2. A calculation 
for 3.2 cm, using a main waveguide having inside dimensions of 0.400 

by 0.900 in. and a channel width of 0.180 in. gave an end correction of 
0.060 in. The fraction of the local-oscillator power delivered to a 
matched crystal was found to be 0.042 compared with a value of 0.051 

calculated for the simple series circuit. Because the disagreement of the 
coupling factor calculated from the simple circuit \vith that calculated 
from the exact equivalent circuit is not large, for present purposes the 

choice of the width of the channel on the basis of the simple series 
junction is probably sufficiently precise. The main value of the network 
representation is the end-effect correction in the length of the coupling 

channel. This is simple to calculate compared with the calculation of 
the exact coupling factor. 

All of the foregoing discussion applies to a mixer that has no high-Q 

resonant circuit between the crystal and antenna, and the antenna, 
therefore, appears as a matched load to the local-oscillator wave. If a 
TR cavity is used between the mixer and antenna, as shown previously 

the coupling between the local oscillator and the crystal can be increased 
by a factor of 4 by proper choice of the position of the TR cavity relative 
to the coupling channel. The TR cavity should be so positioned that a 

short circuit appears in approximately the plane of the appropriate 
terminal pair in the equivalent network. The coupling can be made 
very small by placing the TR cavity in a position a quarter wavelength 
different from this, resulting in an open circuit at this plane, since the 

circuit of the junction does correspond approximately to the series 
circuit. Since such a position must be avoided, a mixer intended to be 
operated in a wide frequency band should be designed with a line length 

between the TR cavity and the coupling circuit so short that the admit¬ 
tance presented at this plane by the TR cavity does not deviate appreci¬ 

ably from a short-circuit admittance within the band. 
The exact position of the TR cavity relative to the junction can be 

calculated with the aid of the equivalent network. The admittance at 
the terminals of the network, with the complete circuit assembled may be 

calculated. The TR cavity should then be so positioned that the suscep- 
tance of the waveguide terminated by the TR cavity is the negative of the 

eusceptance component of the calculated admittance The result of such 



158 SIMPLE MICROWAVE CRYSTAL MIXER CIRCUITS ISbc. 313 

a calculation shows that the TR cavity should be positioned somewhat 
closer to the junction than an integral number of half wavelengths and 

an equivalent plane for the simple series circuit representation can be 

given. 
For the example of the 1.25-cm waveguide cited previously, the 

correction is such that the position of a short circuit due to reflection 
from the TR cavity appears almost at the center plane of the junction. 
For this purpose, then, it appears that the series circuit is adequate and 
that the tedious calculation required to apply the exact equivalent circuit 

Fio. 3*24.—Cwves of constant LO power to crystal, vs. Zi, the impedance of TR cavity 
plus part of network. 

gives a I'esult too little different to be worth while, except for the calcula¬ 
tion of the length of the channel. 

When a TR cavity is used, the coupling factor is strongly dependent 
upon the crystal admittance since a wave reflected by the crystal is 

returned to it by the TR cavity in a phase dependent on the reflection 
coefficient of the crystal. As an illustration of this point, two plots are 
given in Figs. 3-24 and 3-25. Fig. 3-24 shows contours of constant power 

delivered to a matched crystal as a function of the impedance across the 
terminals of the network representing the junction in the mixer waveguide 
on the other side of the junction from the crystal. This impedance 

includes the susceptance of the capacitance jBi associated with the 
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terminals and is for the 1.26-cm waveguide 0.420 in. by 0.170 in. ID 
with a coupling channel 0.100 in. by 0.420 in. and 0.401 in. long. Also 
plotted on this diagram is a contour of the terminal impedance for a 
TR cavity, spaced such that the short circuit, when the TR cavity is 
detuned, appears 0.261 in. from the plane of the terminals of the equiva¬ 
lent network. The contour is valid for a typical 1B26 TR tube having 
about 1.6 db loss and equal coupling irises. The contour does not 

Fiq. 3*25.—Contours of constant power delivered to crystal vs. crystal admittance, 
for TR admittances equal to (1.4 -l-y2.4) Yo at LO frequency. The TR switch is the 
IB26; the intermediate frequency is 60 Mc/sec. 

represent the TR-cavity and signal-generator admittance alone, but 
includes the capacitance associated with the terminals of the junction. 
This plot is significant since the Q of the 1B26 tube, the standard TR 
cavity for this ‘wavelength, is not high enough to allow the TR cavity 
to be considered as completely reflecting at the local-oscillator frequency 
when the tube is resonant at the signal frequency with ordinary inter¬ 

mediate frequencies of 30 or 60 Mc/sec. 
Figure 3*25 shows, for this same coupling circuit, contours of constant 

power delivered to the crystal as a function of the crystal admittance as 
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measured at the crystal terminals of the network. Here, the inter¬ 
mediate frequency has been assumed to be such that the TR cavity is 
detuned from local-oscillator frequency to an extent sufficient to transmit 
half the maximum power. A 60-Mc/sec intermediate frequency would 
about correspond to this situation with a 1B26 tube, since the loaded Q 
of these TR tubes is about 200. 

3*14. An Iris for Local-oscillator Coupling.—For operation with a 
resonant TR cavity, because of the more efficient coupling resulting, a 

simpler type of circuit has been used 
extensively in the 3.2-cm band and 
adjacent regions. This coupling de- LO. Matched 

load 
sT Wide side 
\ I of waveguide 

Crystal Signal 
input line 

Fig. 3‘26.“-^H-plane window for local- 
oscillator coupling. 

vice consists of a simple inductive 
window between two adjacent paral¬ 
lel waveguides with a common wall 
on their narrow sides. A circuit of 
this type is illustrated in Fig. 3-26. 

The aperture in the wall may be either circular or rectangular, although 
rectangular apertures running the full height of the common wall have 
usually been used. These apertures are made less than a half wave¬ 
length in width, and, to a fair approximation, the circuit may be con¬ 
sidered as a lumped inductive susceptance in the plane of the window. 
Circuits coupled to the narrow wall of a waveguide can be shown to 
behave approximately as shunt-connected circuits where the admittance 
at the waU is transformed by a quarter wavelength of waveguide into the 
center of the waveguide. This transformed admittance adds in shunt to 
the admittances of the loads at the ends of the waveguide. 

The simple aperture coupling is less efficient than the channel coupling 
just discussed in the sense that the reflection due to the aperture is larger 
than that due to the channel for a given coupling factor. That this is so 

can be shown from the simple equi¬ 
valent shunt circuit in the following 
way. Suppose that all four wave¬ 
guides in Fig. 3*26 are connected to 
matched loads representing the local 
oscillator and a dummy load in the 
upper waveguide and the crystal 
and signal generator in the lower. 

2+i46 Dummy 
load 

Fio. 3*27.- 

1+46* 
-Equivalent shunt circuit for 

aperture-coupling circuit. 

The admittance in the lower waveguide at the center is 2 in units of the 
characteristic admittance of the waveguide. Transformed through the 
quarter wavelength of waveguide to the aperture, the admittance is 
i in the same units. To this is added the inductive susceptance of the 
aperture, —jb, and then this is transformed through another quarter 
wavelength of waveguide to the center of the upper waveguide. Thus, 
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the admittance of the mixer waveguide, appearing in shunt in the upper 
waveguide, is 

1 _ 0.5 + jb 2 + j4b 
0.5 - jb “ 0.25 + 52 - 1 + 452* 

The equivalent shunt circuit is illustrated in Fig. 3*27 and from this the 
fraction of the available local-oscillator power delivered to the crystal 
can be shown to be 

4(1 + 62) 
(14) 

A plot of this function is given in Fig. 3*28a. The standing-wave ratio 
on the other hand, is given by the formula 

^ 1 + Ifal 
1 - ir.l 

Fia. 3*28 a, b.—The effect of ausceptance of coupling iris, (a) Coupling factor vs. sus- 
ceptance; (b) voltage standing-wave ratio vs. susceptance. 

where \Ta\ is the reflection coefficient for the load {Ym + 1) or 

I’'*'- 

This is to be compared with the reflection coefficient for the channel 
circuit for which the reflection coefficient is just 

ird = T, 
for a coupling factor T small compared with 0.25. Using the above 
expression for \Ta\ in the equation for the standing-wave ratio, a curve can 
be plotted with the result shown in Fig. 3*286 for the voltage standing- 
wave ratio as a function of the aperture susceptance. 

The symmetry of the circuit, neglecting the frequency dependence 
of the local-oscillator admittance, makes it apparent that the same 
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standing-wave ratio would be produced in the mixer. From this it is 
evident that the simple aperture coupling circuit has considerably greater 
interaction between the signal and local-oscillator circuits than is neces¬ 
sary. For this reason it has been found to operate satisfactorily only 
under the condition that a resonant TR cavity is used, so positioned that 
the admittance of the TR cavity at the local-oscillator frequency seen 
in the mixer waveguide in the plane containing the center of the coupling 
aperture is very small. Because the TR cavity reflects the wave incident 
upon it in such a phase as to reinforce the wave traveling toward the 
crystal, as in the other examples, the power delivered to the crystal is 
incre€ised almost fourfold, for an aperture of large susceptance. The 
analysis on the basis of the simple shunt circuit is similar to the previous 
one except that the admittance of the mixer at the aperture is unity 

Fig. 3*29.—The effect of siisceptance of LO coupling iris when a resonant TR cavity 
is used, (a) Coupling factor vs. susceptance; {h) standing-wave ratio in LO waveguide 

vs. coupling susceptance. 

instead of two. The coupling factor as a function of susceptance for this 

case is 

4(1 + h^) 
9 + 562 + 

and this function is plotted in Fig. 3*29a. The standing-wave ratio vs. 
susceptance plot of Fig. 3-286 applies here for the signal standing-wave 
ratio in the mixer, with the crystal matched to the signal, but the stand¬ 
ing-wave ratio in the local-oscillator waveguide is changed by the presence 
of the resonant TR cavity. The reflection coefficient in the local- 
oscillator waveguide is 

"■I = (m^)“ 
and for large susceptance the standing-wave ratio differs little from that 
in the previous example. Figure 3’296 gives a plot of the standing-wave 
ratio due to this reflection coefficient as a function of the susceptance. 



Sue. 3*141 AN LO COUPLING IRIS 163 

Because the space available for a radar mixer is usually limits, the 
applications of this LO coupling circuit have mostly been a variation of 
this scheme. Figure 3*30 shows, in a perspective view, a mixer using such 
a coupling circuit, with the positions of the coupling probe of the 2K25 
local oscillator, the crystal, and the 1B24 TR cavity indicated. The 
oscillator tube is mounted with a tube socket above the waveguide at the 
right with its antenna inserted the specified distance at an off-center 
position as recommended in the test specifications. The waveguide is 
terminated with a matched load at the near end. The waveguide is short- 
circuited at the other end and the iris that couples the local-oscillator 
power to the mixer is located in the side wall with its center about a 
quarter wavelength closer to the antenna of the tube than the short 
circuit. The antenna of the tube is located at a distance from the far end 
such that, at 3.33 cm, the admit¬ 
tance of the waveguide in this 
direction is the same as that of the 
short-circuited waveguide 1 cm 
long, as specified in the mount for 
the tube. This length was chosen 
by experiment and is electrically 
equivalent to a short-circuited 

line just less than 3\g/4 in length, 
although its physical length differs 
from this considerably. In this 
\vay the local-oscillator tube is 
operated into a load circuit differ¬ 
ing at the midband frequency from 
the recommended one, for a small 
coupling to the mixer, by a small 
conductance component in the admittance. The admittance loading the 
oscillator varies more rapidly with frequency than it does in the test 
mount because the short-circuited waveguide is effectively a half wave¬ 
length longer than that recommended. Experience has shown that 
oscillators that operate satisfactorily in the test mount very rarely give 
trouble in this circuit. 

So far in tliis discussion the effect of the LO coupling circuit on the 
admittance presented to the signal has been calculated assuming that 
the local oscillator presents a matched admittance to the waveguide at the 
signal frequency. This is not true because the oscillator contains a 
resonant circuit tuned to the local-oscillator frequency. The reflection 

coefficient of the local oscillator is very likely almost unity at the signal 
frequency. There is a danger that this reflection may give rise to an 
admittance at the coupling window which can cause serious reflection 

Fig. 3*30.—Mixer circuit with iris-coupled 
local oscillator. 
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of the signal. In the circuit of Fig. 3*30, this effect is less serious than in 
the circuit in which the local oscillator and dummy load are on opposite 
ends of the waveguide, since only at frequencies at which the output 
coaxial line of the oscillator tube resonates by itself does the presence of 
the oscillator antenna in the waveguide have a large effect. At other 
frequencies the local-oscillator waveguide is loaded with an open-circuit 
admittance from the side of the coupling iris away from the LO tube and 
an admittance approximately matched to the waveguide characteristic 
admittance on the other side of the iris. 

As shown previously it is necessary to adjust the coupling of the local 
oscillator if optimum results are to be achieved with production crystals 
and oscillators. With this circuit the adjustment must be made by 

Fig. 3-31.—Adjustable rectangular coupling iris. 

variation of the iris susceptance. With a rectangular iris this can be done 
by making the whole side wall slidable, with spring contact between it and 
the top and bottom walls of the waveguide. Figure 3*31 shows such a 
slidable wall made from two curved strips of phosphor bronze about 
0.005 in. thick and spot-welded down the center line with their convex 
surfaces together. This spring slides in a channel between the top walls 
and the bottom walls of the two adjacent waveguides and contact is 
maintained by the wiping action on the sides of these channels. A strip 
is soldered over the outside of the channels to keep the strip properly 
aligned. With an adjustment of this kind, the effective position of the 
iris is altered as the width is changed, but for a small adjustment the 
change in position is not serious. 

A more commonly used adjustment that avoids the variation of 
position and the troubles usually encountered with sliding contacts is a 
combination of a circular or rectangular inductive iris with a capacitive- 
screw post. This is shown in Fig. 3*30 mounted above the center of 
the coupling iris. The screw structure is shown in more detail in Fig. 



8bc. 3141 
165 AN LO COUPLING IRIS 

3*32. The capacitive screw is the same type that is used in matching 
transformers or in the channel coupling arrangement for coupling adjust¬ 
ment. It uses the quarter-wavelength-choke principle to minimize 
erratic behavior due to poor contact in the screw threads. In the 
3*3-cm mixers a 6-32 screw is a 
convenient size. An iris ^ in. in 
width has been found sufficiently 
narrow to allow the coupling to be 
made small enough for any combi¬ 
nation of a 723A/B or 2K25 tube 
and a 1N23 crystal with the screw 
completely retracted. In the dia¬ 
gram, a post projecting into the iris 
from below is dotted in and ordi¬ 
narily this is absent frpm the struc¬ 
ture. It is sometimes desirable, 
however, to have an adjustment in 
which the coupling decreases \vith 
increasing insertion of the screw, 
and then the post is added. The 
post is sufficiently long to give a 

capacitive susceptance more than 
enough to produce shunt resonance 
with the inductive susceptance of the iris. The entire structure, there¬ 
fore, appears as a capacitive susceptance that increases with increasing 
screw insertion. 

For mixers that must be foolproof in operation it is important to 
provide an upper limit on the coupling that can be achieved with the 
adjustment. This can be done with the iris and screw structure by 
correct choice of the length of the screw. In applications where a wide 
band of frequencies must be covered, the frequency-sensitive nature 
of the capacitive susceptance of the screw does not allow the limit to be 
chosen precisely. A screw length that, at short wavelengths, gives the 
whole structure the desired minimum inductive susceptance gives, at 
longer wavelengths, a minimum inductive susceptance somewhat larger. 
In such a case the device cannot be made entirely foolproof. With 
the structure including a fixed post the limiting coupling is, of course, 
determined by the length of the post and the same arguments about the 
frequency selectivity apply except that the largest coupling occurs at 
the longest wavelengths. 

For smoothness in the adjustment and also to protect against changes 
caused by vibration, many locking schemes have been tried. The best 
from the viewpoint of simplicity and permanence was a triangular spring 

Fxq. 3'32.—Adjustable coupling iris using 
choke screw. 
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made from spring wire fitting into a slot in the screw mount and riding in 
a thread of the screw. This is illustrated in Fig. 3-32, with a top view of 

the screw mount and spring also shown. The diameter of the spring 

wire is about the same as the distance between consecutive screw threads. 
It is important to make the slot in the screw mount at least as wide as two 

screw threads in order that the spring may ride freely in a thread, inde¬ 

pendently of the location of the threads with respect to the slot. 
Many variations of these schemes of local-oscillator coupling are 

possible and some of them will become apparent in mixers shown for 
illustration in later chapters. The general nature is the same, however, 
and it would not be worth while to attempt to describe all of these 
variations. The type that is best fitted to a given mixer is determined 
by the shape which the mixer may take and by some of the supplementary 
functions which it is sometimes called upon to perform. These supple¬ 

mentary functions are the subject of Chap. 4. 
3-16. Signal-input Circuit.—The only remaining problem in the 

design of a complete mixer is that of transferring the incoming signal 
power from the circuit connected to the antenna into the crystal mount. 

If the line to the antenna is similar to the line in which the mixer is built, 
the mixer may simply be connected to the antenna line. The mixer 
tuning should be such that, with the local oscillator operating at the 

proper level and frequency and with a matched i-f load in place, the 
admittance of the mixer for small signals with all crystals is as near 
the characteristic admittance of the line to the antenna as possible. 

Measurement may show a small correction from the tuning arrived at 
with signals at the local-oscillator level to be desirable. For most mixers 
it has been found that the small-signal admittances did not differ suffi¬ 
ciently from those measured at local-oscillator level to warrant changing 
the mount. 

When the mixer signal comes from a TR cavity, the mixer circuit must 

be made to load the TR cavity properly. With TR tubes having integral 
cavities designed to operate between matched waveguides, the design 
procedure is not greatly influenced by the cavity, but with loop-coupled 

cavities or those designed to operate between coaxial lines, a coupling 
circuit must be a part of the mixer. With these cavities, the major part 
of the adjustment of the tuning of the mixer for the best scatter of admit¬ 

tances with all crystals and over the frequency band required can not 
be done independently of the design of this coupling circuit. For this 
reason the coaxial-line mixers have been designed for operation with 
definite TR cavities, and the measurement of the matching conditions 
has been carried out almost exclusively on the input side of the TR cavity. 
If the effects, on the conversion loss and i-f admittance of the crystal, 
of the line length between the crystal and the TR cavity are neglected, 
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the matching conditions can be completely determined by measurements 
of the input admittance to the TR cavity. Such measurements show 

whether the TR cavity is properly loaded by the crystal circuit and from 

these measurements the total transmission and reflection loss of the 

circuit can be inferred. 
A schematic view of a TR cavity and an equivalent lumped-constant 

circuit are shown in Fig. 3-33. The equivalent circuit applies only with a 
special choice of the position of terminals on the input and output lines. 
To find the position of these terminals in the input and output lines a 

signal may be sent into one of these lines at a frequency far from the 
resonant frequency of the shunt resonant circuit. In the equivalent 
circuit, a short circuit would appear at both the input and the output 

pairs of terminals and, hence, the position at which a short circuit is found 
in the coaxial lines, with the cavity detuned, is the position of the ter¬ 
minals. If the cavity is then tuned to resonance, causing it to add zero 

susceptance to the circuit, the admittance that is measured at this point 

Input Resonant cavity Qj^put 

Ideal ideal 
transformer transformer 

Fig. 3*33.—Loop-coupled TR cavity and equivalent circuit. 

in the output line is proportional to the sum of the admittance presented 
by the load at the corresponding point in the output line and a conduct¬ 
ance that is a measure of the dissipative loss of the cavity. The output 
admittance is transformed by the two ideal transformers by a numerical 
factor and the conductance measuring the loss of the cavity is transformed 
by a numerical factor by the ideal transformer representing the input 
coupling. It is difficult to show that this circuit should apply exactly, but 

its use is justified by very extensive experience in which perfect agreement 
has been found between calculations from it of the transmission loss and 
frequency dependence and measurements on actual circuits. The 
transformation ratio of the ideal transformers is determined primarily by 
the fraction of the magnetic flux in the cavity which is linked by the loops, 
and the admittance stepup of the input-circuit loop can therefore be 

increased by the use of a smaller loop or by setting it at an angle in such a 
way that its plane is not perpendicular to the magnetic field of the cavity. 

Iris-coupled cavities can be described in exactly the same way, 

although the analogy between the iris and an ideal transformer is less 
obvious than for the loops. The position of the short circuit with the 
cavity detuned depends upon the length and diameter of the loop. 
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whereas with reasonably small irises it falls almost exactly in the plane 
of the iris. For loops of the sort used with the A-in. coaxial-line mixers, 
the position of the short circuit is a point approximately a half wavelength 
back along the line from the terminus of the loop, including the perimeter 
of the loop as a part of the line. 

The equivalent circuit of the TR cavity and mixer can be further 
simplified. At the terminals chosen in the manner explained, the 
equivalent circuit of Fig, 3*34 applies, where Qq is the antenna conduct¬ 
ance (equal to the characteristic admittance of the line), and jbc are 
the conductance and susceptance parts of the cavity admittance 
transformed to the terminals in the input line, and gm and jbm are 
those of the load admittance transformed to the input terminals of the 
TR-cavity circuit. From this circuit, it is apparent that, if the TR cavity 
were tuned for maximum power delivered to the crystal, the resultant 

susceptance of the circuit would 
be zero. For such tuning be is, 
therefore, just the negative of bm. 
This means that if the mixer had 

been made tunable, and gm and 
bm could be completely adjusted 
in the mixer, there would be an 

infinite number of equivalent tuning positions for the combination, 
corresponding to different values of i>m. It is thus apparent that 
for complete tunability of a mixer-plus-TR-cavity combination it is 
only necessary to adjust gm in the mixer. Since the transformation 
ratio of the output loop is influenced by its position in the TR cavity, a 
completely tunable mixer can be made by using a loop of adjustable flux 
linkage in combination with the tuning of the TR cavity. To set 
up a mixer and TR-cavity combination fixed in tuning, except for the 
TR-cavity tuning itself, it is only necessary to choose the size of the 
output loop of the TR cavity on the basis of admittance scatter diagrams. 
The largest bandwidth and smallest dissipation of signal power in the 
lines of the mixer are obtained when the crystals present a matched load to 
the mixer line, since then the admittance presented to the output ter¬ 
minals of the TR cavity is no more dependent on frequency than the 
admittance at the crystal. It is on this basis that the standard 10-cm 
loop-coupled mixer was designed. It was made to operate with four 
different TR cavities covering the band from 8 to 12 cm simply by 
choosing the flange on which it was mounted on each of the cavities for 
the best scatter of input admittances to the TR cavity with representa¬ 
tive crystals. The size of the input loop of the TR cavity is chosen on the 
basis of the function of the TR cavity of protection at high level, and it is 
this coupling that determines the values of g^. 

Fig. 3*34.—Transformed equivalent circuit 
of TR cavity and mixer. 
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The range of input admittances which can be tolerated with this 
circuit can be found as follows. Assuming the TR cavity to be tuned 
such that the susceptances cancel out, the fraction of the available 
signal power delivered to the crystal can easily be shown to be 

T = 
iOo + Qm + g»Y 

(15) 

A measure of the input standing-wave ratio is {gm + g»)/go a»nd if T 
in decibels of loss is plotted against this quantity, the curve given in 
Fig. 3*35 results. A typical value for gr., of 0.245, resulting in a 1-db total 
loss with a matched output load, has been assumed. Most TR cavities 
now in iKse show a loss under this condition between 1.0 and 1.5 db. 

Fiq. 3*35.—Transmission plus reflection loss for a TR cavity mixer, in decibels, vs. input 
standing-wave ratio, in decibels. 

The standing-wave ratio has been plotted in decibels, twenty times the 
common logarithm of the voltage standing-wave ratio, and the positive 
values correspond to a conductance at the input terminals greater than 
the characteristic admittance of the line, and the negative values to a 
conductance smaller than the characteristic admittance. From the 
plot it is evident that it is not sufficient to measure only the standing- 
wave ratio since the curve is very unsymmetrical. From the point of 
view of the loss of signal power, a very much larger standing-wave ratio 
can be tolerated with a phase corresponding to the positive side of the 
plot than with a negative phase. The positive phase corresponds to a 
standing-wave pattern with a minimum at the input terminals and such a 
minimum has the same position when the TR cavity is tuned for greatest 
transmission of signal as when the TR cavity is detuned. For negative 
values, the tuned condition shows a minimum position which is shifted by 
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a quarter wavelength from the detuned position and the minimum 
shifts rapidly with tuning. In most 3-cm applications, the loss arising 

from mismatch at the crystal has been kept below 1 db. In Fig. 3-35, 
which applies to the 3-cm 1B24 TR cavity, the standing-wave-ratio 
limits that correspond to such a loss are --3 db and +11 db. In a 

narrow frequency band the spread need not be this great, but for the 
wdeband mixers covering a band 12 per cent wide, these limits were just 
met using the crystals representative of the borderlines of the admittance 

scatter. 
The ability of the tuning of the TR cavity to compensate for the 

susceptance part of the load admittance has been used to reduce the 
spread in transmission loss with various crystals over the required 

frequency band. In the course of measurement of admittance scatter of 
large numbers of crystals in the 3-cm band, it was observed that the 
scatter was not purely random about a center point but that it covered 
an area longer in the susceptance direction than in the conductance 
direction. It is also found that the major direction of change of admit¬ 
tance Avith frequency is in the susceptance direction. Because the mixers 

were intended to be used with a tunable TR cavity and because the 
standard tune-up procedure would be to tune for maximum received 
signal, it was thought possible to use the TR cavity in combination 
with the mixer to obtain a reduced resultant scatter for the combination. 
Such a utilization of the TR cavity as partial tuning for the mixer has 
been called TR-aided tuning^^ and has been used in many fixed-tuned 3-cm 

mixers. To be most effective in reducing the admittance scatter at a fixed 
wavelength, the effective electrical position of the TR cavity should be an 
integral number of half wavelengths from the crystal. This causes the 

large susceptance scatter at the center line of the crystal mount to appear 
as a susceptance scatter in the load admittance presented to the TR cavity. 
That this should hold over the widest possible band requires the minimum 

number of half wavelengths. Consequently, most wideband mixers have 
been made only one-half wavelength long from the position of the short 
circuit with a detuned TR cavity to the center line bf the crystal mount. 

In this way it has been found possible to keep the loss caused by crystal 

mismatch less than 1 db over the ±6 per cent band from 8500 Mc/sec to 
9600 Mc/sec. 

Iris-coupled coaxial-line mixers have been used in the 10-cm band in 
conjunction with a TR cavity, and some advantages can be had through 
the use of the TR-aided tuning principle. The shape of the admittance 
scatter found for 10-cm crystals does not show a decided elongation in one 

direction, although there is a common direction of change of admittance 
with frequency. The actual direction of the change depends upon the 
nature of the crystal mount as well as on the position in the mount at 
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which the admittance is measured. It can be specified only for the unit, 

as a whole, and the best length of line between the coupling iris and the 

crystal does not necessarily bear any integral relationship to a half wave¬ 

length. The coupling iris loads the TR cavity with an admittance that 
increases with increased height (along the lines of electric field in the cavity) 

and with increased projection of the coaxial line into the cavity. 
3*16. Mounts for 1N26 Crystals and a Waveguide Mixer for the 

10-cm Band.—At the end of this chapter is given a group of drawings of 

several representative simple mixers. The coaxial-line mixers are all 
designed for use with 1N21A, 1N21B, and 1N21C crystals, and the mixers 
having a 1 by i-in. waveguide for 1N23, 1N23A, and 1N23B crystals. 

Tuning 

Fig. 3-36.—1N26 crystal mounts, (a) Turntable mounts; (6) crossbar mount. 

Also included are a 1.25-cm mixer designed for operation mth 1N26 
coaxial-line crystals and a mixer having a similar structure designed for 
1N21B crystals in the 10-cm band. The design of the 1N26 crystal 
mount for 1.25-cm operation is based on different principles from that 

of the two types described in previous sections. The 1N26 crystal was 
designed to match a mount having particular properties at this wave¬ 
length. The crystal mount was, therefore, particularly easy to design. 
The 1N26 is tested in a mount in which it terminates a coaxial line having 
an inner conductor with a diameter of in. and an outer conductor 
with a diameter of in. ID. The mount is adjusted so that a matched 

load on this coaxial line absorbs all the available power of the signal 
generator. It is, thus, necessary only to make a matched transformer to 
transform from a waveguide 0.170 by 0.420 in. ID to a coaxial line of this 
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size with suitable provisions to bring out the i-f voltage and rectified 
current. An average crystal unit will then terminate the waveguide in a 

matched load. 
Mounts of two different types or, more exactly, waveguide-to«coaxial 

line transitions have been used for this purpose. These are shown in 

cross-section in Fig. 3-36 a and 6. The type fabricated in ordinary 

waveguide, with an adjustable plunger and screw, was adopted as standard 
for testing purposes, with each unit pretuned. The tuning adjustments 

were fixed by wax, such that there was no reflection in the waveguide 
section, with a dummy matched load in the crystal socket. The other 
unit, shown in Fig. 3*366, is made from a solid block using a crossbar- 

supported probe waveguide-to-coaxial-line transition. In this way the 
crossbar, wdth a choke a quarter wavelength from the side wall, is used to 

bring out the low-frequency components. The crossbar unit has been 
used most extensively in system mixers because it fits conveniently into 

complex mixers and because it is less frequency-sensitive than the other 

mount. 
A critical dimension on these 1N26 crystal mounts is the length of the 

slotted center conductor from the shoulder in the outside conductor to 
the end of the fingers. If it is too long it may strike a shoulder on the 
center conductor of the crystal unit before the outer conductor of the 

crystal meets the shoulder in the mount. If it is too short, a considerable 
length of the small-diameter center conductor of the crystal unit is left 
exposed and this has a transforming effect on the crystal admittance. 

The 10-cm mixer designed by the same principle as this crossbar 
mount does not have the simplicity of being just a matched waveguide- 
to-coaxial-line transformer. It was developed to fill the need for a 

waveguide crystal mixer to be used with the wide bandpass fixed-tuned 
TR cavity which has an output iris designed to couple to a matched 
3- by li-in. waveguide. As in the 1.25-cm crossbar mount, the conduct¬ 
ance part of the admittance at the plane of the crossbar is controlled 

primarily by the distance from the top of the waveguide to the crossbar. 
The susceptance part is determined primarily by the distance from the 

crossbar to the short circuit in the waveguide beyond the crossbar, 
although the crystal itself projects into the waveguide. A complete 
mixer is made from this mount by the provision of the LO coupling 
circuit on the opposite end of the crossbar from the end from which 
the i-f signal is derived. Several of these units having different crossbar 
positions but basically the same circuit, have been designed to cover the 
region from 8 to 11 cm, each covering a band about ±4 per cent in width. 

847. Self-protection of the Mixer Crystal.—Crystals operated as 
mixers in radar systems have been plagued with burnout caused by 
insufficient protection from high-power signals by the TR switch. For 



Sec. 3*171 SELF-PROTECTION OF CRYSTALS 173 

this reason several special features have been adopted in an effort to 
reduce the frequency of burnout in operating and nonoperating systems. 

At the time when the flat power, lasting for the duration of the 
transmitter pulse, was thought to be responsible for burnout, considerable 
effort was made to include in the mixer design a feature called ‘‘self- 

protection.^^ This feature was based on two special properties of the 

TR cavity and crystal mixer. First, the TR tube, while firing, maintains 
an essentially constant voltage across the arc, independent of the input 

and output couplings. The arc can therefore be considered as a constant- 
voltage generator having no internal impedance and the power delivered 
by it to a load circuit is directly proportional to the load conductance. 

The second property of the combination is that the crystal, since it is 
a nonlinear device, shows a different admittance at high level than at low. 
Because the TR leakage power is at a considerably higher level than the 

local-oscillator power in the mixer, the crystal may be expected to show an 
admittance considerably different from match and, therefore, the flat 
leakage power of the TR cavity into the crystal may be considerably 
different from that delivered to a matched load. It could be either 

greater or smaller depending upon the direction of change of the admit¬ 
tance as seen by the TR cavity. In order to ensure that the leakage was 
reduced by this admittance change, the admittance as a function of 
power level was measured for many crystals. The line length was then 
chosen so that the conductance seen by the TR cavity decreased with 
increasing power and a mixer designed in this way was said to have 

self-protection. 
During the early stages of the design of 3-cm mixers it was apparent 

that there w,as something to be gained in low-level operation through the 

use of TR-aided tuning described in Sec. 3T5. This required a half¬ 

wavelength spacing between the TR cavity and the crystal. Measure¬ 
ments of the change of admittance with power level showed that the 

conductance at the center line of the crystal increased with increased 
power. The two criteria for choice of the line length from the TR cavity 
to the crystal were thus incompatible, since the half-wavelength spacing 

resulted in the inverse to self-protection, because more power would be 
delivered to the crystal than to a matched load. An investigation of the 
magnitude of the effect was therefore undertaken and it was found that 

the crystal conductance for most units increased by about 30 per cent, 
when the incident power level was increased from 1 mw to 50 mw or more. 
Beyond this level there was very little change. With this amount of 
change and if at least 50 mw of leakage power is assumed, the power 
delivered to the crystal would be about 80 per cent greater for the half¬ 
wavelength spacing than for a spacing equal to an odd number of quarter 
wavelengths. 
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At about this time it was learned that the spike energy was most 
frequently responsible for burnout, and it was therefore apparent that the 

dependence of the spike energy on the load admittance is more important. 
A reliable determination of this dependence or of the effective admittance 
of the crystal as a function of spike energy has not been made. It is 

felt, however, that the spike energy absorbed by the crystal is less 
dependent on the admittance than is the flat power. A serious burnout 
problem has not been encountered in practice with the improved crystals 

now available so long as the TR tube is in good condition and the keep¬ 

alive electrode is functioning properly. The low-level operation and 
matching of the crystals have been used in almost all mixers to determine 

the line length between the TR cavity and the crystal, at the sacrifice of 

self-protection. 
3*18. Harmonic Chokes and Shutters.—Another source of crystal 

burnout, especially in very-high-power radar systems (500 kw and up) is 
leakage of harmonic frequencies and spurious intermittent high-frequency 
radiation through the TR cavity. Since the cavities are usually heavily 

capacitively loaded at the breakdown region, the lowest mode giving 
unattenuated transmission wdth the arc firing is at a frequency two or 
three times the fundamental frequency. Frequencies this high and 
higher are, however, generated in fairly large quantities, at least sufficient 

to cause crystal burnout by high-powered transmitters. For this reason, 
some of the 10-cm coaxial-line mixers designed for operation with high- 
power systems include a filter circuit that strongly reflects the third 

harmonic. This filter consists of a pair of concentric-line cups on or in 
the center conductor. The cups are a quarter wavelength long at the 
third harmonic (3 cm) and so spaced that the reflections at the funda¬ 

mental frequency cancel one another. These cups can be seen in 
the iris-coupled coaxial-line mixer included in the group of drawings at 
the end of this chapter. The operation of the filter can be easily worked 

out with the aid of an impedance chart. Because the reflections of the 
two chokes cancel at the fundamental frequency, the effect they have on 
the mixer is to produce a phase shift making the electrical length of the 

line different from the physical length. There is also some frequency 
sensitivity of admittance added because their reflections cancel exactly 
only at the frequency for which the electrical length of the line between 
them is exactly right. 

It has never been established conclusively that the incorporation of 
these chokes improves the protection of the crystals. The frequency 

range in which they are highly effective in attenuating unwanted power 
from the transmitter is very restricted. In the course of design of a 
particular high-powered 10-cm radar set, it was established that crystals 
were being burned out by spurious high-frequency signals notwithstand- 
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ins the reflection of the chokes. Considerable effort was expended 

in an attempt to eliminate these signals by alteration of the modulator- 

pulse shape, but the difficulty was not solved until a new type of gas- 

discharge cavity was added to the conventional TR switch. This 

additional cavity, known as a pre-TR switch, is amply a section of 

waveguide with low-Q input and erit irises with ^ass windows. The 

cavity is filled with gas at a low pressure. When a transmitted signal 

enters this cavity, the electrical breakdown that takes place is extensive 
in volume and covers a large part of the input iris. Under this condition, 
it is effectively cut off for all frequencies in addition to the fundamental 

frequency, although the fundamental-frequency leakage is still sufficient 
to operate the conventional TR switch following it. A circuit of this 
type is considerably more effective than harmonic chokes in bringing 
about complete crystal protection and it is certainly the task of the 
TR-cavity system and not the mixer to provide such protection from 
high-level signals. The more recent TR cavities having wide bandpass 
characteristics, using several resonant irises as well as resonant input 
and output windows, include protection of this kind. Harmonic chokes 

are therefore superfluous for operation with such TR switches. The 
details of these two TR-switch systems and their functions will be found 
discussed in Vol. 14 of this series. 

Another device often added to the mixer in radar systems is a switch 
for protection against signals coming into the anteima during inoperative 
periods. The TR cavity, when proi>erly operating, protects the mixer 
crystal from burnout not only by the signal of the local transmitter, but 
also by any other signal coming into the antenna. Any signal suffi¬ 
ciently strong to damage the crystal will cause the arc in the TR tube 
to fire and, therefore, the signal power is limited to a safe level in the 
mixer. Satisfactory operation of the TR switch, however, depends on 
the universally used keep-alive electrode, which maintains a small steady 
discharge in the gas volume of the tube, maintaining a small supply of 

ions to initiate an arc when a large voltage is built up across the gap of 
the cavity. If this keep-alive arc is not operating, as it is not when the 
supply voltage is shut off, the breakdown of the TR tube at high level 
requires considerably greater voltage and time to occur, and the result 
is that very large leakage energy is allowed. Thus signals may be 
transmitted through a TR cavity, in which the keep-alive electrode is 
not activated, in sufficient strength to damage the mixer crystal. It 
is also possible that the first few pulses of the local transmitter, which 
may occur before the keep-alive is fully operative, may damage the 

crystal. For protection against these two sources of power, a mechanical 
switch has sometimes been included in the mixer. The switch decouples 
the mixer crystal from the TR cavity when the system is turned off, 
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and through the action of a magnetic solenoid or a motor the switch is 
opened with a small time lag after the system is turned on. 

Devices that are useful as switches for this purpose are few. Many 
structures can be coupled to a coaxial-line mixer or to a waveguide mixer 
to reduce the signal arriving at the mixer crystal by 30 or 40 db. 
Usually, however, it is found that the principal effect is one of detuning 
and that the attenuation of signal power at some adjacent frequency is not 
many decibels greater than at the original frequency with the structure 
removed. This is true, for instance, of a simple short-circuiting rod 
between the inner and outer conductors of a coaxial-line mixer. Such 
a rod has a large self-inductance and it acts like an inductive susceptance 
across the line. Its effect can be resonated out by a susceptance at the 
TR cavity to a degree depending upon the electrical line length between 
the short-circuiting rod and the TR cavity. 

The most foolproof method of obtaining the required protection 
during shutdown periods is to disconnect the crystal completely from 
the circuit. This has actually been done in some 10-cm coaxial-line 
mixers by use of a structure like that shown in Fig. 3*37. The small- 
diameter rod is pulled back by a spring when the power is turned off and 
advanced into the fingers at the upper end by a solenoid when the power 

is on. The gap between the fingers and the 
end of the small rod is a waveguide beyond 
cutoff for the signal frequencies and, there¬ 
fore, a large attenuation is introduced if the 
rod is retracted from the fingers by an 
amount of the order of the diameter of the 
coaxial line. The particular mixer in which 
this mechanism was used possesses a rather 
large standing-wave ratio, partly because of 
the presence of lengths of line of differing 
characteristic admittances. As a conse¬ 
quence, the admittance at the iris is fre¬ 
quency-sensitive and the mixer must be 
retuned if the frequency is changed by 1 per 
cent or more. The tuning is provided 

by making the coaxial line variable in length by a telescoping joint. A 
disconnect mechanism of this kind has not been applied to the wideband 
mixer where the coaxial line must be of uniform impedance to avoid 
large standing-wave ratios. 

Figure 3*38 shows another mechanism that has been applied to 
10-cm coaxial-line mixers. A resonant stub a half wavelength long is 
used to produce a short circuit across the mixer line. A short circuit 
on the stub, actuated by a solenoid, makes it effectively a quarter-wave- 

Fio. 3*37.—Crystal discon¬ 
nect mechanism in 10-cm iria- 
coupled coaxial-line mixer. 
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length stub when the system is operating. It thus has little effect on 
the circuit during operation, but during shutdown periods it is effective 

in decoupling the crystal in a narrow frequency region for which the stub 

produces a very large shunt admittance across the line. The systems in 
which this device was used all operated inside a ± 1 per cent band, and 

the main protection they needed was from radiation in the same band. 
The narrow band of large decoupling was therefore considered sufficient. 
It does not give protection against power at other frequencies or against 
damage by the local transmitter which sometimes occurs during the 
first few transmitter pulses. 

The most effective devices not involving an actual disconnection from 
the crystal are sliding metallic shutters. In 10-cm systems using TR 

AA 

Fig. 3-38.—Half-wavelength-line crystal-disconnect switch. 

switches having external cavities, a metallic shutter made from curved 
thin phosphor bronze with two pieces spot-welded with their convex 
surfaces together can be used. The shutter enters the cavity through 
a slot in the side wall and slides in grooves in the top and bottom walls, 
completely covering the output loop or iris. A drawing of this device 
is shown in Fig. 3*39. A shutter of this kind gives very good protection 
against radiation at all frequencies and has as its major disadvantage 
the requirement of an operating device capable of moving it through a 
large distance. 

A shutter of the same kind is the most effective one for use in wave¬ 
guide mixers and TR switches having integral cavities. The shutter 
enters a slot in the side wall (narrow dimension) of the waveguide between 
the crystal and the TR cavity and slides in channels in the top and bottom 
walls. It again requires a large motion since it must be all the way across 
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the waveguide when closed and completely removed when open. A 
ratchet-relay motor has been used to operate such a shutter, although 
it should also be possible to use a rotary motor with proper springs and 
limit switches. 

A simple post has been used as a shutter with fair success in the 3-cm 
band. The post, sliding in a choke mount such as used for tuning screws, 
enters the center of the wide side of the waveguide and crosses to the 
bottom wall. At a given frequency, the post can be made to attenuate 
most effectively when it projects just less than the full width, for it is 
then resonant and completely short-circuits the waveguide. For com¬ 

plete protection, however, it is 
better to make the post contact 
the bottom wall of the waveguide; 
thereby it presents a large induc¬ 
tive susceptance across the wave¬ 
guide. The effect of the post 
increases with the post diameter, 
and to minimize the danger of 
resonance with the TR cavity a 

spacing of one-quarter wavelength between the post and the effective 
position of the TR cavity is best. With a waveguide 1 by ^ in. ()D in 
the 3.13- to 3.53-cm band, a i^-in.-diameter post gives attenuation greater 
than 30 db at all frequencies in the band. 

3*19. I-f Output Admittance.—It is not within the scope of this volume 
to give a discussion of the circuit coupling the mixer crystal to the i-f 
amplifier. Such coupling circuits, however, must be designed with 
knowledge of the admittance associated with the output terminals of 
the mixer. The most widely used circuits are wideband doubled-tuned 
admittance transformers, or their equivalent, designed to give the 
best possible noise figure compatible with the bandwidth requirements. 
The susceptance part of the mixer is a part of the first tuned circuit where 
it is resonated in shunt. Obviously, the circuit will be incorrectly tuned 
if the susceptance of the mixer is not the expected value and the noise 
figure and bandpass characteristic suffer. The conductance part of the 
mixer admittance determines the degree of coupling in the double-tuned 
circuit and values smaller than the design value result in the double- 
peaked frequency response characteristic of double-tuned circuits with 
more than critical coupling. 

It has been customary in the design of i-f amplifier input circuits to 
use a dummy mixer, that is, a mixer with a resistor replacing the 
crystal and having the i-f resistance of an average crystal in the same 
mixer under operating conditions, in place of an actual operative mixer. 
Such a procedure is not strictly correct since the susceptance component 

Fig. 3’39.—Protecting shutter in a lO-cm TR 

cavity. 
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of the mixer is not that of the linear parts of the circuit if a resonant 
circuit is used ahead of the crystal in the r-f system. As shown in 
Chap. 2, the reflection of the image frequency can change not only the 
conductance part of the i-f admittance from the value obtained if the 
image wave is not reflected, but also the susceptance part. This effect 
with good crystals and with a 30-Mc/sec intermediate frequency can be 
equivalent to adding or subtracting 3 or 4 nfxf of capacitance at the output 
terminals of the mixer. Coupled with the fact that the conductance of 
the ciystal in the mixer may be from one-half to twice the value for the 
same crystal in a nonresonant circuit, it is obvious that the i-f input 
circuit must be designed on the basis of measurements on the particular 
mixer to be used, with representative crystals and under operating 

conditions at the frequency to be used. 

+ 

8 
o| 

Fig. 3-40.—I-f admittance v». LO frequency with the TR tuning fixed. 

The situation is further complicated by the fact that the ‘‘phase 
length’^ between the TR cavity and the crystal seems to vary from crystal 
to crystal, especially for crystals made by different manufacturers. 
This means that, even at a fixed frequency, the i-f admittance may 
vary more from crystal to crystal in a resonant mixer circuit than in the 
nonresonant test mixers. For this reason, it becomes necessary to design 
the input circuit in such a way that changes in conductance by a factor 
of about 2, and in susceptance of about 2 fifif or more at 30 Mc/sec can be 
tolerated. When the mixer is to be used over a wide band, changes as 
large as these are certain to occur, even with a single crystal, because of 
the change in effective line length between the TR cavity and the crystal 
and the consequent change in phase of the image-frequency reflection, 
even though this effect is minimized by the choice of a line length as short 
as possible. Measurement of the i-f admittance of the mixer should 
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therefore be done at several frequencies scattered through the operating 
band before the final form of the i-f input circuit is decided. 

It was shown in the previous chapter that, if the signal-frequency 
admittance connected to the input terminals of the mixer is kept matched 
to the crystal and the image-frequency admittance is varied through the 

full range of pure susceptance, the i-f admittance should traverse a circle 

Fig. 3*41.—Coaxial-line mixer with loop coupling to be used with TR cavity and 1N21A 
or 1N21B crystals in lO-cm band. 

on an admittance chart, with a diameter related to the crystal loss. 
Obviously, the effects described above are most serious with the best 
crystals. It has been possible to make a receiver with optimum values, of 
noise figure and bandpass characteristics by completely ignoring these 
effects, with crystals having conversion losses of 10 db or more. As the 
crystals improve it may become more important to design the mixer 
on the basis of the i-f output characteristics than on the r-f matching 
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characteristics if, indeed, it is not so already with crystals having conver¬ 
sion losses of 5 db and less. 

In order to minimize the effects of the variation of i-f admittance from 
crystal to crystal and with frequency, it may be found that the line length 
from the crystal to the TR cavity which gives an i-f admittance falling on 

a particular part of the admittance circle may be preferred. For instance, 

the line length might be chosen in such a way that an average crystal at 

-J0.312V 
Fig. 3-42.—Cross-sectional view of loop-coupled mixer. 

midband frequency gives an i-f admittance with the maximum conduct¬ 
ance. Variation of frequency or of line length with different crystals, 
would then result in a small variation in conductance, since the conduct¬ 
ance is stationary with respect to line length. However, the largest 
possible variation in susceptance results. The same would be true for a 
line length giving minimum conductance, as a consideration of the circle 
on an admittance diagram will show. On the other hand, if a variation 
in conductance is more tolerable than a variation in susceptance, the 
line length can be chosen between these two values, where the susceptance 
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is stationary with small variation in line length, but has a value differing 
from zero by the maximum amount. There is also the desire for mini¬ 
mum possible crystal conversion loss to be considered, which may set a 
different requirement on the phase of the image-frequency reflection. 

In one instance in the author’s experience the variation in i-f output 
admittance of a mixer with change of crystals and with frequency was 
considered so serious that a makeshift remedy had to be applied to the 
mixer to change its effective line length. This mixer was a 10-cm iris- 

Fig. 3*43.—Mixer for 10-cm band for use with a 1^21 A or 1N21B crystal without a 
TR cavity. The parts and dimensions are similar to those in Fig. 3’42. The signal 
input line is supported by a stub which is behind the LO coupling in the figure. The 
distance from the center line of the center conductor connecting to the crystal to the short 
circuit at the end of the stub is 1.000 in. 

coupled coaxial-line mixer used with selected low-loss crystals. It was 
found that the line length was such that the maximum possible variation 
in conductance occurred in the 8 per cent frequency band for which it was 
intended. The makeshift remedy was , the insertion of a polystyrene 
sleeve into the coaxial line of the mixer, in order to change the effective 
length to one giving maximum conductance at midband frequency with 
an average crystal. With the iris-coupled mixer, the image is reflected 
not by the TR cavity but by the short circuit in the coaxial line on the 
other ride of the iris from the crystal, which, in this instance, added an 
extra half -wavelength to the image-frequency line. Since the crystal 
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was about one wavelength from the TR cavity, the total image-frequency 
line length was large and the variation of admittance with frequency was 
sufficient to make the susceptance change from minimum to maximum 
in the 8 per cent band, after the sleeve was added. This was less 
serious than the previous large variation in conductance. The proper 
insertion of the coupling iris into the TR cavity had to be redetermined 

Fio. 3-44.—Iris-coupled mixer for 1N21B crystals in 8.0-to-8.8-cm band with TR cavity 
shown in Fig. 3*45 (24-179). 

after the addition of the sleeve because of the effect of the sleeve on the 
admittance presented by the crystal at the iris. 

Figure 3*40 shows a qualitative picture of the result of an experiment 
that was done in connection with the measurement of the variation of 
i-f admittance with frequency. Here many effects are obvious at one 
time. The TR cavity, determining the most sensitive signal frequency, 

was fixed at a frequency at about the middle of the chart. The i-f 
admittance was then measured as the local-oscillator frequency was 
varied. The main effect observed is a variation of conductance in an 

approximately sinusoidal fashion, except in the region of the two fre- 
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quencies that differ from the resonant frequency of the TR cavity by just 
the intermediate frequency. In the example shown, these frequencies 
occur near minimum conductance, and the conductance rises about half 
way to the mean value at each of these frequencies. Associated with 

Fig. 3*45.—Cavity for 1B27 TR tube for 8.0-to-8.8-cm band and iris-coupled mixer. The 
cavity is 1.400 in. ID and the mixer center line is 0.783 in. from the cavity center. 

Detail of coupling- 
adjustment screw 

Fio. 3*46.—A cross-sectional view of the mixer, shown in Fig. 3*30 (24-126), for the 
12 per cent band centered at 3.33 cm, for use with 1N23A or 1N23B crystal, 1B24 TR 
tube, and 2K25 or 723 A/B local oscillator. 

each is an excursion of the sqsceptance and its value passes through zero 
in the opposite sense at each «f the two frequencies. These two fre¬ 
quencies are, of course, the two frequencies at which the local oscillator 
could be set to obtain a receiver tuned to the frequency of the TR cavity, 
and the line length and frequency of the TR cavity correspond to mini- 
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mum conductance variation and maximum susceptance variation with 
frequency. Outside these two regions the susceptance is approximately 
zero because of the compensating effect of the reflection by the TR cavity 
of both sidebands. The susceptance component appears when one of 
the two sidebands is not completely reflected to the crystal by the TR 
cavity. The excursion of the conductance is about twice what it would 

Fiu. 3-47.—Cro»8-Hectional view of mixer for 3.2 cm, with channel for LO coupling. 
This mixer is used with 1N23A and 1N23B crystals, no TR cavity, and 2K25 LO tube in 
the 70-volt mode. 

be if the TR cavity were kept at a frequency differing from that of the 
local oscillator by the intermediate frequency and the two were tuned 
together. This figure is given only as a sample of the possible variation 
of the i-f admittance. The effects for various line lengths can be esti¬ 
mated with the aid of the linear network representation of the mixer 
and an admittance chart. 

3-20. The Completed Mixer.—There follows a set of drawings, 
Figs. 3*41 to 3*52 inclusive, giving important dimensions of each of 
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several mixers representing applications of the foregoing circuits. On 
each drawing is indicated the type of crystals and the wavelength band 
for which it is intended. Those units intended for use in conjunction 
with a TR cavity and those which operate directly from a wideband 
antenna are identified. For the iris-coupled 8.5-cm mixer, the position 

Fio. 3*48.—Mixer for iwe in the 1.23-to-1.27-cm band. This mixer is used with the 
1B26 TR tube, 1N26 crystals, and 2K33 or 2K50 LO tube. 

of the iris in the TR cavity is an important detail, since it determines 
the tuning condition. A separate drawing of the part of the TR cavity 
for a 1B27 tube in which the mixer is to be mounted is included among 
the drawings. 

A drawing has also been included of a tunable resonant mixer known 
as a “pot” mixer. This is the only available example of a resonant 
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mixer. It was used in very early radar systems but was soon discarded 
in favor of the simpler fixed-tuned mixers. The resonant feature is 

Fig. 3*60.—Timable resonant mixer for 10-cm baud. 

unnecessary in a radar system since it already includes a cavity filter in 
the form of the TR cavity. The tuning procedure with a tunable TR 
cavity and a tunable mixer is very complicated, because these two 

Fio. 3»61.—Waveguide mixer for ±4 per cent band centered at 10.7 cm; for use with 
1N21B crystals, 2K28 LO tube. A resonant TR tube is not required. 

devices cannot be tuned independently. A tunable resonant mixer may 
be useful in other applications, however, and for this reason the drawing 
has been included. 





CHAPTER 4 

MULTIPLE-FUNCTION MIXERS 

It is often desirable to have, in a radar system, a mixer that serves 

several purposes in addition to the principal one • of converting the 

received reflected signal of the transmitter into the intermediate fre¬ 
quency. Some of these functions are peculiar to radar systems and their 
operational applications and are of little interest to the designer of mixers 
for other purposes. Since, however, a very large part of the task of 

mixer design has been concerned with the problems associated with 

these multiple-function mixers, and since it is probable that similar needs 
will exist in many future mixers, a description of these problems and their 

solutions will be given in this chapter. As is true for the simple mixer, 

there is no unique solution to a given design problem. The material 
given can only serve to show what has been done and to point out some 

of the relative merits of various solutions. 

BEACONS AND AUTOMATIC FREQUENCY CONTROL 

4*1. The Beacon Problem.—An example of the kind of device 

described by the term multiple function mixer,is the mixer with the 

beacon feature for airborne radar systems. In conjunction with the use 
of radar as a navigational aid, a system of coded-pulse beacons has been 

set up. A switch in the airborne radar changes the system from a radar 

system to a system which sends out pulses of the proper characteristics to 
trigger a response from a beacon transmitter. The beacon response 
comes back to the airborne radar after a time determined, in the same 

way as for a radar echo, by the distance to the beacon, and at an azimuth 
that shows the direction of the beacon with respect to the heading of the 

airplane. The beacon feature requires of the receiver the same general 
things as does the radar system, except that the beacon frequency is 
usually different from that of the radar transmitter. For instance, 

most airborne radars for the 3-cm band operate anywhere in a frequency 
band from 9320 to 9430 Mc/sec, the precise frequency depending upon 
the particular transmitter tube used. The beacon receiver responds to 

this whole band of frequencies but its transmitter replies at 9310 Mc/sec— 

outside the band—to reduce confusion between echoes and beacon signals. 

Thus it is required that the switch that turns on the beacon feature 

change the tuning of the receiver from the local transmitter frequency to 
190 
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9310 Mc/sec. A similar arrangement is used in airborne radar for the 
9-cm band. 

To accomplish the change in receiver frequency, it is necessary to 
alter the local-oscillator frequency. In the 9-cm systems that have 
2K28 local-oscillator tubes with external cavities this is accomplished 

through the use of a switch-actuated solenoid that changes the position of 

a tuning plug in the cavity by the correct amount. When the system is 
correctly tuned, the limiting positions of this plug are so adjusted that 

the local oscillator is at the right frequency to receive the radar signal 
at one limit and the beacon signal at the other. To minimize the amount 
of tuning required of the plug, the local oscillator can be operated on the 

low-frequency side of the transmitter frequency and on the high-fre¬ 
quency side of the beacon frequency, if the beacon is just outside the band 
on the low-frequency side. With this choice of sidebands, however, there is 

danger of interference between the beacon and the radars at the low- 
frequency end of the band because, if the local oscillator is tuned for 
beacon reception, the image frequency of the receiver is in the radar band. 

Because of the danger of such confusion it was at first considered neces¬ 

sary to tune the local oscillator to the low-frequency side of the beacon. 
The difficulty of making a tuning plug that would give such a large range 

was, however, very great. 
With tubes of the 723A/B, 2K25, and 726 types, in which the cavity 

is an integral part of the tube, a tuning plug cannot be used. In radar 
sets in which these tubes are used—notably the 3.2-cm airborne systems— 

two separate local-oscillator tubes and coupling circuits are therefore 
provided for each mixer. The tubes are tuned, respectively, to the 
proper frequencies to receive echoes or beacon signals, and the radar- 

to-beacon switch turns one off and the other on. One of these oscil¬ 
lators is called the radar LO and the other the beacon LO. When the 
723A tube was coupled to the mixer by the insertion of its antenna an 

adjustable amount into the mixer waveguide, an odd number of quarter 
wavelengths away from the effective position of the TR cavity, the 
provision for the beacon feature could be made easily. All that was 

necessary was to drill another hole in the same side of the waveguide or 
in the opposite side and use a second adjustable tube mount. Since 
the oscillators did not operate well in this kind of coupling circuit, and 

because provision for radar and beacon automatic frequency control 
(AFC) demanded more complex arrangements, such mixers are com¬ 
pletely obsolete. Instead, the coupling circuits described in Chap. 3 

have become more extensively applied. 
4-2. Single-channel Automatic Frequency Control.—One major 

source of loss of performance of a radar system is the mistuning of the 
receiver resulting in a less-than-maximum sensitivity to echo signals. 
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As shown in Chap. 1, the requirement of frequency stability of the local 
oscillator in the superheterodyne receiver is very stringent. It has 

consequently been found almost impossible to obtain as good results from 
a radar system in which the local oscillator is tuned manually as from 
one in which it is tuned automatically. As a consequence, all recent 

radar systems include automatic frequency control of the local oscillator. 
This not only removes the frequency-stability requirement from the 
local oscillator but ensures that the oscillator will maintain the i-f differ¬ 
ence from the transmitter frequency, even if the transmitter drifts. A 

detailed discussion of the various electronic control circuits is given in 
Chap. 7, and it is the task of the present section to present the details of 

the special microwave components that are used in conjunction with 

these circuits. 
The simplest AFC circuit is one which branches from the i-f amplifier 

after two or three stages of amplification, where such a branch has a 
negligible effect on the receiver noise figure. Since the TR cavity does 
not give complete elimination of the transmitted signal, an i-f beat is 

produced between the local oscillator and the leakage signal from the 

TR cavity. This beat-frequency can be used to actuate the frequency- 
control circuits. A circuit of this type was used in some of the first radar 

sets having AFC but it has never been found satisfactory for field- 
operated sets. There are several possible reasons for this, no one of 
which has been isolated as the prime source of trouble and eliminated. 

They all stem from the facts that it is impossible to control the power 

level of the leakage signal from the TR cavity, and that this leakage 
signal does not necessarily have the same frequency spectrum as the 

main transmitter signal. The leakage signal has a power level, at the 

mixer crystal, at least 10 and sometimes 100 times the power level of 
the local oscillator. As a result, the mixer is operated at a level far 
above that for which it was designed. There is also the spike energy, of 
very large amplitude but short duration, which definitely gives the TR 
leakage signal a frequency spectrum different from that of the true 

transmitter pulse. In addition, spurious transmitter frequencies, which 
may include a very small fraction of the energy in the main pulse, may 
be transmitted through the fired TR switch to the mixer with the same 
amplitude as the main pulse and the AFC circuit may lock to such a signal 

instead of to the correct one. 
Another ailment against this simple kind of AFC is its suscepti¬ 

bility to interference signals. A signal, from an external source, just 

lai^ enou^ to overload the mixer crystal would produce an i-f signal 
of about the same amplitude as produced by the transmitter. It is 
therefore conceivable that such a signal could compete for control of the 

local oscillator. Schemes involving the use of time-selective gates, 



Sec. 4*3] SEPARATE^MIXER AFC 193 

synchronized with the transmitter pulse, have been suggested to eliminate 
this diflSculty by making the frequency-control circuit sensitive only 

during the period of transmission. Because of other difficulties involved 

in their use, however, gated systems have not been widely employed. 
The net conclusion drawn from experience with the simple AFC scheme 
is that a particular radar system with a given set of components—^trans¬ 

mitter tube, local-oscillator tube, TR tube and Crystal—can be adjusted 
so that it will operate satisfactorily, but that the adjustment is not 
permanent and the system requires frequent readjustment to remain 

operative. A change of any one of the components involved may 

require readjustments of the circuit to eliminate spurious output voltages 
from the control circuit. The device, therefore, does not stand up well 

under field conditions. 
4-3. Separate-mixer AFC.—As an alternative to the use of the AFC 

system just described a completely separate mixer may be provided for 
the AFC circuit. The input signal is derived from the main transmitter 
signal by way of a path having high attenuation but containing no 
nonlinear elements. The input signal obtained in this way has amplitude 

and frequency characteristics that are identical with those of the trans¬ 
mitted pulse. The local oscillator must be the same one that is used 
for the radar mixer, since it is the frequency of this oscillator that must be 

controlled. The AFC circuit following the mixer is thus completely 
separate from the receiver circuit and can therefore have different 
bandpass characteristics if necessary. All the objections to the single¬ 

channel system are eliminated by this scheme, provided that signals 

from the TR switch in the radar mixer do not leak by way of the local- 
oscillator path, into the AFC mixer. Under this condition, the amplitude 

of the transmitter signal in the mixer can be set at the most desirable 

level by choice of the attenuation used. The danger of losing control 
to a jamming signal is eliminated because any signal in the main line of 
the system suffers the same attenuation as does the transmitter signal. 

A jamming signal, to cause any trouble, would have to be of about the 
same strength as that of the local-transmitter signal, which is obviously 

impossible. 
The major problem of the separate-channel-AFC system is to operate 

two similar mixers from a single local oscillator, with as large an'attenu- 
ation as possible between the signal circuits of the two mixers by way of 

the local oscillator. In addition, the signal-coupling circuit for the AFC 
mixer must be designed to give the required signal level over whatever 
frequency band is to be used. With regard to the problem of local- 

oscillator coupling, it is immediately apparent that the branching to the 

two circuits must occur on the local-oscillator side of the mixer-to-LO coup¬ 
ling circuits, since then a signal leaking from one mixer to the other must 



194 MULTIPLE-FUNCTION MIXERS [Sec. 4-3 

suffer the coupling attenuation twice. The percentage of leakage signal 
reaching the local-oscillator circuit is the same as the percentage of 
the available LO power coupled to the crystal. From the local-oscillator 
circuit to the second mixer, the leakage signal suffers the same attenu¬ 
ation as does the LO power. Thus it is advantageous to have a loc&l 
oscillator with a large available power, coupled to the crystal through 
a large amount of attenuation. 

In the 10-cm region where coaxial-line mixers are used, coupled to the 
local oscillator by means of cables, the double-mixer scheme is provided 
through the use of two simple mixers connected by separate cables to 
separate pickup loops in the local-oscillator cavity. Each of the loops is 
tightly coupled to the cavity so that sufficient power is incident in the 

Fia. 4*1.—Block diagram of r-f circuit for separate-channel radar and AFC coaxial line 
mixers, (a) Double-loop LO coupling; (6) single-loop LO coupling. 

LO injection circuit of each mixer to allow reasonably weak coupling. 
The attenuation between the two signal circuits, known as the “cross” 
attenuation, is increased because the signal must travel between the 
loops in the oscillator cavity. Since the cavity is resonant at the local- 
oscillator frequency, which differs from the signal frequency by the 
intermediate frequency, there is some reflection of the signal and a 
consequent increase in cross attenuation. If oscillator tubes having 
only a angle output line (such as tubes of the 726 type), are used, the 
two mixers must be connected by a branched line or T-junction. The 
effect of the detuned local oscillator can be obtained through the choice 
of the line length between the local oscillator and the T-junction. If 
this length is so chosen that the line into the local oscillator acts as a 
short-circuiting stub when the local oscillator is detuned, the maximum 
attenuation is obtained. With tubes such as those of the 726 type, 
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the proper length of this line varies greatly with frequency because of the 
relatively long line included in the tube. Consequently, the amount of 
attenuation gained over a frequency band of several per cent is small and 
perhaps not worth the effort of determining the; best line length. Single¬ 
loop T-junctions have been used with cavity oscillators such as the 2K28. 
For these oscillators the effective stub-line length can be made only 
one-half wavelength and the attenuation gained is therefore large. A 
block diagram illustrating these two connections is given in Fig. 4-la and 
6. Figure 4*2 shows the added cross attenuation due to reflection at the 
T-junction as a function of frequency. It has been assumed here that 
the admittance of the stub line 
ending in the loop has the frequency 
dependence of ‘ a half-wavelength 
short-circuited line, and that the 
local-oscillator cavity is completely 
nonresonant at the signal frequency. 
The reflection coefficient for a wave 
traveling toward the cavity in this 
line is therefore unity. The line is 
made to be resonant at the midband 
wavelength, and the curve shows 
the reflection loss as a function of 
the ratio of the actual signal fre¬ 
quency to this midband frequency. 
In practice, somewhat less attenu¬ 
ation than this will be achieved, especially near resonance. For a longer 
line, such as would result with a tube of the 726 type, the frequency 
scale may be changed by the appropriate factor. 

It is important, when trying to supply two mixers with local-oscillator 
power from a single oscillator, that the standing-wave ratio in the local- 
oscillator cables be small. This can be accomplished through the use of 
attenuating cables or by means of the resistor-disk terminations in the 
local-oscillator circuits of the mixers, as described in Chap. 3. The 
splitting of the power between the two circuits at the T-junction is 
determined by the admittances which appear in parallel. If a large 
standing-wave ratio existed in the lines between the mixers and junction, 
a large conductance could result for one line and a small one for the other, 
with the result that one mixer would receive almost all of the available 
local-oscillator power, and the other almost none. With a situation 
giving equal splitting of the power, about 20 mw of power may be sent 
to each mixer. Since each crystal requires about 0.5 mw of local- 
oscillator drive, the attenuation between the mixer circuit and the local- 
oscillator circuit is about 16 db. Thus the cross attenuation, neglecting 

Fig. 4-2.—Added cross-attenuation due 
to reflection at T-junction vs. relative fre¬ 
quency, with half-wavelength line between 
the T-junction and the local-oscillator 
cavity. 
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the contribution of the power-splitting circuit, is about 32 db. If the 
amount of TR leakage power is 50 mw, the signal that it produces in 
the AFC mixer is, therefore, reduced to about 0.03 mw. Since the AFC 
signal is set at about 2 mw, it exceeds the spurious signal from the TR 
switch by at least 18 db. A larger safety factor than this is to be desired, 
and the additional attenuation by the LO cavity or by the T-junction 
is helpful. 

4*4. The Coupling of the Transmitter Sample.—The sample of trans¬ 
mitted power that constitutes the signal in the AFC mixer is usually 
coupled through a ‘'cutoff’^ attenuator to the mixer. This consists of a 
circular pipe of too small a diameter to allow unattenuated propagation 
of the wave in question. The coupling of this attenuator to the main 
transmitter waveguide or coaxial line is accomplished by means of a hole 
in the wall of that line; the coupling to the mixer is done by the conven¬ 
tional loop or iris. The action of the cutoff attenuator may be analyzed 
in the following way. The wave traveling along any waveguide is 
described by the relation 

E = 

where a; is 2t times the frequency, E is the amplitude at the point x and 
at the time t and Eo is the maximum amplitude. The quantity k is the 
wave number and is equal to 2ir/Xy, where is the wavelength in the 
waveguide. This is 

where Xc is the cutoff wavelength of the waveguide and Xo is the free-space 
wavelength of the wave in question. Thus, the wave is described by 

^ (1) 

times the term in the time. For wavelengths longer than the cutoff 
wavelength, the quantity in the radical is negative and the wave does not 
propagate in the ordinary sense. Equation (1) can then be written in 
the form 

E = , 

showing that an exponential decrease in amplitude occurs for a wave¬ 
length longer than the cutoff value. The ratio El/E^ is the power 
attenuation between points that are x centimeters apart in the waveguide, 
if X« is expressed in centimeters. Written in decibels, this attenuation is 
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For a guide of circular cross section, the cutoff wavelength of the lowest 
mode is 1.71 times the diameter. Thus 

If the diameter is small compared with the wavelength, the attenuation 
is independent of the wavelength. This is a desirable property for an 
AFC mixer that is to be used over a wide band. For diameters this small, 
the attenuation is just 31.9 db per diameter. 

The amount of attenuation needed is the ratio of the transmitted 
power to the signal level desired in the mixer. For a 600-kw system and 
2 mw in the mbcer this is 2.5 X 10®, or 84 db. It is not possible to use an 
attenuator pipe giving 84 db in its length, however, because the coupling 
factors between the main waveguide and the attenuator and between the 
attenuator and the loop of the mixer must be taken into account. For 
this reason the attenuator should be designed for an attenuation about 
30 db less than the total, to allow a large decoupling factor, so that the 
reflection of the main signal in the transmitter line of the system will be 
small. It is difficult to calculate the end effects and the final design of 
the attenuator is best found experimentally. One tentative unit can 
be built and tested and then corrected, by means of Eq. (2), to give the 
right power level at the mixer crystal. 

A serious shortcoming of the cutoff attenuator in this application is 
that it has no attenuation at wavelengths shorter than its cutoff wave¬ 
length. In a particular example a cutoff attenuator was used that did 
not transmit frequencies as high as the sixth harmonic but transmitted 
the seventh and higher. It was found that trouble with the AFC circuit 
was attributable to the presence of signals in this high-frequency range 
in the mixer. The system operated at 10 cm but a large signal could be 
detected in a crystal mounted in a 1.25-cm waveguide (0.170 by 0.420 in. 
ID) of sufficient length to attenuate the 10-cm signal to a negligible level 
when that waveguide was held in the position of the AFC mixer at the 
output iris of the cutoff attenuator. It might be argued that an attenu¬ 
ator of smaller diameter would be the solution, but just how much smaller 
it would have to be would be a difficult question. It was thought better 
to add to the cutoff attenuator a device that would have increasing attenu¬ 
ation with increasing frequency. A satisfactory device of this kind was 
found in the form of a sheet of carbon-coated Bakelite resistance card of 
600 ohms per square. The card was cut into a rectangle of a width equal 
to the diameter of the attenuator and a length about a quarter-inch less 
than the distance from the waveguide end of the attenuator to the loop 
of the mixer. When this sheet was inserted into the attenuator so that 
its plane was in the plane of the electric field vector in the attenuator, 
the high-frequency transmission was reduced well below the point of 
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being troublesome. The attenuation of the power at the fundamental 
frequency was 6iffected very little and the specific resistance of the strip 

was found to be of little importance to its efficiency in attenuating the 
high-frequency components. All attenuators subsequently designed 

contained dissipative attenuators as a precaution against trouble with 

high frequencies. For the 3-cm band a short cylinder of polyiron, 
inserted into the attenuator, is found to be more effective than the 
resistive sheet. At 1.25 cm, a matched polyiron attenuator in the mixer 

waveguide is used in addition to the cutoff attenuator. This polyiron 
attenuator is designed to give an attenuation of 20 db at the fundamental 
frequency. It is used also to reduce the leakage of transmitter signal into 

the AFC mixer at the joint between the cutoff attenuator and the mixer 

Side wall of 

Fig. 4*3.—Coupling attenuator for AFC, used in lO-cm, 500- to 1000-kw waveguide 
systems. 

waveguide. Because the polyiron pad is matched into the waveguide 
from both directions, it also provides a matched generator for the AFC 
mgnal at the mixer crystal. The direct use of the cutoff attenuator, on 
the other hand, provides essentially a constant-voltage generator, with 
the result that the power level at the mixer crystal is strongly dependent 

on the crystal admittance. The matched resistive attenuator, however, 
cannot be used with a mixer having an LO coupling circuit that requires 
reflection of the local-oscillator wave that travels toward the signal line. 
Mixers intended for use with a narrow-band TR switch, therefore, cannot 
be used with such an attenuator. 

Figure 4*3 shows an attenuator used to derive the AFC signal in a 

10-cm, 500-kw waveguide system. The attenuator can be coupled on 
either the wide or the narrow side of the waveguide, but on the wide 
side it must be in the center. A loop-coupled mixer (see Fig. 3-40) is 
mounted on the other end of the attenuator and the plane of the loop is 
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the same as the plane of the resistance strip and the electric field vector 
in the attenuator. 

4*6. Two-channel Mixers for All-waveguide Systems.—In the 
1.26-cm and the 3.13- to 3.53-cm bands, where the local oscillator must be 
coupled to the mixer through waveguide, the two-channel mixer is made in 

a single unit. By means of the coupling circuit of the channel or iris type 
described in Sec. 3*5, one mixer is coupled on each side of the local- 
oscillator waveguide. Figures 4*4 and 4*5 show the most commonly 

used mixers employing these principles in the two bands mentioned. 
All indicated dimensions are equivalent electrical lengths and must be 
corrected for end effects, as discussed in the preceding chapter. The 
entire 1.25-cm mixer, including the coupling chokes, is machined from a 

solid brass block. Figure 4*5 shows the 20-db polyiron attenuator just 

TR cavity Coupling- 
adjustment .Choke coupling 

Choke 

Radar 
crystal 

Polyiron 

Cutoff attenuator 

♦ 1 cm 

2K25 Resistance-strip 
antenna matched load 

Fig. 4-4.—Two-channel mixer for use in the 3.3-cm wavelength band. 

described, in place in the AFC mixer. The coupling to the main wave¬ 
guide is through a small hole in the wall at the end of the waveguide 
running from the main guide to the mixer, and the size of the hole is 

chosen to give the required total attenuation between the transmitter 

and the AFC mixer crystal. 
Because it would be very difficult to make the duplexer and mixer to 

such close tolerances that both the radar mixer and the AFC mixer could 
be rigidly connected to the duplexer, these two pieces have been so 
designed that one limit of the tolerances brings both channels into contact 

with their corresponding members on the duplexer and the other limit 

leaves a gap on the AFC side. The only danger this entails is that of 
leakage of signal into the AFC mixer from the outside. As has been 
mentioned, the dissipative attenuator in the 1.25-cm mixer reduces that 
danger. In the 3.3-cm mixer, this difficulty is eliminated by the inclusion 
of the cutoff attenuator as a part of the mixer rather than as a part of the 

duplexer, 
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In both these mixers a resistance strip is used as a matched load in 
the local-oscillator waveguide. This strip has an effect analogous to 

that of the resistor disk used in the coaxial-line mixers. It has a con¬ 
ductance equal to the characteristic admittance of the waveguide plus a 
capacitive susceptance due to the dielectric constant of the Bakelite 

base. This susceptance is resonated out by short-circuiting the wave¬ 
guide less than a quarter wavelength behind the strip. The specific 

Fio. 4*6.—Perspective view of 1.25-cm two~channel mixer, opened to show inside. 

resistance used at 3.3 cm is 500 ohms per square and the distance from the 
back of the strip to the end wall is 0.265 in. In the 1.25-cm waveguide a 
400-ohm-per-square material and a distance of 0.048 in. gives the best 
match. These terminations are very compact and simple to construct, 

and give a degree of match and a bandwidth adequate for the purposes 
used here. The voltage standing-wave ratio obtained in this way is less 
than 1.10 at midband and remains under 1.4 over a band of plus or minus 
5 per cent. 

The reflection produced in the local-oscillator waveguide by the two 
coupling devices is more serious than that produced by one. In the 



Sec. 4*6) MIXER WITH DIRECTIONAL COUPLERS 201 

3.3-cm example the coupling iris on one side has been operated with a 

fixed post so that it is beyond resonance with the adjustment screw 

removed, as has been discussed in Sec. 3*5. With the other iris operated 
as an inductive susceptance, the reflections from the two irises tend to 

compensate each other. In the 1.25-cm example no serious trouble was 
caused by the reflections by the coupling channels, but the reflection 
could be reduced, if necessary, by placing the two channels a quarter 
wavelength apart on the local-oscillator waveguide. This would require, 

however, that the mixer be asymmetrical. The coupling channels used 
at 1.25 cm are different from those discussed in Sec. 3*5 in that they are 
connected to the mixer waveguide behind the crystals. An equivalent 

network for this junction has been worked out by Schwinger^s method 
and may be found in Vol. 10 of this series. Coupling of this type gives 
less freedom than the symmetrical couplers between the crystal and the 

TR cavity because the spacing between the crystal and the TR cavity 
must be so chosen that the reflection of the local-oscillator wave by the 
TR cavity does not produce a voltage node at the position of the crossbar 

transition to the crystal. 
All the other details of the mixers, such as the crystal mounts, the 

methods of bringing out the beat frequency, and the method of adjusting 

the local-oscillator coupling have been discussed in Chap. 3. More 
detailed dimensional drawings of these mixers will be found in the group 
of drawings at the end of the present chapter. The cross attenuation 

achieved with these mixers is determined, as in the 10-cm example, by the 
available local-oscillator power and, in decibels, is about twice the attenua¬ 
tion between the local oscillator and a single ciystal. Measurement on 

the 3.3-cm mixer with a 2K25 local-oscillator tube shows that a cross 

attenuation of at least 30 db can be obtained at all wavelengths in the 
3.13- to 3.53-cm band. 

4*6. A Mixer £mplo]dng Directional Couplers.—A mixer with greater 

cross attenuation, if needed, could be made using the directional-coupler 
principle. A sketch of a mixer of this kind is shown in Fig. 4*6. The TR 

leakage power that reaches the local-osciUator waveguide travels toward 

the dummy load, and only that which is reflected by the load passes 
the directional coupler that leads to the AFC mixer. The TR leakage 
power that is coupled into the AFC mixer, therefore, travels toward the 

AFC attenuator and, since a matched dissipative attenuator is used, 
none of this power arrives at the AFC crystal. There is a reflection of 
TR leakage power by the radar mixer crystal and some of this is coupled 

into the AFC mixer waveguide, but this also travels toward the attenu¬ 
ator and not toward the crystal. The only coupling between the TR 
leakage signal and the AFC mixer crystal is by reflection of the wave 
reflected by the radar crystal from the local-oscillator attenuator. 
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Since the local-oscillator attenuator must have a small attenuation (only 
sufficient to give the required adjustment range) the reflection may be 
large. Thus, the cross attenuation is the attenuation of the two direc¬ 
tional couplers plus an amount dependent on the reflection coefficient of 
the mixer crystal at the level of the TR leakage power and on the reflec¬ 
tion coefficient of the local oscillator and attenuator. No mixers of this 
tsrpe have been used because the simpler ones seem to have sufficient 
cross attenuation with most oscillator tubes. This mixer would be diffi¬ 
cult to fit into the space available in the usual duplexing system. A 

Fig. 4*6.—Two-channel mixer with directional coupler, for large cross attenuation. 

much better two-channel mixer, which can be used with a local oscillator 
of limited output power, will be described in Chap. 6. 

LOAD-DEPENDENT PROPERTIES OF OSCILLATORS 

In all of the mixer designs so far presented, provision has been made 
for a very definite kind of load admittance at the local-oscillator tube. 
Before proceeding with the discussion of multiple-function mixers, the 
behavior of local oscillators, as a fimction of the load admittance pre¬ 
sented to them, will be qualitatively described. From this discussion it 
should become evident that the provision of a definite load admittance 
for the local oscillator is a very important part of the design of a micro- 
wave mixer. Previous to the general recognition of this fact, many 
mixers were designed without such provisions (the coupling obtained 
by varying the antenna insertion of the 723A/B tube is an example), 
and their operation in field radar systems was anything but trouble-free. 
For the separate beacon local oscillator in one mixer, for example, a 
special selection of oscillator tubes was required, since only a small 
percentage of otherwise perfect tubes would operate properly in the cir¬ 
cuit. The property of the tube which governed its proper operation 
in the circuit was not included in the tube specifications. It was there- 
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fore possible to design a circuit in which all tubes of a given type would 
operate at the time of the circuit design, but in which later samples of the 
same type of tube might be unsatisfactory. 

4*7. The Rieke Diagram.—In order to decide upon an output load 

for any kind of self-excited oscillator, it is Helpful to plot a Rieke 
diagram" of the tube. This is done by measuring the oscillator power 
and frequency as a function of the load admittance presented at some 
point in the output circuit of the oscillator. A plot of these data, in the 
form of contours of constant power and contours of constant frequency, 

on a Smith admittance diagram is called the Rieke diagram for the tube. 
Suppose that the oscillator may be represented as the shunt-tuned 

tank circuit of Fig. 4*7. For a simple reflex klystron, this tank circuit is 

the cavity resonator of the oscillator. The voltage built up across the 
resonator is not independent of the load admittance. From this repre¬ 
sentation, however, it is obvious 

that the power delivered to the 
load must depend upon the con¬ 
ductance of the load and must go 

to zero if that conductance goes to 
zero, because of the presence of 
the shunt conductance gs result¬ 
ing from resistive losses of the 

(cavity. If the load conductance 
increases unduly, the oscillator 
may become overloaded to such an 
extent that the power circulating in the tank circuit is insufficient to 
maintain the oscillation through the feedback circuit and the oscillations 
cease. Thus, there must be a load conductance that gives a maximum 

of power delivered. 
The susceptance component of the load admittance, on the other 

hand, adds to the susceptance of the tank circuit. If the susceptance 

• of the load varies slowly with frequency, a change in its value causes the 
oscillator frequency to change until the tank circuit contributes a sus¬ 
ceptance that cancels the load susceptance. This is because the feedback 

efficiency is greatest at the frequency of zero total susceptance, and the 
voltage built up across the tank circuit is therefore largest at this fre¬ 
quency. It is now apparent that plots of contours of constant delivered 

power and contours of constant frequency against the load admittance, 
as measured in the tank circuit, would resemble Fig. 4-8. The contours 
of constant power are circles of constant conductance and the contours of 

constant frequency are the circles of constant susceptance. The amount 
of frequency change per unit susceptance depends upon the Q of the 
resonant cavity of the oscillator. The '^pulling figure" for the tube— 

Oscillator tank circuit 

Fig. 4*7.—Qircuit representing oscillator tank 
circuit and load admittance. 
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that is, the maximum frequency change when a load admittance causing 
a voltage standing-wave ratio of 1.5 is varied through all phases—is 
closely related to the Q of the resonator. These relationships are not the 

subjects of the present discussion; for a detailed discussion of the Rieke 

diagram, the reader is referred to Vol. 7 of this series. The important 
region for the present purposes is the circular region of the diagram, 

called the “sink,” in which the oscillator does not operate at all. Load 
admittances that fall in this region must be avoided if the oscillator is to 

be expected to operate. 

0 

Fio. 4-8.—Rieke diagram for ideal oscillator. Curves of constant power are labeled with 
percentages of maximum power available. 

The discussion so far has been concerned with the load admittance as 

measured at the tube itself. In practice there is some kind of output 
coupling circuit and, therefore, the admittances that can actually be 

measured are those at some point in the output line. Since the electrical 
distance between this point and a reference point within the tube varies 
with frequency, the actual Rieke diagram is a distorted version of that 

shown in Fig. 4-8. The fact that the coupling circuit cannot be com¬ 
pletely nondissipative limits the range of admittances presented to the 
tube when the whole complex plane is covered at the point of measure¬ 

ment. As a result, the contours of constant power do not follow the 
constant-conductance circles and do not close in the regions of large 
suBceptance. Moreover, the region of the sink does not remain circular. 
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The contours of constant frequency are no longer the circles of constant 
susceptance, but qualitatively they retain the property of being ortho¬ 
gonal to the contours of constant power. An actual Rieke diagram for 
a 2K25 oscillator is shown in Fig. 4*9. The admittance plotted is that 
measured in the waveguide of a standard test mount, at the plane of 
the antenna of the 2K25. 

The Rieke diagram for the 2K25 oscillator changes rapidly with the 
matched load^^ frequency of the tube. This change can be accounted 

for by the relatively long length of the output coupling line between the 

tube cavity and the point in the waveguide at which the admittances are 

Fig. 4-9.—Rieke diagram for a 2K25 oscillator. 

measured. The electrical length of this line varies with wavelength 

and, as a result, the Rieke diagram rotates on the admittance chart as the 
wavelength is altered. If a matched load on the waveguide does not 

result in unity standing-wave ratio in the coaxial output line there is 
also a radial shift of the diagram vdth wavelength. l\vo things become 

apparent from this consideration. First, a given load admittance must 

not be crossed by the sink for any wavelength in the band to be used. 
Second, if the rotation encountered over the band becomes as much as 

one-half wavelength, the only safe region for the load admittance is 
very near the center of the diagram, provided there is not excessive 
translation of the diagram with wavelength. The specification test of 

the 2K25 ensures that the sink does not overlap the portion of the dia¬ 
gram which represents the matched-load condition of the mount when the 
tube is operated in a mount identical with the test mount, because the 
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tube must operate continuously in this mount from one end of its tuning 
range to the other. Thus, it is evident that the only load admittance 

that is safe to use in mixer design is that presented by the test mount. 

When the output coupling circuit is not a part of the oscillator tube, 

as is true for the 10-cm 2K28, the situation is different. For a given 

frequency the output coupling loop can be adjusted to give the required 

output power, up to the maximum power obtainable from the tube. 
If the loading is increased beyond the value for maximum power, the 
conductance may be in the region of the sink. If, however, the output 

line is several wavelengths long and there is a large standing-wave 
ratio in the line, the load admittance presented by a given output-loop 
adjustment changes rapidly with wavelength and a good adjustment at 

one wavelength may easily result in overload at an adjacent wavelength. 
This is a good argument for the resistor-disk matched load provided in 
the LO coupling circuit of the 10-cm coaxial-line mixers. 

A more careful consideration of the Rieke diagram of the transmitting 
oscillator is necessary, since the pulling figure is of considerable signifi¬ 
cance. The output circuit is designed on the basis of a compromise 

between pulling figure and delivered power; hence, somewhat less than the 
maximum available power is obtained. For local-oscillator applications 

the pulling figure is not of the same importance, although it must be 

considered under some conditions. 
It should be pointed out that the Rieke diagram of a reflex-klystron 

oscillator is not independent of the reflector mode in which the tube is 

operated. Usually the sink covers a larger region on the diagram as the 
reflector voltage is increased from one mode to the next. It is not 
sufficient, therefore, to provide a load circuit identical with the test 

mount unless the tube is to be operated in the same mode as that specified 
in the tests. Although it may often seem that somewhat greater output 
power is available in a mode of higher reflector voltage than in the one 
used in the tests, designing on this basis is not safe. At some frequencies 

the sink may enclose the matched-load point of the diagram for a higher- 
voltage mode and there will be no output power at these frequencies. 

The presence of the overload condition at some frequency cannot 
always be discovered by merely tuning the tube through the frequency 
range and observing that power is obtained at all positions of the tuning 
mechanism. The tube may jump suddenly over the frequencies at which 

it cannot oscillate, if the frequency sensitivity of the load admittance is 
high. The tube may be more thoroughly tested for operation in a 
mixer by superimposing on the steady reflector voltage a sawtooth sweep 

voltage of sufficient amplitude to sweep the tube through the desired 

mode of oscillation. If ihe same voltage is applied to the horizontal 
deflection plates of a cathode-ray oscilloscope and if the vertical deflection 
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is made to show the rectified voltage of the mixer crystal, a plot of the 
oscillator output power vs. frequency results. A plot of such a presenta¬ 

tion is shown as the solid curve in Fig. 4*10. As the tube is tuned, this 
mode pattern moves slowly along the voltage axis because the reflector 
voltage required to maintain oscillation changes, but it maintains 
substantially the same shape. It may, of course, grow larger or smaller, 

in the vertical direction, as the coupling factor for the LO coupling 
circuit changes with frequency. If, however, the overload condition 
occurs at some frequency, the curve becomes suddenly smaller as this 

frequency is approached and usually shows sharp drops at the sides, as 
shown by the dashed lines of Fig. 4*10. The evidence of oscillation may 
disappear altogether over a short range of the tuning mechanism and 

reappear as the; tuning is continued, but with the pattern centered at a 
different voltage. Finally, the pattern will regain its original shape as 

B'la. 4*10.—Output power vs. LO B"ig. 4*11.—Overload condition, allow- 
reflector voltage for normal and for over- ing oscillation at frequencies on both 
load conditions. sides ol a discontinuity, in a single mode. 

the frequency becomes sufficiently removed from the critical frequency on 

the other side. In some cases the overload at a particular frequency 
appears over so narrow a frequency range as to allow oscillation on both 
sides of this range in a single reflector-voltage mode. Then the ampli¬ 
tude falls abruptly to zero over a small range of reflector voltage, as 
shown in Fig. 4*11. As the tube is tuned away from this region, the 
half of the mode that corresponds to frequencies on this side of the over¬ 
loaded frequencies swells and finally becomes the full mode of the nor¬ 
mally loaded oscillator. The other half disappears completely for a 
small tuning away from the symmetrical case. The beginning of this 
effect is indicated by the dashed curve of Fig. 4*11. 

That the situation of a broken curve such as shown in Fig. 4*11 does 
correspond to a frequency jump can be confirmed through the use of a 
reaction wavemeter, coupled to the mixer in such a way that a dip in the 
crystal current occurs at resonance for the wavemeter. Since each 
point of the curves of rectified crystal voltage vs. reflector voltage 
corresponds to a different frequency, in accordance \vith the electronic 

tuning principle, a dip in the curve, which moves along as the wavemeter 
is tuned, results. In a situation such as that illustrated in Fig. 4*11, the 
wavemeter dip moves smoothly through one-half of the curve and then 
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disappears for a considerable range of frequency as the wavemeter is 
tuned. Finally, it reappears at the inside edge of the second part of the 
mode and moves smoothly on to the end of the mode. The region of 

frequency skipped is usually much greater than that covered by the 
ordinary electronic tuning for a change of reflector voltage equal to 
that of the blank region. This is understandable because the two sides 

of the sink of the Rieke diagram represent extreme values of frequency 
pulling in opposite directions. 

A less noticeable but very serious kind of frequency discontinuity 

sometimes occurs if the load on the oscillator is highly frequency-sensitive. 

Such a load results with a 2K25 if the tube is tightly coupled to a wave¬ 
guide in which a very large standing-wave ratio exists. In a situation 
of this kind, the test described in the preceding paragraph may show a 

normal oscillator mode at all tuning conditions, except for a small cusp 
which moves through the mode as the tube is tuned. This is shown in 
Fig. 4-12. The cusp is often so small that it can go unnoticed unless the 
observer is looking specifically for it. The cusp would almost certainly 
be regarded as of little consequence since it appears to be no more serious 
than a small drop in available 

power, similar to that produced by 
the reaction wavemeter. If, how¬ 

ever, the w^avemeter test is made, 

a continuous variation of frequency 
is found up to the cusp, and at this 
point the wavemeter indication dis¬ 

appears. Before the wavemeter 
indication reappears on the other 
side of the dip, the wavemeter may 

have to be timed through 1 or 2 per cent, showing that there is a 1 or 
2 per cent gap in the spectrum of available frequencies from the tube 
operating into this load. If the tube is mechanically tuned, the dis¬ 

continuity moves in the mode, but the wavemeter test shows that substan¬ 

tially the same frequency band is always skipped with a particular tube. 
This effect can also be explained as a result of the sink of the Rieke 

diagram, the difference being that the load circuit is sufficiently frequency- 
sensitive to allow the tube to find a frequency at which it can oscillate at 
any tuning condition. As the frequency of the tube approaches the 
frequency at which the load is in the overload region it simply jumps 

across to a frequency on the other side of the sink. This change in 

frequency alters both the position of the sink on the Rieke diagram and 

the admittance presented by the load. 

Attempts were made to use the 723A/B tube in a double-mixer 
circuit in which the oscillator was coupled directly into a resonant 

Fio. 4*12.—Oscillator-mode pattern, show¬ 
ing discontinuity. 
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cavity. The load presented to the antenna of the tube by the resonant 
cavity was very frequency-sensitive and was far from the center of the 

Rieke diagram of the tube. For any tube a frequency discontinuity of 
this type could be found but the frequency region skipped varied con¬ 
siderably from tube to tube, corresponding to a variation, among tubes, 
of the electrical length of the coaxial output line. Thus, a measurement 

of the Rieke diagram of these tubes would show a considerable variation 
in the position of the sink. To make a mixer that would operate with 
any tube, in even a narrow band of frequencies, it was found necessary to 

make the discontinuity caused by the resonator circuit fall at a frequency 
several per cent outside the band, for an average tube. As a result the 
load condition on the average tube was such that only a small amount of 

energy was stored in the resonator. The coupling required between 
the resonator and the mixer to give sufficient power at the crystal resulted 
in a large reaction of the local-oscillator circuit on the signal circuit in 

the mixer. The aim of achieving increased cross attenuation between 
the AFC and radar mixers was not realized, and in fact, the mixers 
designed on this principle were quite unsatisfactory. All subsequent 

designs were based on the provision of matched-load conditions for th(^ 
local oscillator, in the fashion already described. 

4*8. Frequency Discontinuities Caused by High-Q Load Circuits.— 

A discontinuity of another type in the operation of an oscillator results 
if the load circuit is highly frequency-sensitive. In many cases it is 
desirable to couple a resonant cavity to the local oscillator of a mixer 

for frequency reference. If this is attempted it is usually found to be 
very difficult to make the coupling in such a way that the oscillator may 
be tuned smoothly through the cavity resonance. For almost any 

reasonable coupling a discontinuity results, if not for all tubes at least 

for some samples. 
At first thought it might be supposed that it would be necessary only 

to restrict the admittance contour of the load circuit to a region of the 

Rieke diagram not including the sink. If this is done, frequency dis¬ 
continuities can still be found if the rate of transit of the load contour 

with respect to frequency is sufficiently rapid. To understand how this 
comes about, let us consider an idealized example. Associated with the 

tank circuit of the oscillator there is a susceptance which changes at a 
certain rate with frequency in the vicinity of resonance and which is 

zero at the frequency of oscillation. Tuning the tube either electronically 
or by alteration of the cavity resonator (the microwave tank circuit) 
may be considered as adding a positive or negative susceptance to the 

circuit so that the zero occurs at a different frequency. To a very good 
approximation, the susceptance of the tank circuit increases linearly with 
frequency as shown in Fig.. 4*13. To tune the oscillator from the fre- 
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quency corresponding to A to that corresponding to 5, the addition 
of a susceptance varying from —5 to +jS is required. This statement is 
valid, however, only if the load offers no susceptance in addition to that 
of the tank circuit. If the load does add a susceptance that varies only 
slowly with frequency, the effect is similar to that of the hypothetical 
tuning susceptance, and the oscillator frequency is said to be pulled 
by the load. 

Suppose the load includes a resonant cavity, in addition to a matched 
load at frequencies at which the cavity is nonresonant. In Fig. 4*14 such 
a load circuit, conforming to the load specifications for the 2K25, is 
shown. The cavity appears as a short circuit at frequencies removed 
from the resonant frequency and the circuit is identical with the test 

Fio. 4*13.—Susceptance of oscillator tank Fig. 4*14.—Resonant load circuit for 
circuit vs. frequenejt 2K26 oscillator. 

mount is those regions. In the vicinity of resonance, the cavity admit¬ 
tance traverses a circle on a Smith chart in accordance with the formula 

— ^0 

where is the reciprocal of Qo, the unloaded Q of the cavity, 5i is the 
reciprocal Q of the input circuit, is the reciprocal Q of the output 
circuit, V is the oscillator frequency and vo is the resonant frequency of the 
cavity. This formula can be derived from the equivalent shunt-circuit 
resonator at low frequency where the admittance is given by 

Y = ^0 + ^2 + i 

where (a is %rvy go is the shunt conductance of the tuned circuit, and 
gt is the conductance of the output circuit. Using the lumped-constant- 
circuit formula for Q, 

and 
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and the resonance condition, «o = l/LC, the equivalent circuit admit¬ 
tance is 

or, to a very good approximation, for |(v — pq)/vo\ < < 1, 

Y = So + S2 + j 

The admittance terminating the input line is this quantity transformed by 
an amount dependent on the input coupling, which is measured by 

where 6i is the reciprocal Q of the input circuit with the input line matched 
back. Dividing by gi thus gives the admittance in units of the char¬ 
acteristic admittance of the input line, as in Eq. (3). 

The load presented to the antenna of the tube in the circuit of Fig. 
4T4 consists of the sum of the matched-load admittance Yq and that of 
the cavity, transformed to its reciprocal by the quarter-wavelength line. 
Thus the total load admittance is 

= r„ + 
(5o + ^2) + > 

where Av \h substituted for (j/ — po)/voj or 

1'.. [-*“ 
-f" 250^2 “t“ 5i5o 4“ 5i52 “b 5? 4" — }2Avd 

(60 + 52)^ + 4A^2 
^ V ' to. (4) 

On an admittance chart this result can be obtained by the steps illus¬ 
trated in Fig. 4-15. In Fig. 4T5a is shown the admittance of the cavity 
alone, traversed in the direction of the arrow with increasing frequency 
and with resonance corresponding to the intersection with the conduct¬ 
ance axis. In Fig. 4* 156 is shown the circle representing the admittance 
of the cavity at the end of a quarter wavelength of line, and in Fig. 4* 15c 
is shown the locus of this admittance combined with the matched-load 
admittance terminating the line in the other direction. The point to be 
made now is that the contour of load admittance may lie entirely within 
the acceptable region of the Rieke diagram for the oscillator, but may 
give rise to frequency discontinuities in the operation of the tube by 
virtue of an excessive rate of change of susceptance with frequency. 
The tendency for this to occur is greatest, for the circuit under discussion, 
if the effective length of the line between the oscillator tube and its 
antenna in the waveguide is an integral number of half wavelengths. 
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The added susceptance of the load circuit has a negative rate of change 
with respect to frequency in the vicinity of resonance for the load cavity. 
Thus, it tends to counteract the positive rate of change of susceptance of 
the oscillator cavity. Since the frequency stability of the oscillator is 
derived from the positive rate of change of susceptance of its tank circuit, 
the addition of this load circuit reduces the stability by an amount 

Fia. 4*16 a, 6, e.—Locus of load admittance vs. frequency, for cavity in place of the short 
circuit in the standard tube mount. 

depending on the ratio of the negative rate of change of susceptance of the 
load circuit to the positive rate of change of susceptance of the tank 
circuit. The situation may be illustrated graphically as in Fig. 4*16. 
The susceptance of the tank circuit is the straight line, as in Fig. 4* 13; 
that of the load circuit is the curve passing from positive values at 
frequencies less than the resonant frequency of the cavity to negative 

Susceptance of 

Fio. 4'16.—Diagram of susceptance vs. fre- Fio. 4-17,—Cavity transmission vs. 
quency, illustrating the origin of frequency dis- reflector voltage, illustrating a frequency 
continuities caused by a high-Q load circuit. discontinuity caused by the cavity. 

values at higher frequencies; the total susceptance is the sum. In this 
example the rate of change of total susceptance is negative in the vicinity 
of the external cavity resonance; hence the oscillator must be unstable 
at that frequency. Its actual operation, using the concept of the tuning 
mechanism discussed in connection with Fig. 4*13, is the following. If 
the tube is tuned from low frequency through resonance of the external 
cavity, its frequency of oscillation must jump discontinuously from the 
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frequency at A to that at B. Returning, the frequencies between C 
and D are skipped. If the tube is swept in frequency by a sine-wave 
voltage applied to the reflector, and the cavity transmission is recorded on 
an oscillograph as a function of this voltage, a pattern like that of Fig. 
4-17 is found. 

To avoid the discontinuity, the absolute value of the rate of change of 

susceptance of the load circuit must be kept less, at all frequencies, than 
that of the oscillator circuit itself. It is necessary to have a measure of 
the rate of change of susceptance of the oscillator circuit at a point in the 

line where the maximum rate of change of the susceptance due to the load 
circuit is known. It is possible to obtain this quantity from a measure¬ 
ment of the pulling figure of the oscillator, since a susceptance added 

to the load admittance of the oscillator must produce a frequency change 
sufficient to make an exactly counterbalancing change of susceptance 
in the oscillator circuit. Thus, the quantity desired is just the reciprocal 

of the measurable frequency pulling per unit susceptance change in 
the load admittance in the waveguide. If C is defined as the frequency 
change in cycles per second per unit change in load susceptance, the 

condition for continuity of oscillation is 

UmjYr.)] 
dAp 

From Eq. (4), this becomes 

„ (go + — 8Ay° I >;o 
' [(go 4- gj)* + 4A.-*li - C 

or, since the left-hand side is a maximum when Ar is equal to zero. 

2gi ^ 
(go + gj)* ” O' 

(5) 

The evaluation of this formula for some typical conditions will serve 

to point out its implications. First, it is necessary to have a typical 

value of C/vo. This quantity has been ascertained for some 2K25 tubes 
by finding the values of gi, go, and g« that give continuous operation, and 

applying Eq. (5). It has been found that the value is not constant for 
different parts of the same mode of the oscillator but is higher off center on 
one side (low-frequency side) than at the center (maximum power) or on 

the other side. In order to obtain continuous operation to the half¬ 
power point on the low-frequency side of the reflector-voltage mode, 
the left-hand side of Eq. (5) must be made less than about 10* for most 

tubes, so C/vo may be taken as lO"*. Thus C represents a frequency 

change of about 11 Mc/sec per unit susceptance at a frequency of 9000 
Mc/sec, Suppose that it is desired to find the input coupling that can 
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be used with a cavity having an unloaded Q of 20,000 and a Q of 10,000 
when the cavity is loaded by the output circuit alone. Application of 
Eq. (6), with (Jo + 3*) equal to 10“^, gives 5i less than 6 X 10“*, or the 
Q of the input circuit must be greater than 2 X 10*. Since the conduct¬ 
ance at resonance, as seen at the antenna of the oscUlator tube, is 

the admittance contour described by the load circuit as a function of 
frequency, corresponding to Fig. 4* 15c, must go through Fo far from 
resonance and through a point somewhere between Yo and 1.05 Fo at 

Fio. 4*18.—Susceptance V8. frequency for an integral number of half wavelengths between 
the cavity and the oscillator, showing stabilization and frequency discontinuities. 

resonance. This is certainly a very small excursion and would, at first 
thought, have been regarded as an easily tolerable load line for the tube. 
Thus it is evident that this source of frequency discontinuites in the 
operation of the oscillator must be taken into account when a resonant 
cavity is to be included as a part of the load circuit of the oscillator. 

A possible way in which the tendency of the cavity to produce fre¬ 
quency discontinuities can be reduced is to use a different effective line 
length between the cavity and the oscillator. In this way the part of 
the load line which is traversed most rapidly is made to correspond, at the 
oscillator, primarily to a changing conductance, or, for a line differing in 
length by a quarter wavelength from that in the example above, a positive 
rate of change of susceptance. In the latter case the load circuit tends 
to stabilize the oscillator frequency through increasing the total rate of 
change of susceptance. Then a much larger coupling between the 
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oscillator and the cavity can be used. Although discontinuities may still 
be produced when large coupling is used, they will be of a different kind. 
The tube may oscillate, at the resonant frequency of the cavity, with 

greater frequency stability than with a nonresonant load, but two 
discontinuities, one on each side of resonance, occur for high Q’s and tight 
coupling. This effect is shown on the susceptance-vs.-frequency plot 

of Fig. 4-18, where discontinuities occur between A and B, C and D and, 
tuning from right to left, between E and F and G and H. The frequency 
stabilization obtained when the oscillator is operating in the region 

between the two discontinuities is such that tuning that would ordinarily 
cause a frequency change from H to D causes only the change from G to C. 
Circuits of this type have been used for frequency-stabilization purposes, 

but the dependence on the line length between cavity and oscillator 
makes them difficult to put into proper adjustment. When using tubes 
such as the 2K25, in which the coupling line is a part of the tube and 

varies in effective electrical length both with frequency and from tube to 
tube, it is safest to design a cavity load circuit that is satisfactory even 
when the line length is such that the greatest tendency for causing 

discontinuities occurs, if these discontinuities are to be avoided at all 
frequencies and with all tubes. Thus Eq. (5) must be satisfied. 

4'9. The Design of Load Circuits Containing Transmission Cavities.— 

A transmission cavity may be used as a part of the load circuit of the 
local oscillator of a mixer to serve as a frequency reference, either for 
frequency measurement or for automatic frequency control. If the 

presence of the cavity did not affect the operation of the oscillator no 
matter how high its Q, it would be desired to design the circuit to load 
the cavity in such a way as to give the maximum rate of change of 
voltage with respect to frequency at the output terminals of the detector 
following the cavity. This means that, with a cavity of given unloaded 
Q, (Qo = l/5o), and with a square-law detector, the loading should be 

such that (TQl) is a maximum, where T is the fraction of the available 
input power to the cavity transmitted to its load and Ql is the loaded Q. 
The quantity T can, by arguments similar to those used for Eq. (3-16), 

be shown to be 

so that 

T = 
(fii + 5* + 5o)* 

(6) 

TQi, UiSt 
(5i + 5a -f- 5o)* 

(7) 

If the partial derivatives of TQl, first with respect to 5i and then with 

respect to 5a, are taken, and each set equal to zero, the values of 5i and 5a 
giving maximum TQi, are found to be 
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ji « 26i — 5o 1 
(8) 

di = 25i — So j 

5i = ^2 ~ ^0* (9) 

Thus equal loading by the input and the output circuits is desired, and 

the loaded Q is one third of the unloaded Q of the cavity. The fraction 
of available power transmitted to the load is 0.44; that is, the cavity 

has an insertion loss of 3.5 db at resonance. 
The situation is different in practice, however, since, in addition, 

the inequality of Eq. (5) must be satisfied. The limiting case occurs 
when Eq. (5) becomes an equality, or when 

Si - b(do + «*)» = 0, (10) 
where 

b = 
»o 

2C 

If the condition of Eq. (10) is applied to Eq. (7), there results 

^ [biSt H- So) + ll’(5* + So) 

The maximum value of TQl can be found by differentiation, and the 

values of 5i and St at this maximum are 

*■“*"{*•* [I+ 3S5 +5(5+ 3^) ])’ 

‘■-‘•[(s + sar-s} 
If b b taken as the true value of the oscillator, the limiting values of 
Si and St are given by Eqs. (12). With these values the oscillator is 
just on the verge of a discontinuous operation at the cavity resonance 
for the most restrictive cavity-to-oscillator line length. In practice 
a certain safety factor is desirable and this can best be achieved through 
the use of a value for b smaUer than the true value by a reasonable 
factor. Equation (12) should be used only when bSo is less than 0.25. 

Application of Eqs. (12), when 680 b greater than 0.25, b not desirable, 
because then the inequality of Eq. (5) holds for the optimum value of 
TQl for the cavity alone. Use of Eq. (12) would result in loading that 
^ves the maximum TQl compatible with keeping the oscillator on the 
verge of discontinuous operation. In Fig. 4*19 are plotted the values of 

81/80 and 82/80 vs. b8o for values of b8o less than 0.25 as given by Eqs. (12). 
From these curves it b evident that an increase in the output loading of 
the cavity b much more effective in reducing the pulling of the local 
oscillator than b decoupling through a decrease in the input loading. 
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By the use of fhe condition expressed in Eq. (5), the amount of coup¬ 
ling which just allows continuous operation with equal input and output 
irises can be calculated. This condition maintains the maximum loaded 
Q for a given transmission loss. The result is 

0- 

These values also are plotted in Fig. 4-19. To compare the usefulness 
of the cavity loaded in these two ways, the expressions for TQl may be 

_i__ j_. (13) 
^ ^ / 1 

5o 5o \25ofr 

Fig. 4-19—Values of 5i/5o and ij/do giving maximum {TQl), subject to the condition 
5, 

required to avoid frequency discontinuities, that ——i--- < h. The dotted curve gives 
(oo + 0*)* 

5i/do and 5t/5o, as a function of &5o, for equal input and output windows. 

used. When the effect on the oscillator may be neglected, Eqs. (7) and 
(9) give 

{TQl) = -il 
27 ««■ 

(14) 

In Fig. 4’20 curves are plotted showing the ratio of the product TQt 
obtainable through the use of Eqs. (12) and for the condition of equal 
input and output loads to the maximum for the cavity, given by Eq. (14). 
The calculation for the equal-loading case is simplified for small 
since Eq. (13) can be reduced to 
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by expansion of the radical by the binomial theorem, neglecting terms 
in 5oi> to powers higher than the second. The product TQl for small 
5ob is reduced to 

by this means. 

TQz. = 
{doby 

Bo (1 + 2Bob) 8 

From these curves the advantage of using larger output loading and 
smaller input loading than those that give minimum transmission loss for 

a given loaded Q is quite evident. 

In practice, a further considera¬ 
tion enters: that of the detuning 
of the reference cavity by the in¬ 
put and output circuits by varia¬ 
tions in the admittance of the 
oscillator circuit or the detector 
circuit. The formulas and curves 
show that, if the rate of change of 
susceptance must be lower than 
that obtained by loading for maxi¬ 

mum TQl, the product TQl for 
a given cavity suffers least if the 

reduction is made by increasing the output coupling and decreasing the 
input coupling in accordance with Eqs. (12). Therefore, variations in 
the oscillator admittance pull the cavity frequency less than for maximum 
TQl and variations in the output admittance pull it more. In practice a 
crystal is used as the detector. To reduce the pulling of the cavity by 
the change in admittance with 
changes of the crystal, a dissipative 
buffering attenuator is used be¬ 
tween the cavity and the crystal. 

4*10. Load Circuits with Reac¬ 
tion Cavities.—One more example 
of the application of Eq. (5) may 
be of interest. It is sometimes 
desired to couple a reaction wave- 
meter cavity to the oscillator. A 

possible circuit would be that of Fig. 4*21, which is identical with Fig. 
4*14 except that the load circuit and output hole of the cavity are not 
present. The condition for continuous operation with this circuit becomes 

Fig. 4-21.— Circuit for coupling a reaction 
cavity to the local oscillator. 

Fig. 4-20.—Ratio of the product TQl» 
obtainable without LO-frequency discon¬ 
tinuities, to the maximum values of TQl 
obtainable from the cavity as a function of 
66o. 

Bi < bBl 

The marginal condition is given by 

Bo 
bBo, 
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which a few representative numbers will show to be a very restrictive 
condition. For the example cited where 6, for the 2K25, was taken as 
500, a cavity with an unloaded Q of 5000 can have a value of b\/6o at most 
equal to 0.1. Thus the voltage standing-wave ratio at resonance cannot 
be less than 10, with the minimum in the plane of the input iris, corres¬ 
ponding to the undercoupledcondition. An absorption of only about 
10 per cent of the available oscillator power gives the circuit, as a reaction 
wavemeter, only about a 10 per cent dip at resonance in the power 
delivered to the main load on the oscillator. With a high-Q cavity, 
such as the TBoi-mode wavemeter commonly used in the 3-cm band, 
66o would be about 0.02 so that 
bi/bQ could not exceed 0.02 and only 
a 2 per cent dip could be obtained. 

4'11. The Prevention of Fre¬ 
quency Discontiimities by Padding. 
A common method of preventing 
discontinuities in frequency caused 
by having a cavity as a part of the 
load circuit is to provide matched 
dissipative attenuation between the 
cavity and the oscillator, as illustrated in Fig. 4*22. The amount of 

attenuation required may be calculated as follows. The reflection coeffici¬ 
ent from the cavity is given, without attenuation, by 

r = 
Fo + Fe 

where Ye is the cavity admittance from Eq. (3). If an attenuator 
inserted between the oscillator antenna and the cavity reduces the power 
by a factor r, the reflection coefficient measured at the oscillator antenna 
is also reduced by the factor r, since the wave must transit the attenuator 
twice. Thus the admittance at the oscillator antenna is 

V -LzilE 
i + rr 

for a total path length of an integral number of half wavelengths between 
the cavity and the antenna. 

The reciprocal of this admittance is the quantity desired, since it is 
when the cavity and the oscillator are placed an odd number of quarter 
wavelengths apart that the rate of change of susceptance with frequency 
is negative and so produces frequency discontinuities. Thus 

Fig. 4-22.—Circuit for coupling cavity 
to oscillator with dissipative attenuator 
for decoupling to prevent frequency 
discontinuities. 

y _ 1 + rr 
1 - rr' 
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For continuous operation of the oscillator, the condition that must be 
met is that the derivative of the imaginary part of Fl with respect to 
frequency at the resonance frequency of the cavity vq is less in magnitude 
than the reciprocal of the rate of change of frequency with respect to 
susceptance, defined previously as C, for the oscillator, or 

dBt . 2^ 
dAv C' 

(16) 

where Av, vo, and C are all as defined in the previous analysis and Bl is 
the imaginary part of Fl. The result is 

_Sra_ ^ 

5r[(l - r)a + (1 + r)Y C' 

where St is So + S2 and a is 5i/5r. This may be written 

(1 - a) V + 2 ^ r + (a + 1)^ > 0. 

(16) 

(17) 

For the marginal condition, that is, with the oscillator just on the verge 
of skipping frequencies, the left-hand side may be taken as equal to zero, 
and thus a minimum value of r compatible \vith continuous operation is 
found. This value, designated as ri, is 

ri 
(a ~ ir 

1 
(a — 4- ly 

(‘«’ + r^->y \ OtVo / 
(18) 

If the last term in the bracket is small compared with unity, the radical 
may be expanded by the binomial theorem and an approximation may be 
obtained by neglecting terms in the expansion of order higher than the 
first. Thus the attenuation factor for this condition may be written 

(a + 1)* 
(19) 

Application of these formulas to two special cases are of particular 
interest. First, for the use of a transmission cavity loaded for maximum 

TQl in accordance with Eq. (9), St is 2So and a is i. Thus Eq. (18) 
becomes 
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and Eq. (19) becomes 
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A curve of these functions is plotted in Fig. 4*23. This curve becomes a 
straight line for small values of b5o. Thus, in this region, the real limit 
on the product tTQl is imposed 
by the limit in the rate of change 
of susceptance that the oscillator 
can stand. With a given value 
of b for the tube, little is gained 
by the use of a cavity of higher 
unloaded Q, since additional 
attenuation is required which al¬ 
most exactly compensates the in¬ 
crease in TQl. This is also true 
when no attenuation is used and 

discontinuities are avoided 
through the use of Eqs. (12), 
although the limit is approached less rapidly as Qo is increased. In the 
limit, Eq. (21) becomes 

ri « f b5o 

and the product TiTQl becomes, from Eq. (14), 

nTQt « (22) 

Without the attenuator, and with loading according to Eqs. (12), the 
product TQl becomes, in the limit, 

TQl « 46. (23) 

Thus, the rate of change of output power from the cavity achieved 
in this way is 12 times as great as that which can be obtained using the 
attenuator. In practice the difference is not this great. For 6o6 = 10""®, 
the smallest value usually encountered, the rate of change of output 
power is greater by a factor of 10 when no attenuator is used. For a 
more usual value of 6o6, in the region of 0.02, the advantage is only a 
factor of 7. Against this advantage, however, must be weighed the 
greater tendency of the cavity to be pulled by the input- and output-load 
susceptances when no attenuator is used. There is no decoupling from 
the oscillator admittance except that afforded by the reduced input 
iris, and the coupling to the load admittance increases as the square root 
of (1 /65o), as 65o is decreased, Thus the pulling of the cavity by the load 

1.0 02 0.1 0.02 0.01 0.002 0.001 

Wo 

Fig. 4-23.—Attenuation, in decibels, 
required between the cavity and the oscillator 
to avoid discontinuities, plotted as a function 
of 65o. 
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susceptance would be about 18 times as great, for 63o equal to 10~*, as it 

would be if an attenuator were used. 
Equations (18) and (19) may be applied also to the reaction cavity, 

that is, the cavity with no output loading. For this case, ix = 5o and 
a = 3i/6o. With a coupling coefficient a of unity, which is optimum 

for many applications of a reaction cavity, Eq. (19) is exact and reduces to 

Ti = 65o. (24) 

If a is not unity, but is small compared with l/66o, the attenuation 
required is given approximately by 

Ti 
{a + 1)^ 

4« 
66o. (25) 

As in the previous examples the limit on the rate of change with frequency 
of the reflected power frjom the cavity is imposed by the pulling figure of 

the oscillator tube. Although an increase in the unloaded Q or a change 
in the coupling factor increases the possible percentage rate of change of 
the reflected power with frequency, the required increase in attenuation 

just compensates for this; consequently the absolute rate of change is 
unaffected. As with transmission cavities, the higher-Q cavities have 
the advantage of being less susceptible to pulling by the external circuits. 

The presence of the large attenuation makes it possible to control the 

external admittance more carefully than if the oscillator were coupled 
directly to the cavity. 

The maximum rate of change of reflected power, for the two methods 
of decoupling, may be compared. The reflection coefficient T for the 

cavity is 

r _ + Fc 

where 

The rate of change of reflected power with frequency is proportional to 

the attenuation factor r\ and to the derivative of the square of the 
absolute magnitude of T with respect to Av, 

d\T\^ ^ 32giaoAi/ 
dAv [(3i + 5o)^ ■+ ^Av^]^ 

The maximum of this expression with respect to frequency occurs for 

Ap \/3(5i + io)/6, as is found by setting the second derivative of 
irp equal to zero. Thus the maximum rate of change of reflected power 
with frequency is proportional to 
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R - r. W _ 3V3gi5, (26) 

When an attenuator is used for decoupling, and 6i = 6o, this becomes 

Ra = 

3\/3 
(27) 

With no attenuator and with 6i = 5o(6oi)), Eq. (26) becomes 

Thus the reaction cavity, like the transmission cavity, has a greater 

efifectiveness (this time by a factor of 8 in the limit) for the circuit in 
which the decoupling is achieved through the choice of the cavity loading, 

without the addition pf attenuation. In all cases the rate of change of 

power with respect to frequency is also proportional to the output 
power of the oscillator. The absolute rate of change of power can there¬ 
fore be increased by increasing the output power of a given oscillator if 

this can be done without decreasing b. 
All these calculations are directed toward obtaining the maximum 

absolute rate of change of power. It is sometimes desirable to obtain 

the maximum percentage rate of change and the conditions are then 
different. Calculations can easily be carried out for these or other 
requirements by the use of the general condition that the rate of change 

of susceptance of the load circuit must not exceed the reciprocal of the 

rate of change of frequency with load susceptance for the tube. 

EXAMPLES OF MULTIPLE-FUNCTION MIXERS 

4-12. Provision for Beacon Local Oscillator.—In the introduction of 
this chapter the problem of provision for beacon reception was mentioned 

and its solution for 10-cm oscillators and mixers was indicated. The 
only other frequency b^nd in which a radar beacon has been used is the 

band from 9320 to 9430 Mc/sec. As mentioned previously, the early 

solution to the problem of beacon provision was to add a second local 

oscillator, tuned to produce the intermediate frequency when beating 

with the beacon signal, and coupled to the mixer by means of the insertion 

of its output antenna into the mixer waveguide. This kind of coupling 

was, for reasons already mentioned, replaced by one of the coupling 
mechanisms described in Chap. 3, which provides a matched load for the 

oscillator. 
The design included the addition of a second local-oscillator wave¬ 

guide and coupling iris, with an adjustment screw, on the side of the radar 
mixer opposite the radar local oscillator. Such a mixer is shown in 
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Fig. 4*24. The separate AFC mixer is included in this sketch. The 
mixer consists of four parallel waveguides with coupling irises between 

them. To minimize the interac¬ 
tion of the two coupling-window 
adjustments on the radar mixer, it 
is helpful to have the screw in one 
window always inserted beyond 
the window resonance and the 
screw in the other window inserted 
less than the amount giving reson¬ 
ance. The two irises tend to com¬ 
pensate each other in their effects 
on the received signal. Thus a 
fixed post long enough to put the 
iris just beyond resonance may be 
inserted into the plane of the coup¬ 
ling iris between the beacon local 
oscillator and the radar mixer. 

A mixer with an extra local oscillator can be made using any of the 
coupling schemes or combinations discussed in Chap. 3. The recent 
introduction of the 2K45 tube, a thermally tuned triode, has made 
possible a return to the use of a single local oscillator which may be 
changed from radar reception to beacon reception by means of a switch. 
Remote control over the oscillator freauencv. with tunahilitv over a 
wide band, is possible with a tube 

of this type. 
It has so far been assumed that 

the only change necessary to con¬ 
vert the radar receiver to a beacon 
receiver is a change in the local- 
oscillator frequency. Most radar 
systems, however, have some r-f 
preselection in the form of the TR 
cavity tuned to the radar frequency. 
There is some loss at the beacon 
frequency, the magnitude of which 
depends upon the difference be¬ 
tween the beacon frequency and the radar transmitter frequency. This 
loss is large for a transmitter located at the end of the scatter band 
farthest from the beacon frequency. In Fig. 4-25 is plotted a curve 
of the additional loss at the beacon frequency resulting from the 
fact that the TR cavity is tuned to the transmitter frequency. The 
value taken for the loaded Q of the TR cavity was 360—approximately 

frequency in Mc/sec 

Fio. 4-26. Beacon-signal loss due to 
mistuned TU cavity vs. radar transmitter 
frequency. 

1B24TR cavity 

Coupling iris 
and screw 

AFC mixer 
crystal 

Resistor- 
strip load 

Fio. 4*24.—Functional drawing of a double 
mixer with beacon local oscillator. 
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that of the 1B24. The abscissa of the curve is the transmitter frequency. 
This signal loss is sometimes not a serious impairment to the beacon 

feature of the radar set because the radar signal fails to trigger the 

beacon at a shorter range than that at which the beacon signal would be 

lost in the radar-receiver noise. The beacon receiver, because of its wide 
pass band (the whole 110-Mc/sec scatter band), has a minimum detect¬ 

able signal greater than that of the receiver in the airplane. In addition, 
the beacon receiver has much lower antenna gain, since it must receive 
from and radiate to all directions. Thus, if the beacon signal is received 

at all, it may be a signal very many times greater than noise. 
In some systems there is, however, a large loss on receiving beacon 

signals because the antenna spends such a small fraction of the time 
pointing in the direction of the beacon. It has, therefore, become 
common to add to the 3-cm airborne-radar mixers a special device to 
reduce the loss in the.TR cavity at the beacon frequency when the set is 

switched to receive beacon signals. Because the beacon frequency is 
outside the radar transmitter band, on the low-frequency side, the TR 
cavity must be tuned in the same direction for all transmitter frequencies. 

Since the beacon frequency is lower than the radar frequency, the input 

susceptance of the TR cavity is inductive at the beacon frequency and 
has a magnitude proportional to the difference in frequency between 

the radar and the beacon. To tune the cavity to the beacon frequency a 

capacitive susceptance must be added. 
To accomplish the retuning of the TR cavity to the beacon frequency, 

the inverse of ‘^TR-aided tuning’^ is used. That is, the capacitive sus¬ 
ceptance is not added in the TR cavity, but in the mixer waveguide, at a 
distance behind the TR tube effectively equal to one-half wavelength. 

Thus the waveguide between the TR cavity and the tuning susceptance 
contains a very large standing wave. The distance between the TR 
cavity and the crystal must be increased from the conventional half 
wavelength to one wavelength in order to accommodate the tuning 

device. For a mixer to be used only in the frequency band for airborne 
radar (9320 to 9430 Mc/sec), this is not of much consequence, since its 
only effect is to narrow the frequency band over which TR-aided tuning 

is effective. Figure 4-26 shows a vertical-plane cross section of the 
radar-mixer part of the converter, including the beacon tuner. The 

tuner is identical in principle with a tuning screw of the choke type and 

has a rod ifV hi. in diameter. The rod is pulled out from the waveguide 
by a coil spring in a mechanism above the choke when the radar-beacon 
switch is in the radar receiving position. When the switch is thrown to 

the beacon position, an armature in a magnetic solenoid causes the rod 
to be pushed into the waveguide by an amount determined by an adjust¬ 
able stop. The adjustable stop becomes the tuning control of the TR 



226 MULTIPLE-FUNCTION MIXERS (Sec. 4-12 

cavity foe beacon reception. It is adjusted for maximum received signal 

at the beacon frequency when, with the rod pulled out, the TR tube 
is tuned for maximum signal strength at the radar frequency. In this 

way the tuner is adjusted to give the correct amount of pulling for the 
particular radar transmitting frequency being used. Since the armature 
of the solenoid must move the rod through about f in., it is found that a 

starting current well in excess of the required holding current is needed. 
To prevent the solenoid from overheating while holding the tuner in. 

Fig. 4*26.—Crosa-sectional view of airborne-radar mixer showing beacon-TR tuner. 

it has been found convenient to cause the rod to throw a switch as it 

comes against the stop. This switch causes sufficient resistance to be 
placed in series with the solenoid to lower the current to a value such that 
the timer is held in place but the solenoid is not overheated. In this 

way the electromechanical part of the tuner can be made very compact. 

There is a limit to the amount of pulling of the TR^cavity frequency 
that can be obtained by a tuner of this kind. As the standing-wave 

ratio in the section of waveguide between the TR cavity and the tuner is 

increased, the circulating currents in the waveguide walls and in the tuner 
increase. The ohmic losses due to these large currents eventually limit 
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the susceptance that can be added to the TR cavity as well as introduce 
a signal loss at the beacon frequency. In Fig. 4*27 is shown a comparison 
of the beacon-frequency losses with and without the tuner. The plot of 
loss without tuner vs. radar fre¬ 
quency is taken from Fig. 4*26. It 
will be seen from this plot that the 
loss for any transmitting fre¬ 
quency within the airborne band 
can be held to less than 3 db by 
the use of the tuner. The loss 
becomes rapidly greater than this 
for a pulling somewhat larger than 

that required t6 cover this band. 
As might be expected, the action 
of the tuner is very sensitive to the 
spacing between the TR cavity and 
the tuner, as well as to the depth of insertion of the rod. A tolerance of 
less than ±0.005 in. on the total effective distance from TR cavity to 
tuner may add 1 db to the 3-db loss remaining for the largest pulling 
required for the airborne band. To make possible the setting of the limit 

stop so that the tuner gives less 
than 1 db additional loss to the 
3-db minimum the adjustment 
mechanism must be capable of 
setting the insertion to within 
0.001 in. It is thus seen that very 
high precision is required in the 
positioning of the tuner on the 
waveguide, in the bearing surfaces, 
and in the limit-stop mechanism. 
In Fig. 4*28 is shown a drawing of 
a complete two-channel converter 
including beacon local oscillator 
and tuner for the beacon TR 
cavity. Both mixers are increased 
in length by the half wavelength 

required for the addition of the TR-tube tuner so that the AFC attenuator 
used in the converter shown in Fig. 4*4 may be used. 

4*13. R-f Provision for Beacon AFC.—Automatic frequency control 
is even more necessary in beacon reception than in radar reception to 

assure satisfactory performance. When a radar set is used to receive 
beacon signals it is because the operator does not know his location with 
respect to the beacon. Thus, the receiver must search in range and 

1B24 

' Choke joint 

^ Beacon - TR tuner 
^AFC attenuator 

Coupling iris 
and screw 

Beacon 
LO antenna 

AFC mixer 
Radar - crystal 

LO antenna 

Fia. 4-28. “Functionul drawing of mixer with 
beacoii-TR tuner. 

Radar frequency in Me/sec 

Fig. 4-27.—Beacon-frequency signal loss 
vs. radar frequency, with and without the 
TR tuner. 
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azimuth for the beacon signal. If, at the same time, it is necessary 
to search in frequency, the chance of the frequency and direction of the 
receiver being right simultaneously is very small. As a result the operator 
would be very lucky to find the beacon at all. 

Since the system is already searching in the spatial sense, it cannot 
be depended upon to search in frequency for the beacon signal, find it, 
and lock onto it, in frequency, in a reasonable time. The beacon program 
has therefore been based on standard beacon-transmitter frequencies, 
maintained with precision, so that the receiver may be tuned to an 

absolute frequency and receive a 
beacon signal if one is available. 
For this purpose, a reference cavity 
is used in the airborne-radar re¬ 
ceiver to indicate when the beacon 
local oscillator is tuned to the cor¬ 
rect frequency to receive the stand¬ 
ard beacon frequency. The cavity 
is pretuned to resonate at a fre¬ 
quency differing from the beacon 
frequency by the intermediate fre¬ 
quency. For the 9310-M c/sec bea¬ 
con, cavities resonant at 9280 
Mc/sec have been commerically 
produced, for 30-Mc/sec intermedi¬ 

ate-frequency receivers, and cavi¬ 
ties resonant at 9250 Mc/sec for 
60-Mc/sec intermediate-frequency 
receivers. These cavities, called 
the 1Q23 and 1Q22 respectively, are 
similar in mode to the TR cavity 

but have only one post and, consequently, smaller capacitive loading. 
They are evacuated and sealed, with glass input and output irises, and 
include a copper and invar temperature-compensating strut to ensure 
a low temperature coefficient of frequency. In Fig. 4-29 a cutaway 
view of one of these cavities is shown. The cavity is mounted in an 
aluminum block containing input and output waveguides and is put into a 
circuit by connecting waveguides with standard choke joints to this block. 
The specifications of this cavity are such that, when the cavity is mounted 
between a matched generator and detector, the peak in its transmission 
curve occurs at a frequency within about ±1 Mc/sec of the desired 

absolute frequency (9280 or 9260) at any temperature or pressure 
encountered in idrbome-eystem operation. The cavity has an unloaded 
Q of about 6000 and the loaded Q, when matched loads are connected 
to the input and output waveguides, is about 2600. 

Fio. 4*29.—Cutaway view of the 1Q23 
cavity. 
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A cavity of this sort can be used either as an indicator to aid manual 
tuning of the beacon LO or as a source of error signal for an AFC circuit. 
For either use the r-f circuit requirements are the same if the cavity is 
operated as a transmission cavity. It is also possible to block the exit 
waveguide and use the cavity as a reaction device, although this possi¬ 
bility will not be discussed here. The pitfalls are, of course, similar to 
those for the transmission wavemeter and are chiefly concerned with the 
application of the results of Secs. 4*8 to 4*11. 

Figure 4-30 shows an extension of the converter shown in Fig. 4*28 
to include the reference cavity and an output crystal detector in the 

Fia. 4*30.—Functional drawing of complete mixer with beacon LO, beacon-TR tuner, 
and reference cavity for beacon AFC. 

beacon-LO circuit. The cavity is connected as a stub line on the side 
of the beacon-LO waveguide with the center line of the stub waveguide 
one-quarter waveguide wavelength back from the short-circuited end of 
the LO waveguide. Since the cavity is completely reflecting at fre¬ 
quencies well removed from its resonant frequency, the length of the line 
from the cavity to the wall of the LO waveguide is made one-half wave¬ 
guide wavelength. The admittance presented at the LO antenna is thus 
approximately the same as in the circuit without the cavity, except for 
frequency sensitivity. Since the beacon local oscillator need function 
only in the region of the beacon frequency and since this frequency 
differs by only about 1 per cent from the oscillator speciflcation-test 
frequency, the added frequency sensitivity is not serious. 
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It is found that, with a matched load on the beacon cavity, many 
local-oscillator tubes have frequency discontinuities in the region of the 

cavity resonance. This has been interpreted as indicating that the 

condition of Eq. (5) is not satisfied. Experiments have shown that, if 

discontinuities are to be avoided, the left-hand side of Eq. (5) must be 

less than 10*. Since the cavity design was fixed, it was not possible to 

adjust the coupling irises and apply Eqs. (12); instead, continuous 
operation was obtained through increasing the output loading 82, by 
means of a mismatched load circuit. The crystal detector was mounted 

in the crystal mount of a standard mixer and was buffered wdth a 6-db 
dissipative attenuator to reduce both pulling in frequency and variations 
in <2 due to changes in admittance from crystal to crystal. The input 

admittance of this attenuator was very close to Yo for any crystal; 
the input voltage standing-wave ratio was less than 1.25. An inductive 
iris was introduced, by inserting a vane from one side of the waveguide, 
a sufficient amount to produce a voltage standing-wave ratio of 4 on the 
input side of the iris. The distance from the iris to the output window 
of the cavity was then chosen so that the apparent load on the cavity was 

41^0 instead of Fo. The proper distance was found by measurement, at 

frequencies on either side of resonance, of the position of the apparent 
short circuit when a wave was sent toward the output iris of the cavity. 

A voltage minimum in the standing-wave pattern produced by the 

inductive iris was made to fall at this position. Thus 62, the inverse 
output 0, was increased fourfold. With this load circuit, all oscillator 

tubes that were tried oscillated continuously when tuned through the 
resonance frequency of the cavity provided that this frequency fell above 
the one-quarter-power points in the reflector-tuning mode. 

For this cavity and coupling circuit, the left-hand side of Eq. (5) 
can be calculated. Since the unloaded Q is known to be 5000 and since 
the Q loaded by matched waveguides is 2500, 

ao = 2 X 10-^ 
and 

= 52 = 10”" 

for a matched-waveguide output load. The output load used, however, 
resulted in 

a2 = 4 X 10”", 

and the total 5 was 7 X 10“", or the loaded Q was reduced to 1420. 
Using these values in Eq. (6), it can be inferred that vo/C should be taken 

to be about 5.5 X 10* to achieve continuous operation. The quantity 
bio, the abscissa of Fig. 4-19, is thus 0.055. Figure 4*19 shows that the 
input and output loadings, for maximum TQl should be 0.58 do and 
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2.2So, respectively. Thus, fortuitously, the load conditions achieved are 

very close to the optimum for this consideration, since was O.6O80 

and Sj was 2.05o. 
In Fig. 4'31 a second circuit using the beacon reference cavity is 

shown. This is a converter for a beacon receiver, and the cavity is 
used only as an aid to manual tuning. The cavity is so positioned that, 

at frequencies removed from the resonance frequency, it presents a short 
circuit at such a distance behind the resistor strip that the resistor strip 
appears as a matched load for the waveguide. The admittance as 

measured in the plane of the resistor strip is thus Fo plus the reciprocal 

Fig. 4*31.—Single mixer with reference wavemeter for local oscillator. 

of the cavity admittance, just as is the admittance at the antenna of 

the oscillator tube in the circuit of Fig. 4*14. The conditions for con¬ 
tinuous operation of the oscillator tube are identical with those in the 
previous discussion, and thus the same cavity load circuit is used. 

4-14. Representative Mixers with Multiple Functions.—Included at 
the end of this chapter is a group of drawings shomng, in somewhat more 
detail than in the sketches of the text, some mixers representative of the 

methods described in the text. 
First in the group, Fig. 4*32, is a broadband two-channel mixer for 

use with a broadband duplexer using the 1B24 TR tube. This mixer 
uses 1N23A or 1N23B crystals and has a loss due to crystal mismatch 
of less than 1.5 db for any crystal of this type when operated in the band 
from 9600-Mc/sec to 8600-Mc/sec. Many variations of this basic mixer 
have been designed for use in particuar radar systems. The differences 
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are in mechanical devices; for example, a plate may be attached to the 
mixer so that the crystals and the local oscillator can be included in 
the shield box with the i-f amplifier while the TR tube and AFC attenu- 
tor are outside the box. The plate thus becomes a part of one wall of 

Fio. 4'32.—Double mixer for me with 1B24 TR tube, 2K26 local oscillator, and iN23A 
or 1N23B crystals, in the frequency band from 8500 to 9600 Me/sec., at a transmitter 
power level of 50 kw. (For perspective view see Fig. 4.4.) 

the shield box and the duplexer waveguide runs parallel to this wall, 
outside the box. 

Figure 4*33 is a drawing of the two-channel mixer for the 1.25-cm 
band. This mixer uses 1N26 crystals, a 2K33 or 2K50 local-oscillator 
tube and a 1B26 TR tube. This mixer is representative of an LO coupling 
circuit of the channel type applied to the double mixer and operates at 
24,000 Mc/sec in a band ± 2 per cent in width. 
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The last of the drawings, Fig. 4-34, shows the beacon provision for 
the band from 9320 to 9430 Mc/sec. The beacon-tuner and beacon-LO 

Fio. 4-34.—Double mixer for 9375 Mc/sec with beacon-TR tuner, beacon AFC, for 
use with 1N23, 1N23A, or 1N23B crystals, 1B24 TR cavity, and 2K25 LO tubes. (For 
perspective view, see Fig. 4.30). 

circuits, with the reference cavity for beacon AFC, are included. In this 
mixer also, 1N23A and 1N23B crystals, 2K25 local oscillators, and a 
1B24 TR cavity are used. 



CHAPTER 5 

LOCAL-OSCILLATOR NOISE 

Tn Secs. 1*4 and 2*3, the effective over-all noise figure of a super¬ 

heterodyne microwave receiver was shown to depend on three quantities; 

the conversion loss and noise temperature of the crystal mixer and the 

effective over-all noise figure of the i-f amplifier. At frequencies below 

3000 Mc/sec, independent measurements of these three quantities give 
results which, when applied in Eq. (1-26), are in good agreement with 

the results of direct measurements of the effective over-all noise figure of 

complete receivers. At higher frequencies, however, especially when low 

intermediate frequencies are used, the results of over-all measurements 
are larger than those predicted by the independent measurements of 

loss, noise, and i-f noise figure. 

In the apparatus described in Sec. 2*13, for measuring noise tempera¬ 
ture, a resonant cavity is included between the r-f oscillator and the mixer 

circuit. The purpose of this cavity, which is tuned to transmit the oscil¬ 

lator signal, is to remove spurious frequencies from the oscillator signal. 
If such spurious signals were to arrive at the mixer with the local-oscillator 
signal, they would be converted by the mixer to a frequency equal to the 

difference between the frequency of the local-oscillator signal and that 

of the spurious signals. Thus, any such signals lying above or below 

the local-oscillator frequency by an amount equal to the intermediate 

frequency of the test apparatus would be converted to the intermediate 

frequency and, therefore, would increase the apparent noise temperature 

of the crystal. It is found experimentally that the result of the noise- 

temperature measurement, in the bands above 3000 Mc/sec, is always 

significantly smaller when a filter cavity is used. The conclusion is, there¬ 

fore, that some spurious signals in the two bands to which the receiver is 

sensitive do accompany the local-oscillator signal. This must be true of 

the system receiver also; in the absence of a filter cavity in the local- 

oscillator circuit, a noise figure must result that is larger than the mini¬ 

mum possible for the given crystal and i-f amplifier combination. 

6-1. Generation and Effect of Local-oscillator Noise.—The spurious 
signals accompanying the local-oscillator signal are termed ‘‘local- 

oscillator noise.'' The electron beam passing through the oscillator 

cavity contains noise-current components at all frequencies, because it is 
made up of discrete electronic charges. If a klystron oscillator tube is 

operated at a reflector voltage that does not cause it to oscillate, a. noise 
235 
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spectrum can be detected in its output circuit. The noise voltage in the 
output circuit is largest at the resonant frequency of the oscillator 
cavity, because the coupling to the electron beam is most efficient at this 
frequency. A curve of the noise voltage in the output circuit as a 
function of frequency closely resembles a resonance curve for the oscil¬ 
lator cavity. Reflex-klystron oscillator tubes, operated in this way, 

have been used as noise generators for use in the measurement of over-all 
noise figures of microwave receivers. 

It is reasonable to expect that when the tube is oscillating the noise 
voltages in the output circuit developed from spurious frequencies will 
be the same at frequencies on either side of the oscillation frequency. 

In addition, low-frequency noise 
components in the electron beam 
may, through amplitude and fre¬ 
quency modulation of the oscillator 
signal, produce noise sidebands lying 
at frequencies above and below that 
of the oscillator signal. These side¬ 
bands too, will be coupled to the 
output circuit with decreasing effici¬ 
ency at frequencies removed in¬ 
creasingly far from the resonant 
frequency of the oscillator cavity. 

Thus, the oscillator may be expected to have a noise spectrum in its out¬ 
put circuit similar to that shown in Fig. 51. 

Whether or not the local-oscillator noise causes deterioration in the 
receiver noise figure depends upon the noise power in the local-oscillator 

spectrum at the signal and image frequencies of the receiver. For a 
low-frequency receiver and, for example, a 30-Mc/sec intermediate 
frequency, the loaded Q of the oscillator cavity is usually sufficiently 
high to reduce the signal- and image-frequency noise components from 
the local oscillator to a negligible level. For a given intermediate fre¬ 
quency, as the receiver frequency is increased the filtering by the local- 
oscillator cavity becomes less effective. To maintain the same filtering 
effect with a constant oscillator-cavity Q, it is necessary to increase the 
intermediate frequency proportionately to the increase in the local- 
oscillator frequency. In practice, oscillator tubes at high frequencies 
have cavities of lower loaded Q, because the skin depth decreases with 
increasing frequency and because the volume-to-surface ratio of the 
cavity decreases. Thus, local-oscillator noise would be expected to 
become increasingly apparent as the signal frequency is increased, even 
if the ratio between the local-oscillator and intermediate frequencies 
were held constant. 

Signal frequency 

Oscillator signal 

Image frequency 

'^0 

J Noise power 

I Frequency tii; 

Fig. 6-1.—Local-oscillator noise as a func¬ 
tion of frequency. 
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The presence of a significant amount of local-oscillator noise may be a 
factor determining the choice of the intermediate frequency. Especially 

for receivers at 9000 Mc/sec and above, the selection of an intermediate 

frequency has involved a choice between the reduced local-oscillator noise 
at high intermediate frequencies, on the one hand, and the lower amplifier 

noise at low intermediate frequencies on the other hand. Although the 

intermediate frequency most widely used at the Radiation Laboratory 
was 30 Mc/sec, an intermediate frequency of 60 Mc/sec was used in 
many 3-cm and most 1.25-cm receivers, in order to obtain a somewhat 

improved over-all noise figure in the presence of local-oscillator noise. 
The relative merits of several possible intermediate frequencies for a 
particular receiver must be decided from a knowledge of the magnitude 

of the noise contribution from the local oscillator at these frequencies, 
and from the i-f-amplifier noise figure that can be achieved at each 
intermediate frequency. 

6*2. Magnitude of Local-oscillator Noise for T3rpical Tubes.—To 
facilitate the choice of intermediate frequencies and of other operating 

parameters in converters, a program of measurement of local-oscillator 
noise was undertaken by Kuper and Waltz. ^ Measurements were made 
in the 3.2-cm band on 723A/B tubes, and in the L25-cm band on 2K33 
tubes and on a few samples of other types. The quantity that was 
measured was the apparent noise temperature of a crystal driven, 
through an adjustable dissipative attenuator, from the local-oscillator 
tube under measurement. Measurements were made at intermediate 

frequencies of 30, 60, and 90 Mc/sec, at several points in the electronic 
tuning range of the tube. For each point in the electronic tuning range, 
the coupling between the* crystal and the oscillator was set so that 0.5 

ma of rectified crystal current was produced. The 3.2-cm crystal had a 
conversion loss of 7 db and a noise temperature, in the absence of oscil¬ 
lator noise, of 1.2, and so was typical of the crystals used in a 3.2-cm 

receiver. For the 1.25-cm measurements the crystal, a type 1N26, 
had a conversion loss of 8.5 db and an intrinsic noise temperature of 2. 
The results for a typical 723A/B oscillator are given in Table 51. The 

data given in the table represent the increase in apparent noise temper¬ 
ature of the crystal over its value in the absence of incident r-f noise 
power (1.2). Values are given for the different reflector-voltage modes, 
for each of the three conditions of electronic tuning at each value of 

intermediate frequency. The column labeled ‘‘Center’^ corresponds to 
the reflector voltage giving maximum power for each mode and the 

columns labeled, ‘‘Half-power^'—“High" and “Low"—denote respec¬ 

tively the values at reflector voltages giving half maximum output power 

^ J. B. H. Kuper and M. C. Waltz, ** Measurements on Noise from Reflex Oscilla¬ 
tors/' RL Report No. 872, Dec. 21, 1945. 



238 LOCALrOSCILLATOR NOISE [Sec. 5-2 

on the high- and low-frequency sides of the center frequency. To 
maintain the 0.5-ma crystal current, it was, of course, necessary to 
decrease the attenuation between the oscillator and the crystal at these 

half-power points. 

Table 5T.—Increase in Crystal Noise Temperature for Typical 723A/B 
Oscillator Tube 

30-Mc/sec 60-Me/sec 90-Me/sec 

Reflec¬ 
tor 

intermediate frequency* intermediate frequency, intermediate frequency, 
reflector tuning reflector tuning reflector tuning 

voltage 
mode 

Half-power Half-power 1 Half-power 

Center Center Center 

High Low High Low High Low 

250v 3.2 10 6.3 1.3 3.7 2.6 * 0.3 0.5 0.5 
170 1.9 1 8 3.8 0.9 1 2.9 1.9 ! 0.2 0.4 0.4 
105 2.0 1 11 3.9 1.2 4.1 2.5 0.3 0.8 0.7 
70 3.0 1 16 1 5.5 2.1 7.4 4.0 1.0 2.1 1.9 
45 

1 
160 720 330 73 150 140 36 60 75 

The over-all noise figure of a receiver, using this typical 723A/B and a 
crystal with a conversion loss of 7 db in a nonresonant mixer circuit is 
found from the expression 

F* = -I-- 1) (1) 

where is the crystal noise temperature te plus the appropriate value 
from Table 5-1. These values apply exactly only if the conversion loss 
is 7 db, but are approximately correct for any crystal operated at 0.5-ma 

crystal current. This is because the rectified current is roughly propor¬ 
tional to the reciprocal of the conversion loss. A crystal having a smaller 
loss would convert the incident noise power to the intermediate frequency 
more effectively, but the reduction in incident power, in both the local- 
oscillator signal and the noise sidebands, involved in reducing the 
rectified current to 0.5 ma would approximately compensate for this 

improved conversion eflSciency. In systems use, the LO power level is 
set to give about 0.5 ma of crystal current. The values of Table 5-1, 
therefore, are significant for most crystals used in systems. 

Table 5*2 shows similar data from the experiments at 1.25 cm. 
These data were taken with a 2K33 tube, operated in the 200-volt 
reflector-voltage mode, and again the crystal current was held at 0.5 ma. 

The data are similar to those for the 723A/B tube, in that more noise 
is found when the tube is tuned electronically to the half power point 
in the high-frequency direction than when it is tuned in the low-frequency 
direction. It has also been found from these experiments that the noise 
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Table 6-2.—Increase in Noise Temperature op Crystal at 1.25 cm Due to 
Noise prom 2K33 Oscillator Tube 

30-Mc/sec 
intermediate frequency, 

reflector tuning 

60-Mc/sec 
intermediate frequency, 

reflector tuning 

90-Mc/sec 
intermediate frequency, 

reflector tuning 

Center High how Center High Low Center High Low 

4.61 23.6 9.70 2.10 5.93 4.54 0.89 2.32 1.89 

spectrum is not as simple as that shown in Fig. 5*1. By means of a 
cavity resonator coupled to the waveguide between the attenuator and the 
crystal, it was possible to reflect the noise components in one sideband 
without affecting the transmission of the local-oscillator signal or of 
the other sideband. In this way the noise in the two sidebands could be 
compared by reflecting first one and then the other. It was found that 
the noise power was not the same in the two sidebands and that the 
relative magnitudes of the two noise powers depended upon the operating 

point in the reflector tuning range. The details of this effect and the 
theoretical explanation will be found in Vol. 7 of this series. 

6*3. Effect of Local-oscillator Noise on Over-all Noise Figure.—The 
amount of deterioration in over-all noise figure that results from the 
existence of local-oscillator noise depends upon the other quantities that 
appear in Eq. (1). To show its approximate value, however, a few 

examples will be considered. It is convenient to express the noise figure 
in decibels, because the relative merit of two receivers is determined by 
the ratio of two noise figures. Thus, in decibels, 

F* = L + 10 logio (Fu*, + - 1). (2) 

At 3.2 cm a good crystal might have a conversion loss of 6 db and a noise 
temperature very close to unity. At 30 Mc/sec it is possible to obtain 
an i-f noise figure of about 2 db, or as a numerical factor, 1.6. With such 
a combination, Eq. (2) gives 8 db for the over-all noise figure in the 
absence of local-oscillator noise. The ratio, expressed as a difference in 
decibels, of the noise figure that includes local-oscillator noise to the 
noise figure in the absence of such noise is 

(3) 

where V is the quantity tabulated in Tables 5*1 and 5*2. The quantity 
Fs expresses the deterioration in over-all noise figure due to the presence 
of local-oscillator noise. The interesting range of i-f amplifier noise 
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figures is from 2 db to 5 db, or from a factor of 1.6 to a factor of 3. In Fig. 
6*2, the quantity Fs in decibels is plotted as a function of t' {F* + — 1) 
for a range from 0 to 10, Table S*3 gives values, in decibels, of the 
increase in over-all noise figure due to the presence of the amounts of 
local-oscillator noise taken from Tables 5*1 and 5*2. The values given 
for 3.2 cm correspond to the 170-volt mode of the typical 723A/B tube. 

These are given for four assumed 
values of (FJ -f- — 1) and for inter¬ 
mediate frequencies of 30, 60, and 90 
Mc/sec. The value of 1.6 for this 
expression could correspond to an i-f 
noise figure of 1.6 (2 db), and a crys¬ 
tal noise temperature of unity. The 
higher values allow for larger crystal 

Fiq. 6*2.—Deterioration of effective 
overfall noise figure vs. 

- 1). 

noise temperatures, higher i-f noise 
figures, or both. Thus, the value 3 
could result from an i-f noise figure of 

2 (3 db), and a crystal noise temperature of 2. Similar numbers are also 
given for the 1.25-cm receiver using the typical 2K33 tube used for the 
data of Table 5*2. 

Table 5-3.—Increase in Over-all Noise Figure of Receiver (in Decibels) for 

Various Values of (Fit + — 1) Corresponding to Local-oscillator 

Noise of Tables 61 and 5-2 

30 Mc/sec 60 Mc/sec 90 Mc/sec 
Ft, -f fc - 1- 

Center High Low Center High Low Center High Low 

3.2 cm 1.6 3.4 7.8 5.2 1.9 4.5 3.4 0.4 1.0 1.0 
Typical 2 2.6 6.9 4.6 1.6 3.9 2.9 0.3 0.7 0.7 

723A/Bin 3 2.1 5.6 3.6 1.1 3.0 2.1 0.2 0.4 0.4 
170-volt 4 1.4 4.8 2.9 0.8 2.4 1.7 0.1 0.3 0.3 
mode 

1.25 cm 1.6 5.9 11.8 8.5 3.6 6.7 5.8 1.9 3.9 3.4 
Typical 2 5.2 11.1 7.7 3.1 6.0 5.2 1.6 3.4 2.9 
2K33in 3 4.1 9.5 6.3 2.3 4.7 4.0 1.1 2.5 2.1 
200-voIt 4 3.3 8.3 6.3 1.8 4.0 3.3 0.9 1.9 1.6 

mode 

From this table it is evident that the effect of local-oscillator noise on 
the effective over-all noise figure of a receiver is large, even at 3.2 cm 

and with a 60-Mc/sec intermediate frequency. The difference between 
the numbers in the columns for 60 Mc/sec and those in the columns for 
30 Mc/sec, in the same crosswise row, represent the decrease in noise 
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figure that could be achieved through the use of the higher intermediate 
frequency, if the same i-f amplifier noise figure were obtained at these two 

frequencies. In practice the i-f amplifier noise figure achieved at 60 

Mc/sec is larger than that at 30 Mc/sec; consequently the full advantage 
indicated by the table cannot be realized. For 3.2-cm receivers the 

relative advantages of 30-Mc/sec and 60-M c/sec i-f amplifiers have been 
the subject of considerable controversy, and little thought has been 
given to the use of frequencies higher than 60 Mc/sec for the purpose of 

reducing the effect of local-oscillator noise. In the 1.25*cm band, it 

has usually been considered advantageous to use an intermediate fre¬ 
quency of at least 60 Mc/sec and the trend was toward even higher 
frequencies. Another solution to the LO-noise problem, to be discussed 

in Chap. 6, allowed the use of 30 Mc/sec as an intermediate frequency, 
however, even for receivers at 1.25 cm. Intermediate frequencies higher 
than 60 Mc/sec were therefore not used extensively. 

In practice, when the local oscillator is tuned off center in the elec¬ 
tronic tuning range, the local-oscillator noise is not so large as is indicated 

in the tables, because the local-oscillator coupling is left fixed at the 

value giving about 0.5 ma at the center of the tuning range. The cou¬ 
pling at the half-power points in the electronic tuning range is thus only 

one-half as great as that to which the data apply, and the crystal current 
is only about 0.25 ma. Accompanying this reduction in local-oscillator 
power is a small increase in conversion loss but this is less than 0.5 db in 
most cases. Because the smaller coupling reduces the incident noise 
power correspondingly, the increase in noise temperature of the crystal, 
caused by incident local-oscillator noise at the half-power points, is only 

half that given in Tables 5*1 and 5*2. For most conditions this gives 
almost the same effect at the low-frequency half-power point as at the 
center of the tuning range. The increase in over-all noise figure at the 
center frequency, therefore, holds approximately over the low-frequency 

part of the electronic tuning range. In the high-frequency portion of the 
electronic tuning range there is an increase in local-oscillator noise, but 
its effect is somewhat less than that indicated in Table 5*3. Thus the 

value at the center of the electronic tuning range is the most significant. 
In order to minimize the deterioration due to local-oscillator noise it is 
helpful to operate the tube principally in the low-frequency half of the 

reflector mode. 

6*4. Reduction of Local-oscillator Noise by the TR Cavity.—The 
measured values of local-oscillator noise and its effect on the over-all 

noise figure of the receiver apply to a converter circuit only when there 

are no resonant parts in the LO coupling circuit. For most converters 
used in radar, therefore, this condition does not hold, because the reso¬ 

nant TR cavity influences the coupling between the local oscillator and 
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the crystal. For circuits in which iris coupling is used, it is required that 
the local-oscillator wave reflected by the TR cavity reinforce the wave 
traveling directly from the iris to the crystal. The coupling of power 

from the local oscillator to the crystal is therefore almost four times as 
great as it would be if the resonant TR cavity were not present. The 
coupling of local-oscillator noise at the image frequency is also increased 

by this factor, because of reflection by the TR cavity. At the signal 
frequency, however, the TR cavity is resonant and its reflection coeffi¬ 
cient is small. Local-oscillator noise in the signal sideband does not 

become reinforced by reflection from the TR cavity; thus only one- 
quarter as much power at the signal frequency is coupled from the local 
oscillator to the crystal. If the available noise powers in the signal- and 

image-frequency sidebands were equal, the ratio of total noise power to 
LO signal power coupled to the crystal would be only five-eighths as large 
as in a nonresonant mixer circuit. Allowng for some reflection of signal- 
frequency noise by the TR cavity, a value for the increase in crystal 
noise temperature 0.7 times the values given in Tables 5T and 5*2 may 
be used to estimate the effect on over-all noise figure in a converter 

circuit of this kind. Similar results are obtained for the other coupling 
schemes that depend upon reflection of the local-oscillator wave by the 
TR cavity. Coupling of local-oscillator power to the crystal through a 

directional coupler, however, does not result in this reduction in local- 
oscillator noise. 

In Table 5*4 are given values of the increase in over-all noise figure, 

similar to those of Table 5 3 but computed on the assumption of a reduc- 

Table 5-4.—Increase in Over-all Noise Figure of Receiver, in Decibels, for 

Various Values of (Fit te — 1), with Reduction in Local-oscillator 

Noise by TR Cavity and with Coupuno Independent of Point 

in Electronic-tuning Range 

3.2 cm 1.6 2.6 
Typical 2 2.2 

723A/Bin 3 1.6 
170-volt 4 1.2 

mode 

1.25 cm 
Typical 
2K33in 
200-volt 

mode 

4.4 
3.8 
2.9 
2.3 

’2.6 
2.2 
1.6 
1.2 

7.9 5.0 
7.1 4.3 
5.7 3.3 
4.9 2.7 

60 Me/sec 



Sec. 6-6] RESONANT FILTERS 243 

tion to 0.7 of the measured values, for the radar converter with a reso¬ 
nant TR cavity. The noise power at the half-power points has been 
reduced by an additional factor of two from the measured values of 
Tables 5*1 and 5*2, on the assumption that the coupling from the local 
oscillator to the crystal is set for 0.6 ma of crystal current at the center of 
the electronic tuning range and held fixed when the electronic tuning is 
changed. 

For the 3.2-cm tube, the advantage of an intermediate frequency of 
60 Mc/sec over one of 30 Mc/sec is small and can be easily lost because of 
increased i-f amplifier noise figure. At 1.25 cm an advantage of more 
than 1 db is obtained, and this is more than would be lost because of 
increased i-f amplifier noise figure. Even with the filtering effect of the 

TR cavity, however, the presence of the local-oscillator noise adds to the 
over-all receiver noise figure 2 to 3 db in the 3-cm band, and 4 to 5 db in 
the 1.25-cm band, wth good i-f amplifiers and quiet crystals. It is 
therefore well worth the effort to try to find some method of further 
reducing the effect of local-oscillator noise on the over-all noise figure. 

6-6. Reduction of Local-oscillator Noise by Resonant Filters.—The 

most direct method of removing the effect of local-oscillator noise would 
be to use a filter cavity in the local-oscillator circuit, similar to that used 
in the apparatus for measuring the noise temperature of crystals. Two 

difficult problems are met if this is done. First, the tuning of the 
receiver becomes much more complicated because the filter cavity and 
the local oscillator must be kept together, as the receiver is tuned by 

alteration of the local-oscillator frequency. If an AFC circuit is to be 
used it must include provision to track the cavity and the local oscillator 

automatically. The second problem involves the LO coupling circuit. 

As shown in Sec. 4*8, a cavity can be coupled to a local oscillator without 

producing frequency discontinuities, only if stringent conditions on the 
coupling are met. Either a large dissipative attenuation must be used 

between the oscillator and the cavity or the input coupling hole must be 

small. Both of these methods of avoiding frequency discontinuities 
result in considerable reduction in the output power of the cavity com¬ 

pared with that available from the oscillator. The prevention of inter¬ 

action between the signal circuit and the local-oscillator circuit is a 
major problem in mixer design because the available local-oscillator 
power is limited. An additional reduction of available power has 

serious consequences on the design of the coupling circuit. It is obvious 
that the filter cavity cannot simply be placed between the local oscillator 

and any of the coupling circuits described in Chap. 3. 

The tracking between the local-oscillator frequency and the cavity 

resonant frequency could be accomplished by use of an AFC circuit 
causing the local oscillator to be controlled at the cavity frequency, 
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similar to the beacon AFC circuits described n Chap. 7. With a ther¬ 

mally tuned oscillator such as the 2K45 or 2K50, this AFC circuit could 
cause the oscillator to track the cavity frequency over a wide band. 

A low-frequency component on the mixer-crystal current could be 
used to supply the error signal in the same way as in the beacon-cavity 

AFC schemes. The primary frequency control of the local oscillator 

wou'd then be the cavity-tuning control. With electromechanical 

devices, this control could be made to maintain the correct receiver 
frequency through a separate AFC channel operating from the i-f circuits. 

For a receiver designed to operate at a fixed absolute frequency, as is 
desired for beacon reception, the filter cavity would also be the frequency 
standard and no further automatic frequency control would be needed. 

In Chap. 4 it was shown that the maximum value of the product of the 
loaded Q and the transmission efficiency compatible with the condition 
ensuring continuous operation of the oscillator, for a cavity with a given 

unloaded Q and for a given pulling figure for the oscillator, is obtained 
by the method of decoupling by adjustment of the cavity-load conditions, 
Nvithout dissipative attenuation. In the present case it is desired to 

obtain a loaded Q sufficient to reduce to a negligible level the noise 
power in the sidebands. The goal would be to make possible the use of a 
30-Mc/sec intermediate frequency without a substantial contribution 
to the over-all noise figure from the local-oscillator noise. At 3*2 cm, 
a 10-db increase in the ratio of available local-oscillator power to available 
noise power in the sidebands would reduce the effect of the local-oscillator 
noise to less than 1 db under most circumstances. A selectivity great 
enough to give a 10-db increase in the ratio is obtained at 9000 Me/sec 
with a cavity having a loaded Q of 450 or more. To be able to deliver 
1 mw of local-oscillator power to the mixer, from a tube having an 

available power of 15 mw, the fractional transmission must be at least 
0.067. If the cavity is operated with equal input and output loading 
and is decoupled from the oscillator by a dissipative attenuator, the 

maximum output power from the cavity, compatible with the condition 

for continuous oscillation is 

from Eqs. (4*6) and (4-21). For a 2K25 or 723A/B oscillator, the value 
of b may be taken as 2.75 X 10*, corresponding to the measurements 
quoted in Sec. 4-14. The maximum unloaded Q that can be used under 

these conditions is about 4800. The loaded Q resulting would be about 

1600; thus the noise power in the 30-Mc/sec sidebands would be reduced 
by 21 db. This is sufficient attenuation of the noise sidebands but 
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provides only sufficient local-oscillator power to drive the crystal. 
Fortunately, the resonant nature of the cavity can be used to provide 
the decoupling of the signal circuit from the local-oscillator circuit. A 
circuit for a two-channel mixer such as that shown in Fig. 5*3 might be 
used. The attenuator should have a minimum attenuation of about 
9 db, and it therefore provides a load of small reflection coefficient for 
the oscillator. Since the cavity is nonresonant at the signal frequency, 
the reflection of signal-frequency waves by the interaction of the cavity 
in the mixer is small and the cross attenuation from the radar mixer to 
the AFC mixer is large. For a larger safety factor in the available local- 
oscillator power in the radar mixer, a cavity of lower unloaded Q could be 
used and it would then be safe to use a smaller decoupling attenuation in 
the local-oscillator circuit. Since less dissipative attenuation is needed 
if the output loading of the cavity is increased and the input-circuit 
loading is decreased, somewhat 
larger available local-oscillator 
power could be obtained if the 
cavity were coupled in this way. 

An increase in the output loading 
and a decrease in the input load¬ 
ing, in the manner indicated by 
Eq. (4-12) would reduce the re¬ 
quired amount of dissipative 
attenuation sufficiently to more 
than compensate for the decreased 
transmission efficiency of the 
cavity circuit. This, however, 
could be done only at some sacri¬ 
fice in loaded Q, and thus in sup¬ 
pression of the local-oscillator noise. A combination of a higher unloaded 
Q and unequal input and output loading would give the desired result 
without a decrease in noise suppression. 

6*6* Reduction of Loccd-oscillator Noise by the Use of a Cavity as 
Part of the Oscillator Tank Circuit.—Another method by which a cavity 
could be used to decrease the power in the noise sidebands of the local- 
oscillator signal is to use the cavity as a part of the tank circuit of 
the oscillator. It was shown in Sec. 4-11 that a cavity load circuit on 
an oscillator can give frequency stabilization of the oscillator, if the line 
length between the cavity and the grids of the oscillator resonator is 
effectively an integral number of half wavelengths. For very close 
coupling between the oscillator and the cavity, the tuning of the oscillator 
is discontinuous in frequency but oscillation at the resonant frequency of 
the external cavity is stable. This condition amounts to a substitution 

Fig. 5*3.—Double mixer with cavity filter 

for LO noise. 



246 LOCAL^OSCILLATOR NOISE [Sbc. 5*6 

of the external cavity for the tank circuit of the oscillator and a con¬ 
sequent oscillator-resonator Q determined primarily by the external 
cavity. Tuning of the oscillator can be accomplished directly by tuning 

the external cavity. Since the best control of the oscillator frequency 
by the external cavity results if the external cavity has the highest 
possible unloaded Q, the filtering of local-oscillator noise sidebands is 

effective. 
This method is rather difficult to apply because the locking of the 

oscillator frequency to that of the cavity is critically dependent on the 

length of the line between the cavity and the oscillator. Because this 
line has some dissipative loss, there is a limit to the magnitude of sus- 
ceptance that can be developed by the external cavity at the grids of the 

oscillator resonator. This maximum susceptance sets a limit on the 
frequency range over which the oscillator can be pulled by the external 
cavity wthout retuning of the oscillator resonator. If the oscillator 

resonator is retuned, there is a limit on the range of frequency for which 
a fixed length of line between the oscillator and the external cavity will 
give the desired frequency control by the external cavity. This limit is 

determined by the rate of change of the effective electrical line length 

with frequency, and must thus depend upon the number of half wave¬ 
lengths of line used. For the largest tuning range, the smallest possible 

number of half wavelengths of line must be used, and reflections increasing 
the dissipative loss or the frequency-sensitivity of the line must be 
avoided. With 2K25 oscillator tubes, which have a coaxial output line 

several half wavelengths long, a fixed length of line between the oscillator 
and the external cavity can be used for only a small frequency range— 
perhaps 2 per cent. The oscillator can be tuned, by means of the 

external cavity alone, through a range of about 1 per cent if the 
cavity has an unloaded Q of 25,000. 

Because of the variation, among tubes, in the electrical length of the 
output line, a given external circuit, containing a fixed line length between 
the tube antenna and the cavity, doe^ not give frequency control by the 
external cavity over the same range for all tubes. This variation 
causes one of the principal difficulties in setting up the circuit, since 

it necessitates a variable antenna-to-cavity line length. For each tube 
this line must be adjusted to allow control by the external cavity over the 
desired range. Another difficulty encountered in setting up a circuit of 

this kind lies in the fact that, although the oscillator, when it has been 
locked to the cavity, can be tuned over a considerable range by tuning 
of the external cavity alone, the range of oscillator tuning for which 

locking can be produced is very small. A monitoring circuit is required 
to make sure that locking has occurred. 

Oscillators locked to cavities in this way have been used in the 10-cm 
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band for the stabilization of frequency. With a 2K28 tube, a single 
half-wavelength line between the oscillator cavity and the external cavity 

can be used. The operation is considerably more satisfactory than that 

obtained at 3.2 cm with 2K25 tubes, because of this short line length. 
This method is not useful in decreasing the over-all noise figure of a 
10-cm receiver because, with a 30-Mc/sec intermediate frequency, local- 
oscillator noise contributes a negligible amount to the over-all noise 
figure. When used with a very high-Q cavity, such as a resonant echo 
box, however, it is useful as a frequency-stabilization circuit. 

In the 1.25-cm band, only enough experimentation has been done with 
this kind of circuit to show that locking can be obtained and that fre¬ 
quency control by the external cavity can give tuning over 100 or 200 

Mc/sec. With the 2K33 tube, with its special double-resonator circuit, 

Mixer 
Fig. 5-4. Circuit for the use of a 2K25 oscillator locked to an external cavity for LO noise 

suppression. 

difficulties are again encountered because the same external line length 

does not give control over the same frequency range for various tubes. 
For the purposes of LO-noise suppression and of frequency stabilization, 
this circuit offers much in the way of simplicity. It may in the future 

be developed to the point of being practicable from an operational view¬ 
point, especially if the high-Q cavity and coupling circuit are included as 
parts of the tube. So far, however, it has not been developed to the 

point of being usable in a receiver intended for field use in the wavelength 
regions below 10 cm. A tube incorporating a high-Q resonator in this 
way loses the very useful property of electronic tuning, through the 
frequency-stabilization effect, and the tuning mechanism must produce 

a dimensional change in the high-Q cavity. 
In Figs. 5-4 and 6*5 are sho^vn two possible 3.2-cm mixer circuits 

incorporating this type of circuit for the suppression of local-oscillator 

noise and for frequency stabilization. The circuit of Fig. 5-4 provides 
for the extraction of local-oscillator power for the mixer through a 

variable coupling iris in what would normally be a short-circuiting end 
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wall of the waveguide behind the oscillator antenna. This iris must be 
about one-quarter wavelength behind the antenna, to allow the antenna- 
to-waveguide coupling to operate efficiently. A large standing-wave 

ratio may exist in the line between the cavity and the oscillator, however, 
especially under the condition that the external cavity causes a consider¬ 
able pulling of the normal oscillator frequency. At a given iris setting, 

the eflSciency of the coupling of local-oscillator signal into the mixer is 
greatest when a voltage loop of the standing-wave pattern occurs at the 
antenna, and would be zero if a voltage node were to occur there. The 

amount of power coupled into the mixer for a given iris setting would 
therefore vary considerably, depending upon the amount of pulling 
by the external cavity and upon the cavity-to-antenna line length. 

Fig. 5*5.—Cavity used as frequency control and source of local-oscillator power of the 

mixer, for the purpK)se of LO-noise suppression. 

If a voltage node occurs near the antenna, the iris must be adjusted for 
large coupling between the local-oscillator circuit and the signal circuit, 
with consequent reflection of received signal power. No provision is 

included to show when the circuit is adjusted in such a way that the local 
oscillator is locked to the cavity. Such a provision could be made by 
coupling a separate detector crystal to the cavity as indicated by th(^ 

broken lines in Fig. 5*4. Transmission through the cavity to this 
crystal would indicate oscillation at the resonant frequency of the cavity. 

In the circuit of Fig. 5*5 the cavity itself is used as the source of 
local-oscillator signal for the mixer. Since the cavity must be tightly 
coupled to the oscillator, a large amount of energy is stored in the cavity 
and the coupling to the mixer may be small. To accomplish adjustment 

of the coupling to the mixer crystal a variable exit iris must be used on the 
cavity and for this a sliding spring-metal wall between the waveguide 
and the cavity can be used. Transmission of power through the cavity 
to the mixer crystal, with consequent production of rectified current by 
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the mixer crystal, serves to indicate that the oscillator is locked in 
frequency to the cavity. The adjustment procedure, however, is com¬ 
plicated by the fact that no indication of oscillation is provided when the 
oscillator is not locked to the cavity. 

Neither of these circuits has been developed to the point of being 
practical for use in receivers. They have been included here only to 

show some of the difficulties that are encountered with this kind of noise- 
suppression circuit and the direction in which one might proceed. If 
an oscillator containing a built-in high-Q cavity were available, the 

mixer problem would be simpler. A separate output line from the 
resonator of the oscillator would provide the useful power and this line 

would be coupled into a mixer circuit in any of the conventional ways. 

The frequency-stabilized 10-cm oscillators earlier referred to were used 
in this way; one output loop was used to couple the oscillator tightly 
to the high-Q cavity and a second to derive the useful power. For the 

present, however, the use of these circuits for LO-noise suppression 
has been abandoned in favor of the more foolproof balanced mixer 
described in Chap. 6. 

6-7, Effect of D-c Bias on the Mixer Crystal.—A slight improvement 
in over-all receiver noise figure can be obtained through the use of a 

small bias voltage across the mixer crystal, if local-oscillator noise is 

present. The effect of the bias voltage is to make the conversion loss 
at a reduced local-oscillator level almost as small as that at the normal 
level. Since the noise sidebands are proportionately reduced, an improve¬ 

ment in over-all noise figure results. Several additional advantages can 
be gained through the use of such a bias voltage. Accompanying the 
reduced LO power requirement is a reduction in the reaction of the 

local-oscillator circuit on the signal circuit of the mixer. The over-all 
noise figure becomes less dependent upon the amount of incident local- 
oscillator power at the crystal, because the conversion loss does not 

increase so rapidly as the local-oscillator drive is decreased. Finally, 
the i-f conductance of the crystal is less dependent on the amount of 

local-oscillator drive. 

Figure 5*6 is a graphical illustration of how the conversion loss would 

be affected by a positive bias, if the d-c characteristic determined the 
behavior of a crystal used in a microwave mixer. For the conditions 

illustrated in Fig. 5*6a, the local-oscillator drive has been taken as 

less than enough to drive the crystal to the part of the forward char¬ 
acteristic having the greatest slope. The addition of a positive bias 

(Fig. 5*66) increases the i-f current because the positive peaks of the 
envelope drive the crystal to a region in which the characteristic has a 
greater slope than before, whereas there is little change in the slope of the 
characteristic in the negative part of the envelope. There is an optimum 



250 LOCAL-OSCILLATOR NOISE [Sec. 5-7 

bias voltage for each local-oscillator level since a further increase in bias 
voltage would cause the negative part of the envelope to contribute an 
i-f current of increasing magnitude with increasing bias voltage. When 
this current increases more rapidly than that due to the positive part of 
the envelope, the total i-f current begins to drop, because the current 
contributed by the negative part of the envelope has the opposite phase 
to that from the positive part. The smallest conversion loss for a 
particular local-oscillator amplitude usually results from the use of a 

Fig. 6-6.—Graphical illustration of 
decrease in conversion loss with positive 
bias, for small lopal-oscillator level. The 
barrier capacitance is neglected. 

bias voltage less than the amplitude 
of the local-oscillator signal. 

One method of demonstrating 
the effect of a bias voltage is to 
measure the effective over-all noise 
figure of a representative receiver 
with various Values of local-oscilla¬ 
tor coupling and of d-c bias. Such 
a measurement is made by finding 
the available c-w input signal power 

required to give an output signal 
power equal to the output noise 
power, when the signal frequency is 
at the point of maximum sensitivity 
in the pass band. The effective 
over-all noise figure is the ratio of 
this signal power to kTB, where B 
is the effective noise bandwidth of 
the i-f amplifier. For relative noise- 
figure measurements, provided B is 
not changed by the parameters 
varied between measurements, it 
is not necessary to know B or 
the absolute power level. Thus, 
to demonstrate the effect of bias 

voltage on the crystal it is not necessary to have an absolute calibration 
of the available signal-generator power. A block diagram of a circuit 
for measuring the over-all noise figure is 8ho\vn in Fig. 5*7. The attenu¬ 
ator associated with the signal generator is made to match the trans¬ 
mission line. A TR cavity tuned to the signal-generator frequency is 
used, and a mixer with iris-coupled local oscillator. A part of the input 
circuit of the i-f amplifier is shown to illustrate the method of applying 
a bias voltage through the crystal-current metering circuit. The 
circuit shown is only symbolic, in the sense that a practical circuit 
includes, instead of the simple condenser filter on the crystal-current lead, 
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a low-pass ir-filter of two or three sections, made up of r-f chokes and 
condensers. The bias voltage is supplied from a battery and voltage- 
divider circuit. The best values of the battery voltage and of the resist¬ 

ance of the potentiometer circuit, for experimental purposes, should be 
such that the series resistance introduced into the crystal-current circuit, 

for a bias voltage of one volt, is small compared with the resistance of 
the crystal. For a resistance of 50 ohms per volt, the negative bias, 
at 1 ma of rectified current, produced by the flow of the rectified crystal 

current through the potentiometer would be equal to 0.05 volts, a 

negligible quantity compared with the forward bias applied by the 

Part of i-f input circuit and 

Fig. 5*7.—Circuit for measuring the effect of crystal bias on over-all noise figure. 

battery circuit. The output power meter may be a thermocouple or 

a square-law crystal detector with a milliammeter. 
6.8. Results of Experiments on the Effect of D-c Bias.—The results 

of some experiments of the kind just described are plotted in Fig. 5*8. 
These data were taken on a 1N23 crystal having a measured conversion 

loss of 7.9 db and a noise temperature t)f 1.9. The noise figure of the 

i-f amplifier was about 5 db for crystals having average i-f admittance. 
In this figure a curve of relative over-all noise figure as a function of 
crystal current due to the local oscillator alone (with the bias voltage set 

at zero) is given. The minimum of this curve is taken as the zero point, 

and an increase in noise figure from this corresponds to an ordinate 
below this point, a convention used since minimum noise figure is desired. 

There is a set of curves each having its right-hand terminus l3dng on the 

curve for no bias. Each of these curves gives the relative over-all noise 
figure for constant total crystal current equal to that corresponding to 
the abscissa of the right-hand terminus point and made up of rectified 

current and current due to the bias voltage in varying proportions. The 
abscissa gives, for these curves, the crystal current due to the oscillator 
alone. As the curve is traversed toward the left, the bias voltage is 
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continuously increased, to keep the total current constant. The curves 
show that for any total current there is very little deterioration, and for 

most currents some improvement, if that current is produced by smaller 
local-oscillator drive and some bias, than if it is all produced by the local 
oscillator. The improvement possible varies considerably from crystal 

Rectified current in irm from LO alone 
Fig. 6*8.—Effect, on over-all receiver noise figure, of a positive bias on the crystal. 

The data are for a 1N23 crystal with 7.9-db conversion loss and a noise temperature of 
1.9. 

to crystal and data on about 10 crystals showed that as much as 0.5 db 
improvement may be gained or as little as 0.1 db. The best noise figure 
was obtained in most cases with an amount of local-oscillator drive equal 
to that which gave minimum noise figure without bias, and with enough 
bias added to increase the crystal current by a factor between 1.5 and 2. 
Almost as good results are found with bias at about half the normal local- 

oscillator drive. 
The conclusions that can be drawn from these experiments are 

restricted because there are many parameters that change with local- 
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oscillator drive which were not measured. For instance, the r-f admit¬ 
tance of the crystal to the signal is affected by a change in either the bias 

voltage or the local-oscillator drive, and this could contribute to the 

variation in the over-all noise figure. To eliminate this the mixer 
should have been tunable and adjusted for minimum noise figure for 
each point. Another source of error lies in the use of a fixed coupling 

circuit from the crystal to the i-f amplifier. Since the i-f admittance of 
the crystal depends upon the local-oscillator drive and the bias voltage, 
the effective noise figure of the i-f amplifier varies from point to point. 

Thus the only thing that this experiment does show is that for this 
combination of crystal, mixer and i-f amplifier, some improvement in the 
over-all noise figure can be obtained through the use of forward bias 

on the crystal. Of greater significance may be the fact that the range 
over which the local-oscillator drive can vary without a large increase 
in effective over-all noise figure is increased by the use of the optimum 

Fig. 5*9.—^Circuit for adding bias voltage to mixer crystal. 

bias for each value of the local-oscillator drive. The noise figure can be 

kept near its minimum value with a much smaller local-oscillator drive 
with the addition of an appropriate bias voltage than without bias. 

To utilize this extension in the allowable range of local-oscillator 

drive, a fixed bias circuit has sometimes been added to the microwave 
receiver. Such a bias circuit is shown in Fig. 5*9. The bias voltage 
applied in the absence of rectified crystal current is 0.175 volts, due 

to the 1-ma current through the voltage divider. With increasing 
local-oscillator drive, the bias voltage decreases because the rectified 
current flows in the opposite direction through the 175-ohm resistor and 

thus decreases the voltage drop across it. At 1 ma of rectified current 
the bias voltage is zero. Thus the bias voltage is significant primarily 
for small local-oscillator drive, where it has the most beneficial effect. 

To evaluate completely the usefulness of the bias voltage, measure¬ 
ments should be made separately of the loss, noise temperature, and i-f 
admittance of the crystal. The data just quoted, showing a slight 
improvement in over-all noise figure from an added bias when the local- 

oscillator drive is optimum, could be explained by a decrease in the 

conversion loss from the addition of the bias voltage. The same decrease 
in conversion loss coifld be achieved with greater* loeal-oscillator driye but 
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the increase of converted local-oscillator noise apparently results in a 
poorer noise figure. The advantage of increased permissable range of 
local-oscillator drive lies in the possibility of obtaining a large electronic- 

tuning range from the oscillator for AFC purposes. The addition of 

bias voltage by the circuit of Fig. 5*9 allows the tuning to be carried to a 
lower-power point in the reflector mode than without the bias. Some 
experiments were made to measure the over-all noise figure over the 

Fio. 6*10.—Effect of bias circuit of Fig, 6*9 on the conversion loss, noise temperature, 
i-f resistance, and over-all receiver noise figure as the local oscillator is electronically tuned 
through a reflector mode. The crystal is a 1N23A, the LO tube a 723A/B, the intermediate 
frequency 30 Mc/sec, and the effective i-f noise figure 4 db. Bias voltage is supplied from 
the circuit of Fig. 5«9. 

range of electronic tuning, with and without bias. The bias circuit was 
that of Fig. 5‘9 and independent measurements of loss, noise temperature, 
and i-f resistance of the crystal were made. The apparatus was similar 
to the noise-temperature test set in that it included the one-eighth-wave- 
length-line matching transformer between the crystal and the i-f amplifier. 

This made the measurement of the crystal noise temperature independent 
of the i-f resistance of the crystal. A noise diode was used to calibrate the 
apparatus and to measure the i-f resistance. With the noise diode, the 
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diode current required to produce a given deflection on the output meter 
was measured with each of several resistances substituted for the crystal. 
When the crystal was in place and operating with the same amplifier 

gain, the diode current required to give noise sufficient to produce this 
same deflection was thus a measure of the i-f resistance of the crystal. 

The conversion loss was measured by use of a calibrated low-level signal 

generator. The i-f output power from the crystal was found by use of 
the noise power from the noise diode as a standard of reference, since 
the i-f resistance of the crystal was known. The i-f amplifier and output 

meter could thus be regarded as a calibrated low-level i-f power meter. 
The results of this experiment are shown in curves of Fig. 5T0. 

At the center of the electronic tuning range, the crystal used showed no 

improvement in over-all noise figure due to the bias when the rectified 
current was 0.5 ma. The over-all noise figure plotted is calculated from 

the loss and noise temperature assuming an effective i-f amplifier noise 
figure of 4 db. At the quarter-power points in the electronic-tuning 
range, however, some improvement is found. A crystal current of 
0.125 ma would result there without bias. With the tube tuned to 

the quarter-power point on the high-fre(iuency side of the center of the 
electronic-tuning range, the noise figure is improved by 1.2 db by the 

addition of the bias and is almost the same as at the center of the mode. 

This is almost completely accounted for by the decrease in conversion 

loss due to the bias, since the local-oscillator noise is almost constant in 
the high-frequency part of the electronic-tuning range. On the low- 

frequency side the improvement in noise figure is not so great, however, 
because, although the conversion loss is decreased by the same amount by 
the addition of the bias voltage, the local-oscillator noise is so large that 

its effect increases significantly with the decreased conversion loss. The 
bias current must also contribute to the noise temperature somewhat 
but this is apparently small compared with the converted local-oscillator 

noise. Since the crystal used for this experiment had a noise-temperature 
of only 1.3, for about 1 ma of rectified current, small effect due to the 

bias current would be expected. 

The most marked effect of the bias voltage in Fig. 5T0 is the change 
in i-f resistance. Whereas without bias the resistance rose from about 
400 ohms to over 650 ohms when the local-oscillator drive was decreased 
by a factor of 4, with bias the i-f resistance was between 340 and 370 
ohms for the whole range of local-oscillator drive. If the i-f amplifier 
to be used in a receiver were sensitive to the i-f resistance of the crystal, 

with respect either to noise figure or to bandpass characteristics, a 

bias-voltage circuit would be of considerable value. Provided the image- 
frequency wave is not reflected to the crystal, however, the bias voltage 
makes little difference in the percentage spread of crystal resistances 
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encountered for various crystals at a fixed local-oscillator level. How¬ 

ever, if the image-frequency wave is reflected to the crystal, by a TR 

cavity for instance, the situation is much more complicated because the 

i-f impedance varies in both resistive and reactive parts, from crystal to 

crystal, as discussed in Chap, 2. A bias voltage would probably change 

the relative spread of impedances very little. 

Both of the experiments just described were made at 3.2 cm with a 

30-Mc/sec intermediate frequency. At 1.25 cm where the local-oscillator 

noise is somewhat greater, a larger improvement might be gained through 

the use of positive bias. No very reliable data have been taken to find 

out how much the improvement might be, largely because the balanced 

mixer was introduced as a good solution to the problem of local-oscillator 

noise. Since the balanced mixer has several other advantages besides 

that of the suppression of local-oscillator noise, it is often worth using, 

even if other methods of noise suppression are sufficient. A discussion 

of the balanced mixer is to be found in Chap. G. 

In a receiver using bias voltage on the crystal, it is desirable to provide 

the usual meter for the rectified crystal current to facilitate adjustment of 

the local-oscillator coupling. The bias voltage alone produces a rather 

small crystal current but when a small amount of local-oscillator power is 

added, the crystal current increases by a considerably larger amount 

than it would without the bias voltage. For the purpose of setting the 

LO power level, it has been considered advantageous to use a meter jack 

or switch which short-circuits the bias voltage when the meter is put into 

the circuit, so that the crystal-current reading is approximately propor¬ 

tional to the local-oscillator power incident on the crystal. The jack 

also allows one side of the meter to be grounded, which simplifies the 

wiring. 



CHAPTER 6 

BALANCED MIXERS 

The complexity of design and of operation of mixer circuits in which 

filter cavities are used for the suppression of local-oscillator noise has led 
to considerable interest in the development of a microwave balanced 
mixer. A balanced mixer utilizes two separate mixer units driven in 

shunt by the local-oscillator signal and in push-pull by the received 
signal, or vice versa. This results in a balanced push-pull output signal 
at the intermediate frequency, and the i-f amplifier input circuit is 
designed to give response only to such a balanced signal. Any i-f output 
signals derived from noise accompanying the local-oscillator power appear 
in the same phase at the output terminals of each mixer unit and are 

therefore discriminated against by the input circuits of the push-pull i-f 

amplifier. The suppression of local-oscillator noise is thus obtained 
without resort to frequency-selective circuits. The operational com¬ 

plexity of the balanced mixer is no greater, and is in many respects less, 
than that of a simple mixer. The many additional properties of the 
microwave balanced mixer in its final form make it often advantageous 

even when the suppression of local-oscillator noise is not required. 

6-1. Simple Microwave Balanced Mixer.—Figure 61 is a schematic 
drawing of a microwave balanced mixer. If it is assumed that the 

crystals may be treated as resistors across the microwave line and that 
the local-oscillator power can be introduced into the microwave line by a 
simple, very loosely coupled probe, it is seen that this circuit behaves as a 
balanced mixer. The TR cavity is assumed to present, in the plane of its 
exit iris, a short circuit to power at the local-oscillator frequency. Each 
crystal is therefore coupled to the local oscillator in the same way, and 
since the probe excites waves traveling in both directions and having 

the same phase at planes equidistant from the probe, the local-oscillator 
signals at the two crystals are in phase. The received signal, on the other 
hand, having passed through the TR cavity, arrives at the two crystals in 

opposite phase since the crystals are spaced a half wavelength apart. A 

consideration of the simple addition of a small signal wave and a large 
local-oscillator wave will show that the amplitude-modulation component 

at the beat frequency, in the envelope of the sum of these two \vaves, 

reverses in phase if the relative phases between the local-oscillator wave 
and the signal wave are reversed. Thus the i-f voltages at the output 

terminals of the two crystals are opposite in phase. By means of the 
257 
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transformer, the push-pull i-f signal is changed into a signal that can be 
used to excite a conventional unbalanced line or an i-f amplifier. 

The local-oscillator noise arrives at the two crystals through the same 
ciitjuit as does the local-oscillator signal. The relative phases between 
the noise components and the local-oscillator wave are the same at the 
two crystals, and therefore the noise converted to the intermediate 
frequency has the same phase at the output terminals of the two crystals. 
The balanced transformer does not produce an output voltage from 
equal voltages in the same phase in the two legs of its input circuit, and 

thus the converted noise is not 
coupled into the i-f amplifier. The 
overfall noise figure is determined by 
the conversion loss of the balanced 
mixer, its noise temperature and 
the noise figure of the i-f amplifier, 
without a contribution from local- 
oscillator noise. If the two crystals 
have the same conversion loss in a 
simple mixer circuit, the conversion 
loss in the balanced mixer is the same 
as that of a single crystal. Only 
half the r-f signal power is applied 
to each crystal. The available i-f 

output power from each crystal is therefore only half what it would be for 
an unbalanced mixer, but since the two powers are added, the over-all 
conversion loss is that of a single crystal. The noise temperature 
associated with the output admittance of the push-pull transformer is 
just that of a single crystal, provided the two crystals have identical 
noise temperatures. The advantage gained by this balanced mixer, 
therefore, is the suppression of local-oscillator noise, and nothing is lost. 

The degree to which local-oscillator noise is suppressed depends upon 
how closely identical are the converted i-f noise components at the output 
terminals of the two crystals. This is determined partially by the degree 
to which the two crystals have identical conversion losses. Since the 
available output power from the i-f transformer is proportional to the 
square of the difference between the voltages produced by the two 
crystals, a small difference in conversion loss does not destroy the sup¬ 
pression of local-oscillator noise. If the two crystals have conversion 
losses Li and L2 respectively, the available i-f signal power is proportional 

to (VTi + whereas the available converted LO noise power is pro¬ 

portional to {\/L\ — V2^)*. The factor by which the local-oscillator 
noise is suppressed, relative to the signal, is 

+ y/ht)^ / {y/Li — V^a)*. 

Fig. 6*1.—Simple balanced mixer with 
push-pull i-f transformer to unbalanced 
line. 
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If Li = 2L2, corresponding to a 3-db difference, the local-oscillator noise 
is suppressed by a factor of 34, or by 15.3 db. This f^-ctor is sufficient 
to reduce the effect of the unbalanced noise on the over-all noise figure to a 
negligible amount under most conditions; therefore an unbalance in 
conversion loss as great as 3 db could be tolerated, if this were the only 
source of unbalance in the circuit. 

A much more serious source of unbalance in this mixer circuit arises 
from the possible inequality of the r-f admittances of the crystals. The 
power delivered to the crystals, both by the signal generator and by the 
local oscillator, is divided between the crystals in a ratio dependent upon 
their r-f admittances. To the signal, the two crystals appear in parallel 
so that the ratio of the signal powers delivered to them is just the ratio of 
their r-f conductances, the crystal having the larger conductance receiving 
the larger power. To the local oscillator, the crystals appear at the ends 
of quarter-wavelength lines and these lines are connected in parallel at 
the plane of the local-oscillator probe. If the r-f admittances of the 
crystals were pure conductances, the ratio of local-oscillator power 
delivered to the two crystals would be the inverse of the ratio of their 
conductances; that is, the crystal having the smaller conductance would 
receive the larger local-oscillator power. Since the r-f admittances of 
representative crystals of a given type vary considerably, it is not unlikely 

that randomly chosen crystals might differ in conductance by a factor 
as large as 4. For example, a pair of crystals having admittances of 
21^0 and Fo/2, respectively, would differ by this factor, and since each 
would suffer a reflection loss of only about 0.5 db in the conversion-loss 
test, they would not necessarily be eliminated by the specifications. 
This source of unbalance can be equivalent to 6 db or more of unbalance 
in output power. When this unbalance is added to the possible unbalance 
in conversion loss, it is seen that the suppression of local-oscillator noise 
might not be sufficient unless crystals were selected in balanced pairs. 
Such a selection would best be made on the basis of measurements of 
r-f admittance, since the admittance is seen to be the more serious 
source of unbalance. A mixer that requires selection of crystals is 
certainly to be avoided if possible. For the purpose of providing a 
balanced mixer that is less sensitive to inequalities of the r-f admittances 
of the crystals, the magic T'^ was developed. To facilitate the dis¬ 
cussion of balanced mixers based on this circuit, a short discussion of 
the principles of the magic T and some of its equivalent circuits must be 
given. 

6«2. General Properties of the Magic T.—One variety of magic T in 
rectangular waveguide is a circuit consisting of a waveguide with two 
other waveguides connected perpendicularly to it, one in the broad wall 
and the other in the narrow wall, at a common junction plane. Each 
of the joining waveguides makes, with the original waveguide, an ordinary 
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T-junction. The structure formed by the branch in the broad side of the 
main waveguide and the main waveguide is called an J5-plane T-junction, 
and behaves essentially as a series-connected circuit. The arm in the 

narrow plane constitutes, with the 
main waveguide, an /f-plane T- 
j unction and can be described in 
terms of a parallel circuit. When 
both these side arms are present, 
and have a common junction 
plane, as in the magic T, the arms 
on the narrow side and on the 
broad side of the main waveguide 
are often referred to as the /f-plane 
and the .B-plane arms, respec¬ 
tively. The’ complete structure 
has some very special properties, 
however, because of its symmetry, 
and no simple series- or parallel- 

connected equivalent circuit can 
be used to describe it. In Fig. 6*2 a perspective view of the structure of 
a magic T is shown., 

To understand the special properties of the magic T it is necessary 
to realize the difference between the coupling of the //-plane T-junction 
and that of the jB-plane T-junction. In Fig. 6*3a and h are shown, 
respectively, the field configurations in the region of the junction for each 

Fio. 6*3.—llepresentation of coupling in simple T-junctions; (a) //-plane T-junction; (6) 
£-plane T-junction. 

of these simple T-structures, produced by a wave traveling into the side 
arm of e{u;h. Lines are drawn, in Fig. 6‘3a, to represent the wavefront 
as it progresses down the side arm and through the junction. The 
circles with crosses represent the F-vector pointing into the paper. 
It is seen that the waves traveling outward from the junction have the 
same phase at planes equidistant from the center of the junction, or 
from the plane of sjnnmetry. In Fig. 6-3&, which represents the F?-plane 
T-junction, the electric field vector is in the plane of the paper and is 
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represented by lines with arrows indicating the direction. The electric 
field fringes at the junction and excites the horizontal arms with waves 
having opposite phases at planes equidistant from the plane of symmetry. 
Thus the waves in the horizontal arms of the H-plane T-junction may be 
said to possess completely even symmetry about the junction and those 
in the .E-plane T-junction to possess completely odd symmetry about the 
junction. Another way of illustrating the action of the E-plane T-junc¬ 
tion is to draw the magnetic field vector, which fringes at the junction. 
The magnetic field has opposite directions at symmetricaUy disposed 
planes in the horizontal arms, but, since the waves are traveling in 
opposite directions, the associated electric fields must point in the same 
direction, as shown, at these two planes. In both of these T-structures, 
with each of the horizontal arms infinite in length, there would be a 
wave reflected upward in the side arm due to the discontinuity of the 
junction. 

The same kind of coupling exists between the side arms and the 
collinear arms of the four-armed structure of Fig. 6*2. Because of the 
opposite kinds of symmetry associated with the side arms it is evident 
that a wave traveling into the E-plane arm excites only a wave of odd 
symmetry in the junction and cannot therefore excite the E-plane arm. 
The result is that only waves having opposite phases at planes equi¬ 
distant from the plane of symmetry are excited in the collinear arms, 
and a reflected wave is excited in the E-plane arm. Similarly, a wave 
sent into the E-plane arm excites, in the collinear arms, only waves 
having like phases at planes equidistant from the plane of symmetry 
and excites a reflected wave in the E-plane arm. There results, therefore, 
a device that transmits power to two lines from each of two independent 
input lines but shows no direct coupling between these input lines. 

In order that the magic T may be most useful, the input arms should 
have no reflections when nonreflecting terminations are placed on 
the collinear arms. Some kind of reflecting irises in the E-plane and the 
E-plane arms can be provided to produce reflections that cancel the 
reflections from the junction. These arms of the T-junction will then 
be reflectionless when the collinear arms are terminated with reflectionless 
loads. Provided the matching structures do not upset the symmetry 
of the junction, the lack of direct coupling between the E-plane and the 
E-plane arms is preserved.. 

Under the condition that such matching devices are used, the T- 
structure takes on other special properties. Suppose that waves of 
equal amplitudes are sent simultaneously into the E-plane and the 
E-plane arms. Because of the odd and even symmetry, respectively, 
of the waves excited in the collinear arms, the relative phases between 
the two input waves can be so adjusted that the secondary waves excited 
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in one of the collinear arms cancel. Then the secondary waves in the 
other collinear arm are in phase and therefore add in amplitude. Thus 

the total power contained in the waves sent into the J?-plane and the 
/f-plane arms is contained in the wave traveling outward in one of the 
collinear arms. A reversal in the direction of propagation of these 

waves then shows that a wave sent into one of the collinear arms excites 
waves of equal amplitudes in the i?-plane and the /f-plane arms, and 
does not suffer reflection at the junction, nor does it couple to the opposite 
collinear arm. The same is true for a wave sent into the other collinear 

arm. If planes are chosen in the E-plane and //-plane arms in such a 
way that the waves traveling outward in these arms, excited by a wave 

sent into one of the collinear arms, have like phases, the waves due to 

power entering the other collinear arm have opposite phases. Thus, 
with the matching devices in the E-plane and the //-plane arms, the 

structure has the property that power sent into any arm transmits only to 
the adjacent arms, and does so without reflection. Fuilhermore, the 
waves excited in these adjacent arms have the opposite kind of phase 
symmetry if the input wave is sent into the arm opposite to the original 

one. It is to this structure, including the matching irises, that the term 

magic T is applied. 
6*3. The Matching of the Magic T.—Any of the conventional kinds of 

matching structures may be used in the magic T at a single frequency. 
It has been found, however, that with inductive irises the frequency 
band over which the match is good is not large. This is especially true 

of the //-plane arm, where the voltage standing-wave ratio to be matched 
out by the iris is larger than in the E-plane arm. At 3.33 cm in wave¬ 
guide having outside dimensions of 1 in. by i in., the voltage standing- 

wave ratio that must be matched out is about 3.6 in the //-plane arm 
and 2.2 in the E-plane arm. In the 1.25-cm band with i-in. by i-in. 
waveguide, it is about 7.5 in the //-plane arm and 2.8 in the E-plane arm. 

With an inductive iris placed as close as possible to the junction in the 
proper position to match the //-plane arm at a given frequency, the 
voltage standing-wave ratio rises to about 2 with a change of frequency 

of less than 1 per cent. 

A structure giving a less frequency-sensitive matching effect for the 
//-plane branch has been found. In the i- by i-in. waveguide used at 
1.25 cm an iris in the plane of symmetry extending outward from the 

wall opposite the //-plane arm and upward into the E-plane arm has been 
used. This and an asymmetrical inductive iris for matching the E-plane 

arm are shown in Fig. 6-4. The voltage standing-wave ratio, with 

nonreflecting loads on the collinear arms, is less than 1,10 over a plus or 
minus 1 per cent band, in the //-plane branch. In the E-plane branch 
the voltage standing-wave ratio is less than 1.10 at the center of the band 
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and rises to about 1.30 at the edges of the plus and minus 1 per cent 
band. 

For the 3.33-cm band, a post was found to give a better match, over 
a wide band, than an iris of this kind. 

Fia. 6*4.—^Positions of irises for matching 
a magic T in |^-in, by \ -in. waveguide. The 
iris thickness is 0.020 in. 

although a similar iris in the plane 

Fig. 6*5.—Positions of post and iris for 
matching a magic T in 1-in. by 1-in. wave¬ 
guide. The iris thickness is ^ in., the 
diameter of the post is | in., and the length 
is 0.650 in. 

of symmetry could be designed to give a perfect match at a single fre¬ 
quency. This post, again with the single asymmetrical inductive iris 
for matching the £-plane branch, is shown in Fig. 6*5. The voltage 
standing-wave ratio observed in the 12 per cent band from 3.13 to 3.53 
cm, for a magic T like that of Fig. 
6*5, is shown in Fig, 6*6, It is 
evident there that the match ob¬ 
tained in the if-plane arm is al¬ 
most independent of frequency. 
Unfortunately no simple structure 
was found that gave a wdeband 
match for the JS'-plane branch. 
The voltage standing-wave ratio 
measured in the collinear arm is 
also shown. The amount of this 
standing-wave ratio depends on 
the other two but cannot be derived from them without knowledge of the 
phases of the reflection coefficients. 

Because of the complete symmetry of the magic T, the symbols shown 
in Fig. 6*7a and b are used in illustrating its applications. The arms are 
numbered in a definite relationship to the physical structure, because 
for many applications it is necessary to know the phase relationships 

Fig. 6-6.—Voltage standing-wave ratio 
vs. wavelength, for magic T matched as 
shown in Fig. 6*6. 
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between the waves in two opposing arms and not in the other two. In 

such cases, the coUinear arms are favored over the other two since the 
phase relationships between waves in them are completely defined by 
the symmetry of the structure. The lack of direct coupling between the 
//-plane and the i?-plane arms (henceforth arms (3) and (4), respectively) 
is independent of frequency, but for arms (1) and (2) it is independent of 

frequency only to the extent that the matching of arms (3) and (4) is 
independent of frequency. Measurements could be made to determine 
the location of planes in arms (3) and (4) for which phase relationships 

similar to those holding for arms (1) and (2) could be specified, but the 

positions of these planes may vary with frequency and are dependent 

upon the particular matching structures used. 
One pair of planes in arms (3) and (4), which are useful for purposes of 

calculation, may be defined in the following way. Suppose arms (1) and 

■ff-plane arm 

r—£-plane.arm 

(a) <6) 
Fio. 6*7.—Symbols used to represent the magic T. 

(2) are both short-circuited in planes equidistant from the plane of 

symmetry. If a wave is sent into either arm (3) or arm (4), the waves 
excited in arms (1) and (2) are reflected toward the junction from the 
short-circuiting planes with the same kind of symmetry as they had in 

traveling outward from the junction. A wave is therefore excited only in 

the input arm and the standing-wave ratio in the input arm is infinite. 

For this pair of planes in arms (1) and (2) a pair of planes, in arms 
(3) and (4), at which voltage maxima (zero admittance) occur may be 
specified. It now follows that, if arms (3) and (4) are short-circuited in 
these planes, an admittance of zero will be seen in the planes which were 

short-circuited in the previous experiment, looking into arms (1) and (2). 
An equivalent four-terminal-pair network describing the action of the 
mape T in terms of voltages and currents, can now be defined, where 

the terminal pairs are understood to be located in these four planes. 
'' 64. Description of the Magic T in Terms of Voltages and Currents.— 

The relationships between the voltages and currents in the terminal 
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pairs of any linear, passive four-terminal-pair network can be shown to be 
given by the four simultaneous linear equations 

(1) 

ii = Vnei + 2/12^2 + Vnez + 2/1464 \ 
t2 = 2/1261 + ^2262 + 2/2863 + 2/2464 

is = 2/1361 + 2/2362 + 2/3363 + 2/3464 

^4 = 2/1461 + 2/2462 + 2/3463 + 2/4464 

where the coefficients i/nm are constants depending on the properties of 
the particular network. For this particular circuit, the definition of the 
position of the planes of the terminal pairs and the fact that there is no 
direct coupling between opposite arms gives 

2/11 = 2/22 = 2/33 -= ^44 = 2/12 = yzA = 0. 

Thus Eqs. (1) reduce to 

ii = 2/1363 + 2/1464 

is = 2/2363 H” 2/2464 

is = 2/1361 + 2/2362 

24 = ^1461 + 2/2462 

(2) 

It can further be shoAvn that the coefficients i/nm, for a network containing 
no elements capable of dissipating power, are pure imaginary. If 
matched loads are connected to arms (1) and (2) and a current is induced 
in arm (3), the symmetry condition for the if-plane branch and the 
conservation of power allow the relation 

U = +jTo ~ (ei + e,) 

to be written, where Fo is the characteristic admittance of the waveguide. 

Thus 

2 2/13 = 2/23 = ±j Fo. 

The sign is determined by the choice of the plane of the terminals 
in arm (3), there being a plane, given by the definition above, every 

half wavelength from the first plane. Since the sign is reversed for 
consecutive planes, the definition of the terminal plane may be further 
restricted to correspond to the positive sign, and thus 

2/18 = 2/28 Fo. 

Similarly, a current induced in arm (4) with matched loads on arms 

(1) and (2) gives 

t. = ±3 ^ Fo(ci - e,). 
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Again, choosing the position of the terminal plane in arm (4) that corres¬ 
ponds to the positive sign, there results 

. V2 V yu = J-y 1^0, 

• V2 V yu = 

The set of transformation equations describing the magic T thus becomes 

= JY, ^ {e^ + e,) 

U=jYo^(e, - e,) 

ia = jY0 (ei + Cj) 

*•4 =ir«^(ci - e,) 

(3) 

The transformation relations of Eq. (3) may be used, for example, to 
find the power delivered from a generator of known characteristic admit¬ 
tance on one arm to a load of known admittance on a second arm, if the 
admittances on the other two arms are also known. If a generator 
having an available power Po and an internal admittance Ts is connected 
to the terminal plane representing arm (3), the power delivered to a 
load of admittance F4 at the terminal plane representing arm (4) is 
found to be 

P4 = 4gagi 
(Yt - Y,) 

(4) 

where ga and ga are the conductance parts of 7$ and 74, respectively, 
7i and 7] are the load admittances connected to the terminal planes 
representing arms (1) and (2), respectively, and all admittances are 
expressed in units of 70. This equation shows that the power transmitted 
to arm (4) is zero if 7i and 7* are equal. The magic T is therefore often 
regarded as a bridge. A similar relation showing the power delivered to 
the load on arm (1) is 

Pi= Sgiga 
(1 + 7,74) 

(1 -1-727,) (1 + YiYa) + (1 + 7,7.) (1 + 7,74) (5) 

From these expressions a dmilar equation for a load on any arm and a 
generator on any other arm may be written down simply by proper 
permutation of the subscripts. \^en the load and the generator are on 
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opposite arms the equation to be used is Eq. (4); when they are on 
adjacent arms, Eq. (6) is used. . 

There are many possible microwave circuits similar in behavior to 

the magic T just described. The conventional low-frequency ‘‘hybrid 
coir^ circuit, used in wire telephony to isolate signals traveling in different 

directions on the same wires, behaves as a magic T if it is arranged to 
have the same characteristic admittance at all four terminal pairs. A 
microwave circuit that is coming into wide use as an equivalent to the 

magic T is shown in Fig. 6-8. This device may be made of waveguides, 
coaxial lines, or even open-wire transmission lines. The side arms may be 
connected either in series or in shunt at positions a quarter wavelength 

apart along th^ periphery of the circular li-wavelength line. For the 
network to be matched, the circular line should have a line admittance 

times that of the branch lines, neglecting the effects of higher modes, 
if the side arms are connected in series, as shown. If the side arms are 
connected to the ring in parallel, the ring should have a characteristic 

admittance V^/2 times that of the side arms. In Fig. 6-9, a coaxial-line 

circuit of this type designed for 10 cm is shown. Since this device is 
used with small cable fittings and flexible cables it is difficult to make 

as precise measurements upon it as those on the waveguide magic T. 
The measurements that have been made show that the output power 
from one of the arms adjacent to the input arm is at least 20 db greater 
than the power from the opposite arm, for wavelengths between 8 and 11 

cm. Since this small amount of coupling may be attributed to reflections 
in the cable connectors on the arms adjacent to the input arm, no attempts 

have been made to improve the balance. The standing-wave ratio in 

the input line is as small as would be expected with these connectors in the 
circuit; thus the higher-mode effects at the junctions are apparently 

negligible. 
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Fio. 6*10. —A magic; T in (;ouxiul lino. 

point, to a single line, the two ends of which form the other two pairs of 
terminals. This circuit has been considered for use in the longer- 
wavelength part of the microwave region, where the physical size of 
waveguides might be prohibitive, for applications in which a ring circuit 
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does not give sufficient bandwidth. Like the waveguide magic T, this 
circuit depends on the matching devices in the series and shunt-connected 

arms to obtain zero coupling between the other two arms. Like the 
magic T it derives the zero coupling between the series and shunt arms 
from its symmetry, and therefore this property is insensitive to frequency. 

For any of the applications of the magic T, any of the equivalent 
forms just described can equally well be used. In the following dis¬ 
cussions of balanced mixers the waveguide magic T will be used for all 

Fig. 6-11.—An equivalent to the magic-T circuit, made of coaxial line and waveguide in 
combination. 

illustrative purposes because it has been used extensively in this applica¬ 

tion. The mixers can be constructed from waveguide or coaxial-line 

ring equivalents or from any of the other possible equivalent circuits 
if space or wavelength requirements make such forms preferable. One of 

the first balanced mixers to be designed using a magic-T circuit was 
made of a combination of coaxial lines and waveguide in the form shown 
in Fig. 6*11. 

6*6. The Magic-T Balanced Mixer.—In order to construct a balanced 
mixer from a magic T, two opposite arms are terminated by crystals 
in standard waveguide mounts. The signal enters one of the remaining 

arms and the local oscillator power enters the other. Although it is not 

necessary to use this arrangement, the crystals are usually mounted on 
arms (1) and (2), in the terminology shown in Fig. 6-7. Thus the 

resulting balanced mixer appears, for the 3.3-cm band, as shown in Fig. 
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6-12. The role of the signal-input and local-oscillator-input arms can be 
interchanged, for in either case the relative phases between the incident 

signal wave and the incident local-oscillator wave are opposite at the 

two crystals. Since there is no direct coupling between the signal-input 
circuit and the LO-input circuit, no reactive decoupling in the local- 
oscillator circuit is required. Only enough local-oscillator power to drive 

the two crystals is needed. If more local-oscillator power is available, 
a matched dissipative attenuator can be used in the local-oscillator arm. 
The load admittance presented to the local-oscillator tube is thus well 

controlled, because the crystals themselves provide the local oscillator 
with a load that is approximately matched to the waveguide. The fact 
that the balanced mixer can be operated with a local oscillator having 

such a small output power, without the danger of loss of signal through 

To local 
oscillator 

Signal 

Fio. 6*12.—Magic-T balanced mixer for 3.3-cm band. 

interaction of the signal and local-oscillator circuits is one of the many 

advantages of the magic-T balanced mixer. 
The suppression of local-oscillator noise by the magic-T balanced 

mixer is not affected in the same way by the crystal admittance as it is in 
the simple balanced mixer earlier described. If one of the crystals 

reflects either the signal wave or the local-oscillator wave, the reflected 
power is sent only out the signal arm and the local-oscillator arm, because 

the opposite arms of the magic T do not couple directly. If there is no 

reflection of waves traveling outward in these arms, there is no way in 
which the signal power or the local-oscillator power delivered to the 

second crystal can be influenced by the mismatch of the first. If there is 
sufficient available local-oscillator power to allow some matched dis¬ 
sipative attmuation between the magic T and the local oscillator, the 

nonreflecting condition for the local-oscillator arm is approximated. 

If there is a bandpass TR cavity, or no resonant circuit at all, in the signal 
arm, a wave traveling outward in that arm is radiated by the antenna 
without reflection. If a resonant TR cavity must be used, that part of 
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the iocal-oscillator wave which, having been reflected by the crystal, 
travels out the signal arm, is reflected by the TR cavity and interferes 

with the direct local-oscillator wave coupled to the two crystals. The 
result is that the division of local-oscillator power between the two 
crystals becomes similar to the division in the simpler shunt mixer. 

The power reflected from one crystal is reduced to one-half of its value 
by two transits through the magic T before it arrives at the other crystal. 
However, as application of Eq. (5) will show, the form of the dependence 
of the delivered local-oscillator power on the admittances of the crystals 

is the same in the magic-T circuit if the signal arm is open-circuited as 
in the balanced mixer with shunted crystals. A two-to-one ratio of con¬ 
ductances cau^s a two-to-one split of power. The remaining power, 

originally delivered to the mixer, is reflected into the local-oscillator 
attenuator. This unbalance in local-oscillator power delivered to the 
two crystals does not seriously affect the suppression of local-oscillator 
noise because the crystal conversion loss is not strongly dependent on 
the amount of local-oscillator drive, provided that the amount is 

sufficient to produce a few tenths of a milliampere of rectified crystal 

current. 
The splitting of the signal power between the two crystals is not 

influenced greatly by the presence of a TR cavity because a reflected 
wave, at the signal frequency, coming from the mixer would not be 
strongly reflected by the TR cavity, which is tuned to pass this frequency. 
Thus the magic-T balanced mixer does not require nearly so great a 

similarity between the two crystals used as does the simple balanced 
mixer. If both the signal line and the local-oscillator line are non¬ 
reflecting to waves traveling outward from the mixer, the only effect of 

reflection by the crystals is an increase in their conversion loss by the 
same amount as would be found if they were operated individually from 
matched generators. With the same tuning of the crystal mounts as in 

the conversion-loss test set, and at the same frequency, the total conver¬ 
sion loss for each crystal in the balanced mixer, including r-f reflection 
loss, would be the same as would be measured for that crystal in the test 

set. Under these conditions it is unlikely that more than 3 db of unbal¬ 
ance in conversion loss would be found, if the crystals had a small speci¬ 
fication value of maximum conversion loss and normal i-f admittances. 

It is desirable to employ an i-f coupling circuit, such as that shown in 
Fig. 6* 13, the performance of which is not affected by a lack of balance 
in the i-f admittances of the two crystals. The transformer shown in 

the figure resonates with the mixer and tube capacitances and has 

the bandwidth and the impedance stepup from the crystals to the 
grid required to achieve a good noise figure. To reduce capacitive 
coupling between the coils, adjacent ends are made to operate at ground 
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potential, and to achieve this the secondary is made of two sections 
wound in opposite directions. Ordinarily the inner ends of the two 
primary coils would be grounded through the current-filter capacitances, 

but in this circuit the impedances 
Z are connected between the i-f 
ground and the coils. The bypass 
condenser between the inner ends 
of the two coils ensures that they 
are at the same potential. Thus, 
between the common ends of the 
primary coils and ground there 
appears an impedance equal to 
Z/2. The impedance Z is chosen 
in such a way that Z/2 is the 
complex conjugate of the imped¬ 
ance that would be measured be¬ 
tween the junction of the two 

primary coils and ground if each crystal had the i-f output impedance of 
an average crystal. 

The addition of this impedance to the push-pull input circuit makes 
the behavior of this circuit similar to that of a magic T. If a voltage* 
were impressed from grid to ground on the secondary of the transformer, 
equal voltages in opposite phases would be produced across crystals 
having equal impedances. No voltage would result across the imped¬ 
ances Z, A voltage across the dummy-load impedance Z/2, on the other 
hand, would produce equal voltages in like phases across crystals having 
equal impedances, with no voltage produced at the grid. Thus the 
terminals of the dummy-load impedance Z/2 correspond to the terminals 
of arm (3) of a magic T, and the grid-to-ground terminals correspond to 
those of arm (4). The choice of a dummy-load impedance in the manner 
described corresponds to the use of a matching structure and a matched 
load in arm (3) of a magic T. If the grid admittance of the tube were 
the complex conjugate of the admittance of the secondary terminals of 
the transformer, the equivalence to a magic T would be complete. For 
best i-f amplifier noise figure, however, some mismatch exists at these 
terminals. The advantage of a circuit that is like a magic T is that a 
voltage impressed across one crystal does not develop a voltage across 
the other, as seen from the argument that was used to show the absence 
of direct coupling between the collinear arms of the magic T. Thus 
the coupling of a signal from one crystal to the amplifier tube would 
be independent of the i-f impedance of the other crystal. Since the grid 
is not matched to the transformer, however, the independence is not 
complete so far as signal transmission is concerned. 

Fig. 6-13.—Special i-f input circuit for 
balanced mixer. C « i-f bypass, RFC =» i-f 
choke, Z « see text, MA " crystal-current 
meter. 
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Suppose that two crystals do not have the same i-f impedances, 
but that they do develop identical output voltages when loaded with an 
impedance that matches the i-f output impedance of an average crystal. 

If these crystals were used in a balanced mixer connected to the present 
input circuit, the suppression of local-oscillator tioise would be perfect 
because the equal voltages excited by the crystals would develop a 

voltage only in the dummy load Z/2, corresponding to arm (3) of the 

magic T. Because of the choice of this impedance, each crystal is loaded 
with an impedance that matches the i-f output impedance of an average 
crystal and, therefore, the equality of the developed i-f voltages is 
maintained. Because the test apparatus used to measure the conversion 
loss of crystals actually measures the voltage developed across a load 
impedance of this kind, crystals having identical conversion loss in the 
crystal test set should give perfect suppression of local-oscillator noise. 
With the magic-T-equivalent input circuit and the magic-T mixer circuit 
this suppression is assumed, independently of the actual i-f impedance 
and r-f impedance of the crystals. Because of the magic T, an inequality 
in r-f impedance contributes little to the unbalance of the mixer and 
similarly, because of the i-f input circuit, which is equivalent to a magic T, 

an inequality in i-f output impedance causes little loss in noise suppression. 
If these two circuits are used, there is some significance to a calculation 

of the noise suppression realized for a given inequality in crystal conver¬ 

sion loss, as measured by a test set. The amount of LO-noise suppression 
may be defined as the ratio of the effective conversion loss for the signal 
to that for the local-oscillator noise, the conversion losses being measured 

from the corresponding r-f input terminals to the i-f-amplifier grid. 
If Li and L2 are, respectively, the conversion losses of the two crystals as 
measured in a standard test set, the square of the i-f signal voltage at the 

i-f amplifier, ^er unit r-f signal power available at the mixer, is propor¬ 
tional to (v^Li + The square of the i-f noise voltage developed 
at the i-f amplifier input terminals, per unit of LO noise power available 

in the mixer, is proportional, with the same proportionality constant, 
to (VXi — The suppression of local-oscillator noise is 

In Fig. 6-14 a curve of aS, in decibels, as a function of the difference, in 
decibels, in the conversion losses of the two crystals is shown. Since more 

than 15 db of noise suppression is obtained if the difference between the 
losses of the two crystals is less than 3 db, it is reasonable to assume that 
no selection of crystals would be required under ordinary circumstances. 
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A magic-T balanced mixer for 1.26 cm, with an i-f amplifier equipped 
with an input circuit such as that of Fig. 6'13, was tested in the following 
way. A group of 30 randomly selected 1N26 crystals were measured 

for r-f impedance, conversion loss, and noise temperature. The r-f 
impedances scattered in a random fashion, within the impedance circle 
corresponding to a voltage standing-wave ratio of 3. The conversion 
losses ranged from 6 to 8.5 db and the noise temperature from 1 to 2. 

Total untwianco in conversion loss in db 

Fio. 6*14.—^Local-oscillator-noise suppression as a function of unbalance in conversion loss. 

Pairs of crystals having almost identical r-f impedances and losses were 
used (md the effective over-all noise figure of the mixer and i-f amplifier 

was measured. With pairs of crystals matched in this way, the result 
corresponded, within the probable error of measurement, to the calculated 
value, if local-oscillator noise was neglected and if the effective crystal 

n<^ temperature was assumed to be equal to the arithmetic mean of the 
values for the two crystals. Other pairs were formed, representing the 
diametrical extremes in r-f impedance and the smallest and largest 
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conversion loss. For these pairs the measured effective over-all noise 
figure agreed closely with the calculated value assuming a conversion 
loss midway, in decibels, between the two and, again, the arithmetic 

mean of the noise temperatures. Thus the measurements showed that 

the suppression of local-oscillator noise was sufficient to reduce to a 
negligible amount the contribution, from that source, to the over-all 
noise figure. 

An independent measurement, for the various crystal pairs, of the 
actual LO-noise suppression was made in the following way. A test 
signal was added to the local-oscillator signal, and the output voltage 

from the receiver was measured. The result of this measurement was 
compared with the output voltage from the receiver when the same test 

signal was sent into the signal arm of the magic T of the mixer. The 

noise suppression was found to vary from about 13 db to over 30 db 
depending on the pair of crystals used. The results correlated reasonably 
well with what would be expected on the basis of the data on the indi¬ 

vidual crystals. There is, however, an additional factor depending on 
how well the input transformer is balanced; consequently, the crystal 
pair appearing to be the most nearly balanced with respect to conversion 

loss did not give the greatest noise suppression. 
6*6 Additional Features of the Magic-T Balanced Mixer.—The 

magic-T balanced mixer has been found to furnish a very satisfactory 

solution to the problem of local-oscillator noise. It has, moreover, 

certain features that make it useful even in the absence of such noise. 
One of these features is the small LO power requirement, which makes 

possible the use of a well-matched attenuating pad between the local 

oscillator and the mixer, as already discussed. This attenuation becomes 
very important in the 3- and 1-cm bands if a mixer must be operated 

without the assistance of a resonant TR cavity. The power available 
from most small local-oscillator tubes is insufficient in these bands to 
allow the reactive coupling circuits to be used without involving a 

significant interaction of the local-oscillator circuit on the signal circuit, 
with an accompanying deterioration in noise figure. With the intro¬ 
duction of the ^vide-band fixed-tuned TR switch in the 3.3-cm band, the 

balanced mixer became the only available mixer satisfactory from this 
viewpoint. Because the effect of local-oscillator noise on the over-all 
receiver noise figure is increased if no tesonant filter is used in the signal 

line of a simple mixer, the balanced mixer has an additional advantage. 
Another feature of the magic-T balanced mixer is that radiation of the 

local-oscillator wave by the antenna of the receiver is reduced. This 

is because the only power coupled into the antenna circuit from the 

local-oscillator circuit is a part of the power reflected by the crystals. In 
an ordinary single-crystal mixer, with nondirectional local-oscillator 
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coupling, as much local-oscillator power is sent to the antenna as to the 

mixer crystal unless there is a resonant filter in the signal line. With 
the balanced mixer, a resonant filter still attenuates the local-oscillator 

power that is coupled into the signal arm of the magic T. If the radiation 
of local-oscillator power must be minimized for any reason, the use of a 
balanced mixer, wth one of the crystal mounts made tunable, would be 

worth while. Since the scatter of crystal impedances is so large, it 
could hardly be expected that the local-oscillator power sent to the 
antenna, in the absence of a resonant filter, would always be more than 

10 db below the input level to the mixer, unless the crystal impedances 
were equalized by tuning. If one crystal were matched to the waveguide, 
for instance, and the other had a voltage standing-wave ratio of 2, the 
power sent to the antenna would be ^ of that sent into the mixer by the 
local oscillator. If each of the crystals had a voltage standing-wave 
ratio of 2, but with reflection coefficients having opposite phases, i of the 
power sent into the mixer by the local oscillator would be radiated by 
the antenna. With a tuning adjustment on one crystal such that the 
reflection coefficients could be equalized, the radiation by the antenna 
could be kept at least 40 db below the input level of the mixer, at the 

frequency for which the tuning was made. 

The balanced mixer discriminates against i-f signals arising from 
beats between two frequencies present in the signal channel, for the 
same reasons that it suppresses local-oscillator noise. This discrimination 
is of value because it reduces the susceptibility of the receiver to inter¬ 
ference from signals that are not at the signal- or image-frequency 

sidebands of the local oscillator. Interference can be produced, in a 
receiver having an ordinary mixer and no resonant preselecting filters, 
by beats between any two signals that differ in frequency by the inter¬ 

mediate frequency and that can propagate down the transmission line of 

the receiver. The discrimination against interference of this kind is 
about the same as the discrimination against local-oscillator noise and 

may, unless selected crystals are used, be as small as 13 db. If such 
disdrimination is deemed important in view of the application of the 
receiver, provision may be made to achieve an exact balance in the mixer 

circuit by addition of a small adjustable r-f attenuator, for example, 
between one crystal and the junction. The crystal having the smaller 
conversion loss should be used on the side that has the attenuator, and the 

adjustment would have to be made on an actual set of interfering signals. 

Whether the balance would be sufficiently good over the whole band in 
which interfering signals can occur, however, is questionable. 

If a resonant TR cavity is used in the signal line of a balanced magic-T 
mixer, the i-f admittance of the crystals is influenced, as in the single 
mixer, by reflection of the image frequency by the TR cavity. It is 
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difficult to make the line length between the cavity and the crystals so 

short that the phases of the reflected image-frequency waves arriving 
at the mixer crystals do not change very much over a wide frequency 

band. A considerable variation in i-f admittance and some variation in 

conversion loss over a wide band might therefore be expected. With 

the input circuit that is equivalent to a magic T, the variation of i-f 
admittance does not seriously affect the balance of the mixer but it does 
affect the pass band of the input circuit and the i-f-amplifier noise figure. 
For a single-frequency receiver, as with the 

single mixers, the length of line between the 

cavity and the crystal can be chosen to give 
the best noise figure. For most purposes, how¬ 
ever, this has not been considered worth while 
and instead, consideration has been given to a 
special change in the balanced mixer to allow 
the effect of the image-frequency wave to be 

eliminated at all frequencies. 
Since the phase relation between the signal 

and the local-oscillator waves results from the 

symmetry of the magic T, the line lengths from 

the T-junction to the crystals may be made 
unequal. A change in the line length, very 
small compared with a wavelength at the 
intermediate frequency, makes a very small 
change in the phase of the i-f voltage produced 

by the crystal, because both the local-oscillator 
wave and the signal wave are delayed by 
almost the same phase angle. It is therefore 

possible to make the distance from the junction of the magic T to one 
crystal a quarter of an r-f wavelength different from the distance from 
the junction to the other crystal, as shown in Fig. 6T5. The result of 

adding a quarter wavelength to one side of the magic T is that, if image- 
frequency waves of equal amplitude are developed by the crystals, 
their phase relation, as they converge on the junction, is such that they 

are transmitted entirely into the local-oscillator arm of the magic T. The 

way in which this comes about is illustrated graphically in Fig. 6* 16. 
The vectors of Fig. 6* 16a represent the waves that are excited in the 
crystal arms of the magic T by the local oscillator and the signal genera¬ 

tor. The phase of the local oscillator is taken as a standard of reference 
and the vector representing it therefore remains fixed. The relative 

phases between the signal wave and the local-oscillator wave, in each 
arm, are determined by the angle between the local-oscillator vector and 

the small vector representing the signal. Since the frequency of the 

Fig. 6*15.—^Balanced 
mixer so arranged that the 
image-frequency wave is 
transmitted into the local- 
oscillator attenuator. 
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signal differs from that of the local oscillator by an amount equal to the 
intermediate frequency, the small vectors rotate at the intermediate 
frequency, in the direction indicated by the curved arrows. Because 

the local oscillator is connected to arm (3) of the magic T, the vectors 
representing the local-oscillator phases at points equidistant from the 

^ g. junction in the two crystal arms point 
\ * K^g. in the same direction. The vectors 

^ representing the signal are oppositely 
LQ LQ directed, since the signal enters the 

mixer from arm (4). 
__ __ At the two crystals, the relative 

(1) (2) phases are changed because one line 

is longer, by a quarter wavelength, 
Im. than the other. If the vector repre- 

^ senting the phase of the local-oscil- 
LO lator wave at crystal (2) is directed 

' Lo upward, that at crystal (1) is directed 

0) 12) toward the left because it is retarded 
(6) by 90°. A like change in the relative 

phases between the two signal vectors 
/ / occurs, and the situation is therefore 

like that represented in Fig. 6T66. In 
(I) (2) this diagram the phases of the two 

(e) image-frequency waves generated by 
Fig. 6-16.—Graphical illustration of the action of the Crystals are indicated 

rrfative phases of waves at the LG dashed-line vectors. Because 
Signal^ and image frequencies, when the 
crsrstal arms differ in length by one the image frequency differs from the 
quar^ wavelength, (a) Vectors show- local-oscillator frequency by the same 
ing the relative phases of the incident 'x j j 
signal and locai-oeciliator waves in amount as does the signal frequency 
urns (1) <»d (2) at planw^uidistant ^ut in the opposite sense, these vec- 
from the jimction. (6) Vectors repre- . * 
senting the relative phases between tors rotate at the intermediate fre- 

direction opposite to 
ing relative phases of the two image- that of the rotation of the signal vec- 
frequency waves as they ^nverge on The relative phase between the 
the junction of the magioT from the . i • t 
two crystals. image and signal waves is not unique¬ 
ly determined at the planes of the crystals, since the effective line 
lengths within the crystals may not be negligible. However, the rela¬ 
tive phases between the two image vectors must be as shown, if the 
crystals are identical, because the phase of each is determined by the rela¬ 
tive phases of the signal and local-oscillator voltages. A reversal of the 
phase of the signal wave relative to that of the local-oscillator wave 
must reverse the phase of the image. The relative phases have been 
drawn on the basis of two assumptions. It is assumed first that the 

Fig. 6-16.—Graphical illustration of 
relative phases of waves at the LO 
signal, and image frequencies, when the 
CTjrstal arms differ in length by one 
quarter wavelength, (a) Vectors show¬ 
ing the relative phases of the incident 
signal and local-oscillator waves in 
arms (1) and (2) at planes equidistant 
from the jimction. (6) Vectors repre¬ 
senting the relative phases between 
signal, local-oscillator, and image waves 
at the two crystals, (c) Vectors show¬ 
ing relative phases of the two image- 
frequency waves as they converge on 
the junction of the magic T from the 
two crystals. 
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image-frequency wave is produced entirely by modulation from the i-f 
voltage, and second, that the signal voltage arising from the i-f voltage is 
such that the admittance of the crystal to the signal wave is reduced 
by the presence of the i-f voltage. 

The image-frequency waves travel from the crystals back toward the 
junction of the magic T. Because the line on the left side is a quarter 

wavelength longer than that on the right, the relative phases of the two 
image-frequency waves are changed by a 90° retardation of the vector 
representing the image wave on the left. These waves therefore have like 

phases, as shown in Fig. 6* 16c, as they converge on the junction, and if 
they have the same amplitudes, all of the image-frequency power is 
transmitted into the local-oscillator arm of the mixer. A matched 

attenuator pad in this arm allows the image-frequency power to be 
absorbed without reflection, and both crystals behave as they would in a 
mixer without a resonant signal circuit. The i-f admittance and the 

conversion loss of each crystal are not strongly dependent on the operat¬ 
ing frequency. A large percentage change in frequency can be made 
before the difference in length of the two crystal arms becomes so different 
from a quarter of a wavelength that most of the image-frequency power 

is not sent into the local-oscillator arm. 
It is not kno^vn how well this treatment of the image-frequency wave 

can be achieved in practice. Its success depends on the equality of the 

amplitudes of the two image-frequency waves generated, and on the 
validity of the assumption that the effective line lengths contained within 
the crystals are identical. Since the production of the image-frequency 

wave by the crystal is a second-order effect, a greater inequality would 
be expected in the production of image power by various crystals than in 
their conversion efficiency. It is also possible that the effective line 

length contained within the crystals, especially at 1 cm, would vary too 
much, from one crystal to another, to allow the assumption about the 

relative phases of the two image-frequency waves to hold. Again, it 

would be possible to add a tuning adjustment, in the form of a line of 
variable length on one side of the magic T, so that the correct relative 
phases of the image frequencies could be obtained. Measurement 

of the output admittance of the i-f coupling circuit as a function of the 
line length between the TR cavity and the magic T shows how well the 
image-frequency wave is being disposed of. If all the image-frequency 

power is being transmitted to the local-oscillator attenuator, the i-f 

admittance should be independent of the distance between the cavity 

and the magic T, unless harmonic frequencies have an effect. 

6*7. Special Crystal Mounts for the Balanced Mixer.—For some 

receivers, the push-pull transformer of Fig. 6-13 is not suitable. For 
example, because mutual inductance is used and because it is not easy to 
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obtain large coupling coefficients in transformers for high frequencies, 
some difficulty is encountered in making such a circuit with a very wide 
pass band. It would be much simpler if the two i-f voltages could 

be made to have like phases so that the output voltages of the two 
crystals could be added in parallel. 

If the pin end of one crystal and the base end of the other are grounded, 

the crystals can be made to produce i-f voltages in like phases from the 
input signal and voltages in opposite phases from local-oscillator noise. 
For the ceramic cartridge crystals used in the 3-cm band, an inverted 

crystal mount has been designed which allows the i-f voltage to be 
taken from the large end of the cartridge, vnth the pin end connected 
directly to the waveguide. This mount is similar to the 10-cm coaxial¬ 

line mount, in that it has a polystyrene-supported choke on the large end 
of the crystal. To obtain flexible fingers for making contact with the 
pin end of the crystal, a half-wavelength coaxial line is used. The 

position of the crystal in the waveguide, and its r-f admittance, are 
identical with those in the ordinary 3.3-cm crystal mount. 

The disadvantage of using crystal mounts of opposite polarities in a 

balanced mixer is that an i-f input circuit equivalent to a magic T is 
difficult to achieve. Direct connection of the output terminals of the two 
crystals in parallel does not secure the independence of noise suppression 

from the i-f admittance that is achieved with the push-pull circuit. It is 

possible to devise a shunt circuit that contains a dummy load for the 
unbalance signal but such a circuit has not been tried. With a non¬ 

resonant signal circuit connected to the mixer, however, there is not a 

great variation in i-f admittance from crystal to crystal, and the unbal¬ 
ance caused by inequality of the i-f admittances may not be serious. 

It is impossible to achieve TR-aided tuning of the crystal mounts 

over a wide band of frequencies because the distance between the crystals 
and the TR switch is too great. Because of this fact, and because the 
balanced mixer is peculiarly suitable for use in systems that have no 

resonant TR switch or preselecting cavity between the antenna and the 
mixer, a crystal mount that has an r-f admittance characteristic less 
frequency-sensitive than that used in the simple mixers is desirable. 

For the band from 3.13 to 3.53 cm, an improved crystal mount has 
been designed. It was first attempted to increase the bandwidth of the 
simple crystal mount by adding a resonant iris across the waveguide, a 
quarter wavelength ahead of the crystal. Since the susceptance of a 
crystal in the simple mount increases with frequency, whereas the con¬ 
ductance remains approximately constant, the crystal in its mount is 

approximately equivalent to a shunt-tuned resonant circuit, as discussed 
in Chap. 3. If a resonant shunt-tuned iris is placed a quarter wavelength 
from the center line of the crystal, toward the generator, the combination 
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changed if the admittance of a crystal does not match the waveguide 
admittance at the center frequency, and the compensation of the iris for 
the frequency sensitivity of the crystal is not so good as for a crystal that 

is matched at the center frequency. It has been found that there is no 
iris Q that gives significantly improved results with crystals representing 
ail r>f admittances to be encountered. 

A more satisfactory means of improving the bandpass characteristic 
of the'simple crystal mount was found in the form of a simple inductive 
iris. The final design of this crystal mount is shown in Fig. 6-17. An 

Fig. 6*19.—Perspective view of 3.3-cm magio-T balanced mixer using one inverted crystal 
mount. 

average crystal in the mount shown in detail in Fig. 3.6 has, at the center 
of the frequency band, a conductance slightly above the line admittance. 

The susceptance of the inductive iris, and its position, are such that the 
area covered by the admittance plot for representative crystals is centered 
at the cha^teristic admittance of the line at the midband frequency. 
The combination of the frequency sensitivities of the line length from 

crystal to iris, of the iris susceptance, and of the crystal admittance is 
such that the total spread of admittance b reduced from that for a simple 

mount. Curves showing the admittances measured at 3.14 cm, 3.33 cm, 
and 3.50 cm are given in Fig. 6'18. Almost all of the representative cry- 
stab fall within the circle of voltage standing-wave ratio equal to 2.65 
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and, therefore, the reflect on loss for almost all crystals is less than 1 db 
at any wavelength in this band. 

Figure 6* 19 is a perspective view of a magic-T balanced mixer designed 

for the 12 per cent band centered at 3.33 cm. Included in the figure are 

crystal mounts in opposite polarities, the band-broadening irises, the 
matching structures for the magic T, and a variable matched attenuator 

for the LO coupling adjustment. 

6*8. A Double Balanced Mixer for Separate-channel AFC.—Because 
the local-oscillator circuit for a magic-T balanced mixer is simple, the 

addition of a second mixer for separate-channel AFC is straightforward. 

A simple single-crystal mixer could be coupled to the local-oscillator 

Fio. 6-20.—Two-channel broadband mixer. 

waveguide, on the high-power side of the local-oscillator attenuator, with 

any of the circuits described in Chap. 3. The two-channel balanced 
mixers have been made with a balanced mixer for each channel, however, 
rather than with a simple mixer for the AFC channel. Although the 

suppression of local-oscillator noise is not significant in the application of 
the balanced mixer as an AFO mixer, some of the other features are 

desirable. 
A two-channel balanced mixer is constructed from three magic T's. 

One T is used for each mixer and the other to split the local-oscillator 
power between the two balanced mixers, in the manner indicated sym¬ 

bolically in Fig. 6*20. Although the fourth arm of the center magic T, 
containing only a dummy matched load, is not essential, it does serve a 
useful purpose. If the attenuator in the local-oscillator arm is reflection¬ 

less, no local-oscillator power reflected from one mixer is coupled into the 
other. For this reason all four crystals receive power depending upon 
their admittances in the same way as if each were connected to a matched 
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waveguide generator independently* It is therefore possible to use a 

single adjustment of the local-oscillator power for all four crystals, 

since their reflection losses will not be large. 
Another advantage of the center magic T over a simple T-structure 

for splitting the local-oscUlator power is that an increase in the cross 
attenuation between the two mixers is obtained through its use. If 

power that leaks past the TR cavity enters the signal-input arm of the 
left-hand mixer, none of this power is sent into the local-oscillator arm 
of this mixer, provided the two crystals have identical r-f admittances 

at this power level. Under ordinary circumstances the two crystals are 

sufficiently alike to allow not more than 10 per cent of such power, sent 
into the mixer, to be coupled out the local-oscillator arm. To travel into 

the AFC mixer this power must be coupled from arm (1) to arm (2) of 
the center magic T. If the reflection coefficients for waves traveling 
outward in arms (3) and (4) are both zero, the coupling between arms (1) 
and (2) is zero and, therefore, the cross attenuation is infinite. In 
practice the dummy load in arm (4) can be made to have a very small 
reflection coefficient, but the reflection coefficient in arm (3) is determined 
by the amount of attenuation used. Even in the worst case, when the 

local-oscillator tube delivers only sufficient power to drive the crystals 
with no attenuation and completely reflects the signal frequency, 6 db 
of cross attenuation is gained through the use of the center magic T. 

The balanced AFC mixer provides additional effective cross attenu¬ 
ation. The signal arriving from the receiving mixer by way of the local- 
oscillator circuit, because it arrives with the local-oscillator signal, 
is discriminated against by the combination of mixer and i-f input 
circuit in just the same way as is local-oscillator noise. Even if the 
conversion losses of the crystals differ by as much as 3 db, the equivalent 
of 15 db of cross attenuation is obtained. Thus a total of at least 31 db of 
cross attenuation can be obtained with this double mixer, even with 
a local oscillator having just sufficient available power to drive the 

four crystals. With more local-oscillator power and well-balanced 
crystals, the cross attenuation would be very high and an ordinary 
leakage signal from the TR switch would certainly not interfere with the 

functioning of the AFC circuit. 
The balanced AFC mixer serves also to reduce the effect, on the AFC 

circuit, of the video pulse produced at the output terminals of a crystal, 
when the AFC signal is too large. Such video pulses may contain 
frequency components in the intermediate-frequency region and these 
are sometimes large enough, relative to the beat-frequency signal, to 
cause some interference with the AFC action. With the balanced mixer, 
if the rectification efficiencies of the two crystals are equal, the video 
pulses produced by the two crystals will also be equal. With an i-f 
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input circuit arranged to transmit the beat-frequency signal, the i-f 

components of the video pulses cancel. Video components due to stray 

signals or to harmonics of the transmitter signal are similarly canceled. 

One difficulty often encountered with an AFC circuit is that the circuit 
locks when a harmonic of the beat frequency passes through the i-f 
amplifier. With an intermediate frequency of 30 Mc/sec, for instance, 

the AFC circuit might lock with the local-oscillator frequency only 15 
Mc/sec away from that of the transmitter. To prevent this, the har¬ 
monics of the beat frequency must be kept below the threshold level 

of the AFC circuit. The balanced mixer assists in this because even- 
order harmonics, arising from beats between an even-order harmonic of 
the local oscillator and a harmonic of the signal of the same order, are 
balanced out. This may be shown to occur because a reversal in phase 

of a fundamental frequency does not alter the phase of an even-order 
harmonic generated from it. The cancellation of such even-order 
harmonic voltages is probably not very complete, because the effi¬ 
ciency of generation of harmonics by different crystals probably varies 
considerably. 

A further attractive feature of the balanced mixer for the AFC 
channel is that the signal-input arm can be provided with a matched 
dissipative attenuator without affecting the coupling of the local oscil¬ 

lator. If such an attenuator is used, the crystals receive signal power 
from a matched generator, which is not true if a cutoff attenuator, or 
small hole, alone is employed. From a matched generator, the power 

delivered to the crystals is not strongly dependent on their admittances 
and, therefore, the range of input power for which the circuit must be 
made to operate is considerably reduced. A dissipative attenuator made 

of polyiron, cut with matching transformers at both ends and having 
20 or 30 db of attenuation, has been used in the signal-input arm of the 
magic T that forms the AFC mixer. This attenuator also reduces the 
danger that stray leakage signals may get into the signal circuit at a 
connector on the signal-arm waveguide. Interference with the operation 
of the AFC circuit from this source is therefore reduced. Harmonics 
of the AFC signal coming from the transmitter tube are also effectively 
attenuated and should therefore cause no trouble. Thus it is apparent 
that the balanced AFC mixer solves practically all of the problems 
encountered in the two-channel mixer, and the improved performance is 

well worth the added complexity of one extra crystal. 
A perspective view of a double balanced mixer used in the 12 per cent 

band centered at 3.33 cm is shown in Fig. 6-21. This mixer represents 
only one of many possible arrangements of the magic T’s and was chosen 

only because it gave the most convenient physical arrangement for the 

application. 
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A double balanced mixer for the 1.25-cm band is made from a die*cast 
block containing aU of the waveguides and matching irises. Once the 
dies have been made, this part of the mixer can be inexpensively repro¬ 
duced with very high precision and in large quantities. The remaining 
parts, associated with the crystal mounts, the i-f attenuator, and the 
waveguide choke joints, may be added later or machined into the die-cast 
block. For the block to be die-cast, it has to be made in two halves and 

Fio, 6*21.—A double balanced mixer for 3-cm band. 

there has to be a small taper in the waveguide heights to allow the pieces 
to be pulled off the dies. The mixer is split in a plane through the center 
of the broad wall of most of the waveguides so that no current lines are 
cut by the split, except in the regions of the junctions of the magic T’s. 
No difficulties are caused by leakage or poor contacts in this split. 
The additional precaution has been taken, however, to have the adjacent 
faces of the two halves honed flat. The tapers in the waveguides cause 
their heights to change from 0.171 in. at the center, in the plane of the 
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split, to 0.169 in, at the side walls. There is no detectable effect on the 

standing-wave ratios in the mixer from this small taper. A perspective 
view of the double balanced mixer, with the two halves separated to 
show the internal structure, is shown in Fig. 6-22. 

Cut away to reduce weight 

Fio, 6‘22.—A die-cast double balanced mixer for 1,25-cm band. 

6*9. Other Special Circmts.—It is very simple to adapt the double 
balanced mixer to satisfy other, special, circuit requirements. If, for 

instance, a separate local oscillator for beacon reception is desired, such 
an oscillator may be connected to the dummy arm of the center magic T. 
The dummy load may be replaced with a variable attenuator and this 

arm becomes equivalent to the input arm of the first local oscillator. 
Either of the oscillators may be used, with a switch provided to select the 
desired one. For beacon reception, the AFC mixer is not used, but no 

harm comes of supplying local-oscillator power to it. 
If beacon AFC is desired, a reference cavity and detector crystal 

may be added to the LO-tube mount in place of the short circuit normally 

used behind the tube antenna. The same requirements must be met 

by the circuit, to avoid frequency discontinuities, as by the circuit 

described in Sec. 4* 13. 
If a resonant TR cavity is used with a mixer for a radar system, it 

may be desirable to use a beacon-tuning device. This device can be 
placed, just as in the single mixers, in the signal input arm a half-wave- 
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length behind the TR cavity. Shutters for protection of the ciystals 

during shutdown and turnon periods can also be added to the signal input 

arm. 
Because the magic-T balanced mixer is especially suited for use with a 

broadband nonresonant TR cavity, the 3-cm-band versions have usually 

been used in combination with a TR system of that type. As a conse¬ 

quence beacon tuners have not been required. In conjunction with 

systems using the bandpass TR cavity, in the desire to eliminate as many 
of the manual tuning controls as possible, the electronically controlled 

Fig. 6*23.—Double balanced mixer with beacon-AFC cavity and detector. In this mixer a 
single thermally tuned oscillator is used for both radar and beacon reception. 

thermally tuned local oscillators have usually been used. In the 3-cm 
band, for instance, the 2K45 tube, which can be tuned electronically from 
3.13 to 3.53 cm, is useful for this purpose. With such an oscillator 
tube it is not necessary to add a second oscillator for beacon reception. 
Instead, the single oscillator is tuned electronically to receive either the 
beacon signal or the radar signal depending upon which AFC circuit is 
operative. When the AFC circuit is actuated by the balanced AFC 
mixer, the oscillator is controlled at the correct frequency to receive 
radar echoes. On the other hand, a beacon reference cavity and detector 
crystal may be added and used to control the oscillator at the right 
frequency to receive beacon signals. Such a reference cavity may be 
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added in place of the short circuit behind the tube antenna in the ordinary 

tube mount, as for a separate beacon oscillator. It is also possible to add 

the beacon reference cavity by means of another magic T, as illustrated 

symbolically in Fig. 6-23. The magic T provides independence between 

the two circuits in such a way that reflections in the cavity circuit do not 

affect the power delivered to the mixers. A pad between the magic T 

and the cavity reduces the interaction between the cavity and the 

oscillator. Consequently, the load on the beacon cavity need not be so 

heavy as in the application without the input-circuit pad. In this circuit 

the steepness of slope in the transmission characteristic of the cavity is 

sacrificed to some extent to gain decoupling in order to reduce pulling 

of the resonant frequency of the cavity by the external circuits. The 

formulas of Sec. 4T1 still apply, since the magic T between the oscillator 

and the cavity is equivalent to 3 db of matched-attenuator padding. 



CHAPTER 7 

FREQUENCY CONTROL OF LOCAL OSCILLATORS 

By Eric Durand 

In the first chapter (Sec. 1*2) it was shown that the allowable percent¬ 
age frequency drift is much smaller in microwave receivers than in those 
designed for lower frequencies. Furthermore, many microwave oscil¬ 

lators are inferior in percentage stability. In some cases radar gear 

must be operated by the pilot of a plane, who cannot spare the time to 

maintain correct tuning manually. For these and other reasons, the need 

for automatic frequency control (AFC) became apparent early and at 
present AFC is used in nearly all equipments. This chapter* will 
consider the causes of frequency drift and methods for minimizing its 

ill effects through AFC. 
7*1. Sources of Frequency Drift.—In most microw^ave receivers, the 

pass band of the r-f components is much wider than that of the over-all 
receiver. The center frequency of the pass band of the i-f amplifier is 

very stable compared wth the beat note at intermediate radio frequency. 
Consequently, a receiver once tuned will operate at full efficiency as long 
as the frequency difference betw^een local oscillator and transmitter has 

the correct value. 
Oscillators of three types are in common use at microwave frequencies: 

the magnetron, the velocity-modulation tube, and the triode lighthouse 

tube. Each is governed by a resonant circuit having effective inductance 
and capacitance. Although lumped constants are not used, as in the 
case of low-frequency oscillators, the same fundamental criterion for 
operating frequency applies, namely, that the over-all impedance around 

the feedback loop shall be equal to zero. Changes in resistance produce 
changes in amplitude, while changes in reactance cause a shift to a new 

frequency at which the net reactance is again zero. 
For practical purposes, factors affecting circuit reactance may be 

divided into three classes: 

1. Geometric factors, in which the effective inductance and capaci¬ 
tance of the oscillatory circuit are changed directly through 
mechanical motion. 

2. Pulling factors, in which reactance is coupled into the oscillatory 
circuit from the load. 

‘ 8ee also Vol. 23) Chap. 3. 
290 
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3. Pushing or electronic-tuning factors, in which reactance is intro¬ 
duced by changes in electrical conditions, such as voltage, current, 
or magnetic field. 

Here we are concerned with geometric factors deliberately introduced 
through a tuning mechanism only in so far as the mechanism is affected 
by the ambient conditions of temperature, pressure, and vibration. 
Magnetrons, whose resonant circuits are carved of solid copper blocks, 
are geometrically stable except for a drift of a few megacycles per second 
during warmup. They are, however, affected by both pulling and 
pushing. 

The pulling figure of an oscillator (see also Vol. 7) is defined as the 
maximum change in frequency when a load having a voltage standing- 

wave ratio (VSWR) of 1.5 is presented in all possible phases to the tube. 
Pulling figures in the 10- and 3-cm bands range from 10 to 15 Mc/sec, 
while at 1 cm, values lie between 25 and 30 Mc/sec. At low frequencies, 
pulling may be avoided by the use of a buffer amplifier. High-power 
microwave amplifiers, however, do not exist, and the microwave trans¬ 
mitter is therefore coupled directly to the antenna line. Consequently, 

pulling may occur during scanning because of reflections in the line caused 
by off-center rotary joints, reflections of energy into the antenna from 
radomes or other nearby objects, lobe switches, or variable antenna- 

feed devices such as wobbled feeds or variable-width leaky-waveguide 
antennas. The last-named antennas are very troublesome because the 
standing-wave ratio often suffers large fluctuations when the reflections 
from the individual radiating elements all add in phase. 

The amount of transmitter pulling is variable. Low-gain antennas 
are particularly troublesome since their diijuse pattern makes reflection 

back into the line almost unavoidable. Thus, in the 1-cm band, in 
spite of the large pulling figure, pulling is usually negligible because of 
the high antenna gains commonly used. 

The pushing Jigure of a magnetron is defined as the frequency shift, 
in megacycles per second, per ampere change in magnetron current. 
The figure is negligible in the 10-cm band, around 1 Mc/sec per amp in 
the 3-cm band, and 2 Mc/sec per amp in the 1-cm band. With reason¬ 
ably well-regulated primary supplies, pushing offers no AFC problems. 

The resonant frequency of the ca\dty of a velocity-modulation tube 

is altered by changes in either the cavity volume (inductance) or the 
space between the grids (capacitance). For our purposes, only the 
capacitance change is significant. Geometric changes in grid spacing 
are caused by thermal expansion and, in the case of airborne gear, by 
changes in barometric pressure. The magnitude and polarity of thermal 
changes depend on the detailed design used; in some cases, excellent 
compensation is possible. Tubes in which the tuning range is covered 
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by the use of a thermal strut (see Sec. 7*2) are likely to show large drifts 
caused by temperature changes. Tubes such as the 2K45 and the 2K50, 
which have built-in triodes to energize the thermal strut, are very sensi¬ 

tive to triode heater voltage. The end effect here is geometrical, although 

the immediate variable is a voltage. 
Pulling, in local oscillators, is seldom a problem since the r-f geometry 

is fixed. A special difficulty arising from the use of precision reference 
cavities as AFC standards has been treated in Chap. 4. 

Pushing, in local oscillators, is commonly referred to as electrical or 

electronic tuning. In triodes very little electronic tuning is available 
without serious deviation from optimum conditions. Velocity-modula¬ 
tion tubes, however, may be tuned many megacycles per second by varia¬ 

tion of either accelerator or reflector voltage. This property offers 
little difficulty as a source of drift since well-regulated power supplies 
may be used. In fact it is a means of tuning well suited to either manual 

or automatic control of frequency. 
7-2. Properties of Local Oscillators for Frequency Control.—As was 

pointed out at the beginning of the previous section, control of the 

frequency difference between the local oscillator and the transmitter is 

sufficient to maintain correct tuning of a microwave receiver. Because 
it is usually far easier to tune a local oscillator than a transmitter, the 

former is usually chosen for control purposes. 
Corresponding to the three mechanisms for producing frequency 

changes, there are three types of control that may be applied to the local 

oscillator. Geometric control may be exercised either by straight 

mechanical devices operating through motor-driven tuning mechanisms 
or by the use of thermal expansion. Pulling control can be used by lock¬ 

ing the oscillator to a stabilizing cavity. In such a system there is no 
AFC per se, but only frequency stabilization. The use of reactance 

tubes, which is common at low frequencies and perhaps possible in the 

10-cm region, is a means of utilizing the principle of pulling since the 
reactance tube injects reactance across the tuned circuit in much the same 
manner as does a reactive load. Electronic tuning is commonly effected 

by control over the reflector voltage of a reflex velocity-modulation 
(VM) oscillator. Typical reflex oscillators may be tuned anywhere 

from ±30 Mc/sec to ±60 Mc/sec before the output power is cut in half. 
The tuning sensitivity of such tubes ranges from 1 to 4 Mc/sec per volt 

in the higher range of frequencies, with large variations within any 
given t3rpe. A complete discussion of electronic tuning will be found 

in Vol 7. 

Geometric control is relatively slow whereas response in electronic 
tuning is essentially instantaneous. Control circuits are accordingly 
quite different as will be seen in later sections. 
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A number of thermally tuned reflex oscillators are now available. 
One example of the type is the 2K50, which operates in the 25,000- 
Mc/sec band. The essential features of the tuning mechanism are shown 

in Fig. 7*1. It operates in the following manner. When the bias on the 
tuner triode grid G is reduced, current flows to the plate P, causing its 
temperature to rise. The resulting expansion of P distorts the triangle 

abCj causing the apex a to pivot downward about c. Since the apex is 
welded to a metal sleeve S, which, in turn, is welded to the upper plate D of 
the resonant cavity, this motion is transmitted to the cavity, and causes 

the upper grid Gi to approach the lower grid G2. This reduces the opera¬ 
ting frequency. It will be noted that the reflector P, which is inside 
of a ceramic cylinder cemented inside of 5, maintains a fixed distance 

from Gi. 
The 2K50 will tune from 1.21 to 1.29 cm (about 2000 Mc/sec) with 

6 watts of triode plate dissipation. The thermal time constant is about 

1.7 sec; consequently the maximum tuning rate at either end of the band 
toward the other end is 1300 Mc/sec per sec, and at band center, 650 

Mc/sec per sec. 
The 2K45 operates in the 10,000-Mc/sec band. The tuning mecha¬ 

nism is somewhat different from that of the 2K50 but gives the same 
results. The tube also covers a 2000-Mc/sec range with 6 watts of 
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triode power, but the time constant is about 8 seconds, giving a maximum 

tuning speed at band center of 125 Mc/sec per sec. 

Two properties of these thermal tubes introduce new problems in 
AFC and have necessitated the introduction of new circuits radically 

different from those previously used for reflector AFC. The first of 
these properties is the time delay that occurs between the application of a 

control voltage to the triode grid and the attainment of equilibrium of the 
oscillator frequency. This delay fixes an upper limit to the rate at 
which the AFC can follow a disturbance, and even this limit cannot be 

reached unless the strut power is turned fully off or fully on when a 
frequency shift is required. The new circuits utilize this ‘‘on-off'^ 
principle. The second property is the wide tuning range afforded. 

The tubes will oscillate over a range of several hundred megacycles per 
second at a single value of reflector voltage. This introduces the problem 
of possible locking to the ‘‘wrong sidebandas will be shown in Sec. 7*10. 

A particularly troublesome feature of thermal tubes with built-in 
triodes is the dependence of the frequency on the triode heater voltage. 
Because of thermal inertia, changes in frequency from this cause are 

always slow and can be readily compensated for by the AFC. If, how¬ 
ever, one wishes to have manual tuning, for instance (to allow operation 
in the event of AFC failure), it is necessary to regulate the heater voltage 

closely. Ballast tubes are of some help, but for good regulation an 

electronic device is necessary. One scheme is to drive the heater by 
means of a stable oscillator operating from the electronically regulated 

LO accelerating voltage. 
7-3. Classification of AFC Systems.—There are two main classes of 

AFC systems: difference-frequency (D-F) systems and absolute-frequency 

(A-F) systems. D-F systems are those which maintain a constant 
frequency difference between local oscillator and transmitter, and A-F 
systems are those which hold the local oscillator to a fixed radio frequency. 

The conventional AFC of a home broadcast receiver^ is an example of 

a D-F system, since the comparison between local oscillator and received 
signal is made at the intermediate frequency, and errors in the frequency 

of the resultant i-f beat are used to control the local oscillator. 
The crystal-controlled fixed-frequency receivers used in commercial 

communications are examples of A-F systems. In microwave receivers, 
the fimction of such crystals is performed by precision cavities, and 
complex control circuits are required. 

The type of system required depends on the problem involved. In 
normal radars, samples of the transmitter signal are at hand, and varia¬ 

tion in transmitter frequency is expected. A D-F system is therefore 

^ F. E. Tennan, Radio Engineer's Handbook^ McGraw-Hill, New York, 1943, Sec. 9, 
p. 354. 



8bc. 741 THE AFC FEEDBACK LOOP 295 

clearly necessary. On the other hand^ for the reception of beacons, no 

signal is available until the beacon transmitter has been triggered. 
Therefore, the receiver should be always in tune. Tuning can be main¬ 

tained only by the accurate control of beacon transmitter frequency 
coupled with A-F stabilization of the local oscillator. 

Again, in home receivers any one of many carriers must be received, 

which eliminates the possibility of A-F control; in fixed-frequency 
receivers, the signal should not be lost during a fading spell or a noise 
burst, so that A-F control is desirable. 

In addition to classification according to the frequency to be controlled 
(that is, intermediate frequency or radio frequency), classification 
according to control circuit is useful. In particular, each of the specific 

systems mentioned above requires that the local oscillator be tuned 
very close to the desired frequency before control is established; that is, 
these systems have a small ^'pull-inrange. Once locked, a much 

larger drift tendency may be overcome; that is, the systems have a large 
hold-in'^ range. These, then, are nonhunting systems. 

It is possible in either D-F or A-F systems to cause the local oscillator 

to sweep over a large band of frequencies in order to find the correct 
operating point. When the local oscillator is used in such a way, the 
system is known as a hunting system, and the pull-in range may approach 
or even equal the hold-in range. Hunting systems become useful when 
two conditions exist : (1) the expected drifts are large compared with the 
receiver bandwidth, and (2) there is no possibility of signal confusion 
(locking to wrong transmitter, etc.). Since both of the conditions 

usually apply, most AFC systems developed for radar receivers have the 
hunting feature. 

The balance of this chapter will treat hunting and nonhunting 
difference-frequency systems, and absolute-frequency hunting systems. 
Corresponding to the greater effort spent in their development, emphasis 
is placed on D-F hunting systems suitable for pulsed transmitters rather 

than on A-F and nonhunting systems for c-w" transmitters. It is recog¬ 
nized, however, that the latter will play an increasingly important role 

in postwar work. 

DIFFERENCE-FREQUENCY SYSTEMS 

74. The AFC Feedback Loop.—The basic operating principles of a 
difference-frequency AFC system are illustrated in the block diagram of 

Fig. 7*2. Samples of the transmitter signal fr and the local oscillator 

signal fio are applied to a mixer. The resultant i-f signal is amplified 
and applied to a discriminator. This produces an error voltage whose 
polarity depends on whether the intermediate signal frec^uency is above 
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or bdow the crossover frequency and which ia zero at crossover, as shown 
in Fig. 7*3. The error voltage is amplified and applied to a control 

circuit which transforms it into a control voltage^ suitable for changing 
the LO frequency. Polarities are such that any deviation from crossover 
produces a correction voltage tending to offset such deviation. It can 

Pio. 7*2.—Block diagram of AFC loop. 

be seen that such a circuit is essentially an inverse feedback loop, and 

therefore, the Nyquist theorem^ applies. 
In particular, if the loop is broken between the discriminator and the 

control circuit, an alternating voltage applied to the control circuit will 

reappear, modified in both phase and amplitude, at the discriminator 
output terminals. By Nyquist’s theorem, the system will be stable 
provided the over-all gain is less than unity at each frequency for which 

the two voltages are in phase. For 

the normal operating frequencies, the 
gain will be large for high stability, 

and the phases 180® apart corres¬ 
ponding to the negative feedback. 

Most of the differences between 
hunting and nonhunting systems are 

Fio. 7-3.- 

Peaktopeak 
separation 

-Discriminator characteristics. 

in the control circuits. The next 

sections treat in detail those features 
common to both. Most of the em¬ 

phasis is placed on systems with near-by pulsed transmitters, partly 
because these are more complex than those with remote or c-w trans¬ 
mitters, and partly because much material on the latter systems is already 

in the literature. 
7*6. The Transmitter Sample.—When, as in a communications 

receiver, the transmitter is remote, the normal received signal must be 

‘ See Sec. 7-7 for a more general definition of these terms. 
’Nyquist "Regeneration Theory,” Bell Sytlem Technical Journal 11, 126 

(January 1932). 



Sec. 7'6l THE TRANSMITTER SAMPLE 297 

used. It is customary to utilize the main receiver channel, up to and 
including the last i-f stage, without modification. The simple detector 
is replaced by a discriminator (Sec. 7*7) which generates the necessary 
error voltage. Normally, no changes in the r-f, mixer, and i-f stages are 
required although, occasionally, a separate i-f channel is used to obtain 
greater bandwidth. 

In a radar set the transmitter is near by. At first glance this would 
seem to simplify the problem since a constant source for sampling is 
available. It proves, however, to add a whole new set of problems 
brought about by the excessive power which may reach the receiver unless 
special care is taken. 

Experience has shown that in pulsed-radar sets an overwhelming 
majority of AFC failures result from improper r-f conditions. Usually 
they take the form of an improper quantity and quality of transmitter 
sample reaching the AFC crystal (which may be either the main receiver 
crystal or a separate crystal). 

When a very large signal is applied to a silicon rectifier, it begins to 
pass current in the backward direction. The *^back resistances^ falls 
until it approaches the value of 
the ^Torward resistance.’s Conse¬ 

quently, the rectification efficiency 
of the crystal approaches zero. If 
we observe the rectified current as 
a function of a-c input power we 
oV)tain a curve such as is shown in 
Fig. 7-4, which has a real maximum, 
with decreasing output current for 
very large input powers. 

A typical radar pulse is really 
more or less trapezoidal in shape, as 
shown in Fig. 7*5a. The effect of impressing such a pulse on the char¬ 
acteristic of Fig. 7-4 is shown as a function of pulse amplitude in Figs. 

7-5c, d, and e. 
It can be seen from a Fourier analysis that this video pulse from the 

crystal, even if it has the simple shape shown in Fig. 7*5c, will contain 
energy components at the intermediate frequency. The amount of 
energy at this frequency is, however, 30 db or more below the normal 
i-f level. Under overload conditions, the pulse will have the form shown 
in curve d or even curve e of Fig. 7-5. In this case, there will be large 
amounts of energy at the intermediate frequency, which in some cases 
will exceed the desired energy and result in the continuous generation of 
error voltage, even when the local oscillator is completely dead. This 
spurious error voltage can be regarded as being produced by a shock 

P (Watts) 
Fiq. 7-4.—Typical rectification charac> 

teristic of a silicon crystal-rectified current 
vs. input power. 
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excitation of the i-f circuit. It has sometimes been referred to as video 
hash.’’ 

There are also found, in the output voltage from the crystal, com¬ 
ponents whose frequencies are integral multiples of the difference between 
the frequencies of the local oscillator and transmitter. Such harmonic 
signals, or harmonic hash,” may be generated by the nonlinearity of the 

crystal, or they may be caused by the beating between 
harmonics of the transmitter and the local oscillator. 
Spurious control information results when the fre¬ 
quency difference between the two oscillators is a 
submultiple of the intermediate frequency. 

If the local-oscillator frequency is swept through 
the region around the transmitter frequency, a series 
of pulses is obtained. Figure 7*6 shows how these 
look with and without spurious control signals of each 
of the kinds mentioned above. One may produce 
th'ese characteristics experimentally by applying a 
linear sweep voltage to the frequency-control elec¬ 
trode of the local oscillator and to the horizontal 
plates of an oscilloscope, and by applying the dis¬ 
criminator output voltage to the vertical plates 
through a suitable amplifier. 

The relative importance of each type of spurious 
signal increases with increasing transmitter-sample 
power. Experiments with crystals at 10,000 M c/sec 
and 25,000 Mc/sec show that they both become 
troublesome if the r-f power at the crystal exceeds a 
few milliwatts. Also, the desired signal increases but 
slowly at these levels. An operating level between 
1 and 2 mw is therefore desirable. The partial satu¬ 
ration at this level makes the signal output voltage 
fairly independent of input power. On the other 
hand, spurious signals are at least 20 db below the 
desired signal. Furthermore, if one tries to operate 
below 1 mw, the spurious signal decreases but 

slowly whereas leakage soon becomes intolerable, and extra i-f gain is 

necessary. 
Accurate control of gain up to the error-voltage generator is clearly 

needed. If the gain is too low, locking occurs, if at all, near the peak of 
the discriminator curve, well away from crossover (see Fig. 7-3). If it is 
too high, spurious signals will cause locking either completely out of the 
band (transient response) or at one half, one third, etc., of the inter¬ 
mediate frequency (harmonic response). 

(a) Transmitter pulse, 
positive envelope 

ib) l*f pulse 

La_ 
(c) Norma! “video pulse" 

id) Saturated “video 
pulse" 

I'—/I 

ie) 'Video pulse" under 
.extreme overload 

Fio. 7*6.—Genera¬ 
tion of shock excita¬ 
tion. 
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Leakage is particularly troublesome in automatic frequency control. 
There are two sources: (1) bad joints (choke joints, backs of crystals), 
and (2) inadequate cross attenuation, which allows TR leakage power to 

reach the AFC crystal through the common coupling provided by the 
local oscillator. Leakage power and the sample power introduced 
deliberately are coherent and add vectorially in amplitude. Thus if 

II limit.,j JUI 
Time or frequency 

(c) Pulsed transmitter; shock excitation only 

/t-T 

'' 11 Time or frequency- 

(d) Pulsed transmitter, harmonic signal only 

Fia. 7-6.—Output Hignal from a discriminator at radio frequency; /r is the transmitter 
frequency; /* is the intermediate frequency. 

the two are equal, the net power may range from zero to four times the 
desired power, according to the phases. 

The importance of leakage becomes apparent when one considers 
that the power in the main transmitter line may be as high as 1 mega¬ 
watt, while the amount allowed to reach the crystal through leakage 
should be less than J mw, a difference of 96 db. 

7.6. MizerS|.Local OscillatorSi and I-f Amplifiers.—In early radar 
sets a single mixer was used, and the transmitter sample was the power 
leaking past the TR switch. The first two stages of the mam receiver 
served as i-f amplifier, and only three or four additional tubes were 
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needed: one or occasionally two i-f amplifier stages, and two control 
tubes. A typical AFC chassis circuit of the *'d-c amplifier'^ type is 
shown in Fig. 7-15. The use of a gas-discharge-tube control circuit 

(Fig. 7* 18) was also common. 
In its simplest form, single-mixer AFC suffers three serious drawbacks. 

First, the power reaching the crystal is much too high (20 mw or more), 

giving rise to spurious signals caused by shock excitation. Second, the 
20-mw ‘‘flat’’ is preceded by a short high-energy spikewhich gets 
past the TR tube before it has had a chance to fire. This generates 
transients. Moreover any harmonic energy present in the transmitted 
signal may be passed by the TR switch in the fired condition. Finally, 

the system is subject to control by energy reaching the antenna between 

transmitter pulses. In practice, this results in echoes from nearby 
objects (“ground clutter,’’ and so forth) producing control information. 

The effective gain of the system therefore depends on tvhether the antenna 

points toward the horizon or toward the sky. Also, the AFC may 
lock to the wrong transmitter either accidentally from a friendly system 

or as a result of enemy jamming. 

By the use of more elaborate devices, some of these difficulties may be 
overcome. Bell Telephone Laboratories have developed a “spike¬ 
blanking” circuit in which the leading edge of the video pulse at the 

primary of the transmitter pulse transformer is differentiated and applied 
to the cathode of one of the i-f stages. The positive pulse thus pro¬ 
duced cuts off the stage during the time of the TR spike, but allows it to 
recover for the balance of the transmitted pulse. Bell Telephone 
Laboratories have also used an “enabling” circuit to reduce the effects 
of echoes. Again the primary video pulse is used, undifferentiated. It 

is reduced to about -hi20 volts in amplitude and applied to the screen 
and plate of one of the i-f stages. Since this stage has no other source 
of d-c power, it is dead except during the transmitted pulse, so that the 

signals entering the antenna between pulses are ineffective. Figure 
7-15 shows how these triggers are introduced. 

With these modifications, reliable operation may be achieved in some 
cases. No control over the flat part of the TR leakage power is possible, 
however, and many system designers have gone over to double-mixer^ or 
separate-channel AFC. 

In the separate-channel system, a small fraction of the transmitted 

pulse is coupled out to a separate crystal which drives a separate i-f 
amplifier. Thus, the power reaching the crystal may be adjusted to the 
optimum value and will be “spike-free.” Because of the high attenu¬ 

ation, signals entering the antenna cannot reach the AFC crystal. The 
design and operation of the r-f components involved in separate-channel 
AFC have already been discussed in Chaps. 4 and 6. 
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Further improvement in AFC reliability may be obtained by the use 
of a balanced mixer (Sec. 6-8). Since a balanced mixer is customarily 
used in conjunction with a similar mixer for the main receiver, the 

resulting unit is commonly called a ‘^four-crystal mixer.In the four- 
crystal mixer, TR leakage power and the resultant transients, and all 
harmonics of even order generated in the crystals are balanced out. 

Only stray leakage and harmonics generated by the oscillators remain as 
problems. Harmonics of third and higher orders are normally negligibly 
small. 

The method of obtaining the transmitter sample in a separate-channel 
system is important. Usually, a small coupling hole in the side of the 
transmitter line is used, although occasionally directional couplers 

(Vol. 11, Chap. 14) are used to make the sample-power level independent 
of standing waves in the antenna line. Only part of the necessary 75 to 
90 db of attenuation may be thus provided. Often, from 20 to 40 db 

more is obtained from a dissipative pad inserted directly in the mixer. 
This pad serves to provide a matched line looking out from the mixer, 
and to reduce the effects of leakage into the line in front of the pad. 

The coupling hole is a waveguide beyond cutoff and may be a wave¬ 
guide within cutoff for harmonic frequencies. Thus, a small percentage of 
harmonic content in the transmitter output may become a large or even a 

dominating fraction of the power in the AFC line. Because this harmonic 
energy may be so large as to generate transients, its elimination is most 
important. To attenuate the harmonics, a resistance strip or a polyiron 
plug may be inserted in the coupling hole. 

Little need be added about local oscillators. Many of their properties 
were discussed in Sec. 7*2, and the problems of coupling them into 

mixers are covered elsewhere (Chap. 4). The amount of power that 
should be applied to the AFC crystal from the local oscillator is governed 
by the fact that it should differ from the power from the transmitter by at 

least .a factor of 3, in order to reduce the amount of harmonic generation 

by the crystal. It is clear that the local-oscillator power should be the 
lesser of the two. First, there is seldom any power to spare in reflex 

oscillators; and second, the higher the transmitter power at the crystal, 

the less important is a given amount of leakage power. Thus, in normal 
parlance, the transmitter serves as local oscillator, and the real local 

oscillator serves as signal. 
A local-oscillator power level of about i mw is desirable and also 

convenient, since it is also the approximate power required for a main 
receiver crystal and so the two crystal currents may be set to the same 

value. If a magic T is used to divide the power among the crystals, 
as in a four-crystal mixer, a single adjustment mil suffice, and all crystals 
Nvill receive equal power. 
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The i-i output signal of an average crystal operating under the con¬ 
ditions outlin^ above lies between 0.25 and 0.60 volt rms. Since 
this is inadequate for a discriminator, one or more stages of i-f amplifica¬ 

tion are used The bandwidth requirement of the i-f amplifier is gov¬ 
erned by the discriminator bandwidth, which should be slightly less than, 
or equal to, the over-all receiver bandwidth. The receiver bandwidth, 

in turn, is governed by the system pulse-length or modulation require¬ 
ments. Since typical radar bandwidths lie between 1 and 8 Mc/sec to 
the half-power points, the gain per stage is usually low. Furthermore, it 

is now considered good practice to make the AFC i-f channel considerably 
wider than the discriminator peak-to-peak separation to remove the 
necessity for complete realignment when the discriminator crossover 

frequency is shifted. This makes possible the adjustment of the AFC 
locking frequency with a single control. With the system locked to 
AFC, this control may be tuned for maximum performance. 

Gain at the intermediate frequency is expensive, whereas gain after 
detection is cheap, since, in most cases, the video pulses have been 
greatly “stretched,^’ and hence the video bandwidth requirements are 

low. It does not pay, however, to overwork this idea. The video input 
signal should be approximately 1 volt in order to be large compared with 
stray pickup. For pulses longer than 1 or 2 /usee, a single i-f stage 

preceding a conventional dual-diode discriminator will suffice. For 
pulses between i /usec and 1 /xsec, two stages may be needed, while still 
shorter pulses may require three or more. In the latter case, extra band¬ 

width may be obtained by staggering the center frequencies of the first 

two stages (Vol. 18). A voltage gain of four or more is possible in the 
circuit between the crystal and the first amplifier grid. This extra gain 

involves extra alignment problems, however, and a single-tuned circuit 

with unity gain may be preferable. 
Symmetry in the i-f amplifier is far more important in the AFC 

channel than in the signal channel. The i-f spectrum of a short pulse 
contains sideband energy on either side of its center frequency. If the 
amplifier is asymmetrical, the over-all discriminator characteristic will 

likewise be asymmetrical, and the sidebands will not be canceled out at 
crossover. 

7*7. Discriminators.—The characteristic curve of a discriminator 
shown in Fig. 7*3 is not of the most general possible type. For one thing, 
the zero referred to may be at some d-c level other than ground potential. 
For the purposes of this chapter, the zero to which polarities are referred 
is the d-c voltage existing at the output terminals when there is no signal at 

the input terminals. Crossover frequency is that frequency lying between 
the two output peaks for which the output voltage is zero. If the i-f 
input signal consists of continuous waves, the output voltage will be d-c; 
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if it consists of a series of short pulses, the output voltage will consist of 
a series of pulses whose amplitude and polarity follow the scheme shown 
in Fig. 7'3. In the special case of the beacon AFC described in Sec.7-18 

Discriminator 
output (DO) 

signal 

Video and avc 
signal (VO) 

(a) Travis circuit 

the output voltage varies sinusoidally. Change of polarity is replaced by 
a 180® reversal of phase, but if plus and minus are taken to mean one or 
the other phase, Fig. 7*3 still applies. 
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Three types of i-f discriminators are shown in Fig. 7*7.^ 
The Travis circuit depends on the action of two resonant circuits, 

one tuned above the desired crossover frequency and one tuned below it. 

Detectors across the two circuits are connected back to back. The 
individual and sum voltages developed by the detectors are shown in 
Fig. 7-8. It should be noted that the individual resonant elements 

are double-tuned. Hence, if close 
coupling is used, each side of the 
discriminator characteristic may be 
double-humped. This is not possi¬ 
ble in either of the other circuits. 
If the peak-to-peak separation is too 

great for the circuit in any of the 
circuits, the characteristic will have 
a ‘‘chair,” as shown in Fig. 7-8d. 

Three factors must be adjusted: 
the crossover frequency, the peak- 
to-peak separation, and the sym¬ 
metry. In the Travis discriminator 
the crossover is shifted by tuning the 
two resonant elements in the same 
direction, while separation is changed 
by tuning them in opposite direc¬ 
tions. The other circuits, on the 
other hand, have separate, indepen¬ 
dent crossover and separation ad¬ 
justments. The characteristic is 
symmetrical if the i-f amplifier pass 
band is symmetrical, and if the dis¬ 
criminator primary is tuned to the 

Fio. 7*8.—Operation of Travis discrimi- cFossover frequency. In addition, 

the Travis circuit requires that the 
individual circuit bandwidths be equal. The adjustment of the primary 
circuit of the discriminator is commonly called the symmetry control. 
It may be used to offset the slight inherent asymmetry which arises from 
the unbalance of the discriminator with respect to ground potential (see 

Sec. 7-8). 
The Foster-Seeley discriminator of Fig. 7*76 has been well covered 

»D. E. Foster and S. W. Seeley, Automatic Tuning, Simplified Circuits, and 
Design Practice,'' Proc. I.R.E.y 26, 289, March 1937. 

Hans Roder, Theory of the Discriminator Circuit for Automatic Frequency 
Control," Proc, LR.Er, 26, 690, May 1938. Charles Travis, "Automatic Frequency 
Control," Proc. I.R.E., 23, 1126, October 1936. 
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in the literature and will not be treated here beyond noting that the 
mutual inductance determines the peak-to-peak separation and that the 
crossover frequency is the resonant frequency of the secondary circuit. 
At the frequencies commonly used for i-f amplifiers in microwave receiv¬ 
ers, little if any lumped capacitance is added. The distributed capaci¬ 
tances of the diodes, in series, comprise the bulk of the tuning 
capacitance. 

The Weiss discriminator of Fig. 7-7c was developed at the Radiation 
Laboratory in an attempt to reduce the detrimental effect of stray 
capacitances by making them serve a useful function. It is essentially 
the capacitance-coupled analogue of the Foster-Seeley circuit. It has 
been shown experimentally that the two discriminators have sub¬ 
stantially identical electrical performance (gain-bandwidth product, 
susceptibility to stray capacitance, and so forth). The Weiss dis¬ 
criminator, however, requires accurate control over the small difference 
between the coupling condensers required for a narrow-band char¬ 
acteristic. On the other hand, the 
Foster-Seeley discriminator suffers 
at large bandwidths from the large 
variation in mutual inductance 
with small displacements of the 
coils. An analysis of the action 
of the Weiss discriminator is given 
in the next section. 

The term ^discriminator effici¬ 
ency is commonly applied to the 
ratio of the maximum available 
output voltage (d-c or pulse) to 
the peak voltage of the i-f signal 
at the input terminals. Since voltage stepup is possible, resulting in 
‘Efficienciesgreater than unity, such usage is improper. We shall use 
the term “discriminator voltage gain^^ to express this factor. 

As in a conventional detector with transformer coupling, discriminator 
gain is affected by a variety of factors, including diode conductance, 
transformer design, and video load resistance. In addition, when one of 
the detectors is producing a maximum signal, the other is absorbing 
some of the available power, and this power, when rectified, balances 
out part of the signal from the first detector. It can be shown that this 
balance causes a 30 per cent reduction in discriminator voltage gain 
under optimum adjustment. 

Figure 7-9 is the equivalent video circuit of a discriminator. Consider 
the action of one of the diodes alone. If a step-function i-f signal is 
applied to the discriminator, the voltage across the bypass condenser will 

Fig. 7-9.—Equivalent video circuit of a 
discriminator. 
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rise exponentially with the time constant RintCa.^ Rise times of the 
order of 1 ^sec are common. When the step function is removed, the 
voltage across Cb will immediately start to decay with a time constant 
RbCb* Full voltage is reached, therefore, only if the i-f pulse is long. 
In a typical design the amplitude of the output pulse for a i-Msec input 
signal will be about one third that for a long pulse. 

Increasing RbCb results in a stretching of the pulse. If Cb is increased, 
there will be a corresponding reduction in amplitude unless the original 

I-f pulse 

(6) Output voltage of lower detector id) Swept f-m pulse response 

Fio. 7*10.—Effect of video unbalance. 

transmitter pulse is long. An increase m Rb produces no such loss of 
amplitude, but values in excess of about a megohm should be avoided 
because of grid current in the following amplifier and because of increased 
hum pickup from the heaters. If the discriminator output pulse is 
used to operate a hard-tube reversing multivibrator or trigger circuit,'^ 
as in the systems of Secs. 7*15 and 7*16, it is unnecessary to stretch the 
pulse. If it is used to fire a gas-discharge tube (Sec. 7*11) stretching up to 
about 10 Msec reduces the threshold for firing. If it is used to energize a 
diode search-stopping rectifier of the type described in Sec. 7-13, its 
effectiveness is almost proportional to the amount of stretch. 

Discriminators should have good video balance. The charge and 
discharge times of the two bypass condensers should be respectively 

^ R^% is taken to include the effective forward resistance of the diode. This is 
variable, depending both on signal amplitude and on the instantaneous voltage across 
Cb. 
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equal. Since the two generator impedances are equal, the effective 
bypass capacitances should be equal. It should be noted that the total 
capacitance across the lower detector includes both the coupling con¬ 
denser Cc of Fig. 7*9 and stray capacitances. Consequently, the actual 
value of condenser Cb should be 15 to 20 M^f greater than that of C^. 

Figure 7-10 shows the effect of a moderate video unbalance. Curves 
(a), (b), and (c) show the waveforms observed across the individual 
detectors and at the output terminals when a pulse of length t, at cross¬ 
over frequency, is applied to the discriminator. The capacitance across 
the upper detector is assumed to be 30 per cent too large. Because 
of the difference in the time constants for charging, the peak voltage 
reached across the upper detector is less than that reached across the 

Fig. 7*11.—Foster-Seeley discriminator with Strandberg detectors. 

lower detector. At the end of the i-f pulse, therefore, the net output 
voltage is negative. Because of the difference in the discharge time 
constants, however, the voltage across the lower detector falls toward 
zero more rapidly than that across the upper detector. Consequently, 
after a time, the voltage across the upper detector dominates, and the 
total output voltage becomes positive. Finally, all charge leaks off, 
and the voltage becomes zero. 

If the signal from a pulsed signal generator (see Fig. 7*6), the fre- 
(juency of which is varied from pulse to pulse, is applied to such a dis¬ 
criminator, the pattern of Fig. 7T0^/ will be seen on an oscilloscope 

connected to the output terminals. Near the crossover frequency every 
pulse will extend on both sides of the axis, and the crossover frequency 
will no longer be sharply defined. Such a broadening of the crossover is 
not serious unless the unbalance is severe, in which case the output voltage 
of one polarity is markedly reduced. A nominal figure of 20 per cent 
unbalance tolerance is usually stipulated for discriminators that are to 

be manufactured in quantity. This is readily achieved if the original 

design is good. 
From the foregoing, one might assume that only diodes are used as 

detectors. Actually, triodes are often used. For instance, Bell Tele^ 
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phone Laboratories have used a pair of plate-circuit or anode bend^* 
detectors. Since both output voltages are positive, one of them is 
inverted to give the correct over-all characteristic. A circuit of this 
type is found in Fig. 7*15. Strandberg^ has used a plate-circuit detector 
for one branch and an ^‘infinite impedance’* or cathode detector for the 

Fig. 7*12.—Circuit and equivalent circuit for Weiss discriminator. 

other, the two being coupled by a common cathode connection. The 

circuit is shown in Fig. 7*11. 
The great advantage of these detectors is that they supply the 

energy necessary to charge the bypass condensers from the power supply 
instead of from the i-f amplifier. Much greater pulse stretching is 
possible. Thus, in the circuit of the Bell Telephone Laboratories, the 
pulse is stretched out until the next pulse arrives, so that almost d-c 

control signals are obtained. With 
smaller bypass condensers, the rise 
time may be made so low that the 
output voltage is independent of 
pulse length even for pulses less than 
0.1 /Lisec long. 

7*8. Discriminator Theory.*—A 
Fio. 713.—Equivalent circuit for simplified theory for approximate 

WeiM diacriminator after T-to-T trans- calculation has been developed for the 

Weiss discnminator. Figure 7* 12 
shows the basic circuit of the discriminator, its equivalent circuit, and the 
important voltages. Ci and C2 represent the diode capacitances, and 
the circuit Q^& are assumed to be infinite. The first step is the trans¬ 
formation of the T-network Ci — C2 — L into its equivalent T-network, 
shown in Fig. 7* 13, where 

* M. W. P. Strandberg, **A Video-Frequency Modulation Detector,^^ RL Internal 
Group Report 53, Apr. 1, 1945. 

* W. Selove, ^‘Frequency Diacriminator Analysis,” RL Internal Group Report 61, 
Jan. 1, 1945. 

C 
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and where 

_i_i_ 
JCjC 1 JO)C 2 

Cl + C2 

At some angular frequency wi, Zi will resonate with C, so that all of 
the current will flow in the upper branch, making Ei large, and E2 zero. 
Similarly, at an angular frequency W2, E2 will be large and Ei zero. 
The frequencies wi and C02 are very close to that of the peak response. 
At wi 

L 
Cl _ 1 

J r i"iC^ 

LC'w\ 
oilLC - 1 

1 - cofLC' _ C 
»ILC Cl 

LC = 

Similarly 
«1 \ 

= Jl+^- 

If, for the sake of argument, it is assumed that Ci > C», then «i > «». 
For angular frequencies decreasing from wi, the impedance of the upper 
branch increases from zero and is inductive. Similarly, raising the 

angular frequency from causes the impedance of the lower branch 
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to increase capacitively. Therefore, there exists an angular frequency 
oie at which the two impedances are equal in magnitude but opposite in 
phase. At this frequency the currents in the branches are equal in 
magnitude, so that = £2, and the error voltage is zero. This is the 
crossover frequency. At wo 

= —(22 + 2c)y 

or 
+ Z2 = —2Ze, 

Substituting the values for these impedances given in Eq. (1), 

(4) 

Equation (4) shows that the crossover frequency is that frequency at 
which L resonates with C' and C/2, that is, with the total capacitance 

across L. 
An expression for the peak-to-peak separation can be obtained from 

Eqs. (2), (3), and (4): 

Wi — W2 
(5) 

In some cases, a simplified expression is possible. Starting again from 
Eqs. (2), (3), and (4), we have 

C, C, 
w\ - w| _ Cl + C C2 + C 

1 

1 + 
2Ci 

= CiC^-C,) _ 
V 2C,/ (C. + C)(C* + C) 

Now if the percentage peak-to-peak separation is small, we may write 

(m — wt)(fa>i + ut) ^ 2(ut — ut) 

W* Wc 
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Equating this to the right-hand side of Eq. (6), we obtain 

~ ^ C(Ci -b Ct) 
~ 2C,C2 ‘ 

The voltage at each peak can easily be calculated. For example, 
at wi the current in the upper branch is E/Z» and the voltage across the 
diode is Ei = {ElZ^Xc. 

j OJ iC ij(ji)iC 2 

/1 , C'2\ _ Cl + C2 

O^IV ^ cj “ Ci + C‘ 
Similarly, 

(_ Cl + C2 
\eJ^, “ C2 + c* 

(8) 

(9) 

These equations indicate that peaks of equal amplitude are possible 
only if Cl + C = C2 + C, for which condition = £2 for all frequencies, 
and the error voltage from the discriminator is zero. The branch having 
the smaller coupling condenser will have the larger current, and we have 
already seen that this will be the low-frequency branch. If we make 

Cl < C2, then El < E2. We can, 
however, by restricting the size of 
the bypass condensers of Fig. 7T2, 
arrange matters so that not all of the 
voltage El in the theoretical expres¬ 

sion appears across the upper diode. 
By proper selection of these con¬ 
densers the two peaks may be made 
equal. With the diodes connected 

as shown and Ci < C2, the upper 
branch will give positive output 
voltage at low frequency. If the 
characteristic is to have the opposite sense, then for the equality of the 
peaks to be maintained, the diodes themselves must be reversed. 

In any event, the dissymmetry is usually not serious and approximate 
compensation may be secured by a slight detuning of the resonant 
circuit normally associated wth the primary voltage source E of Fig. 7*12. 

It may be noted here that most miniature tubes have a certain amount 
of leakage conductance between heater and cathode resulting in the 
appearance of a hum voltage at the cathode of the upper diode, which 
carries the desired signal. The amount of such hum is variable from tube 
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to tube and depends on the resistance from cathode to ground. If this 
resistance is i megohm, a common value, the hum may amount to a large 

fraction of a volt. Fortunately, a bias of either polarity between cathode 
and heater cure the trouble. Positive bias on the cathode is partic¬ 
ularly effective. If the amount of such bias slightly exceeds the peak 

value of the heater voltage, the hum will be completely eliminated. 
This condition may be readily attained by the use of a separate negatively 
biased heater winding, or by the circuit of Fig. 7*14, which may be 

applied to any of the discriminators of Sec. 7*7. 

NONHUNTING SYSTEMS 

7*9. Control Circuits for Nonhunting Systems.—Control circuits for 

nonhunting systems with c-w transmitters are very simple. Since the 
characteristic of a discriminator is linear near crossover, the output 
voltage is a pure d-c voltage whose level and polarity are determined 
by the frequency error of the local oscillator. As a rule the only require¬ 
ment is a direct connection between the discriminator and the frequency- 
control electrode; that is, the grid of the reactance tube, or the reflector of 

the reflex oscillator. Descriptions of many such circuits are to be found 

in the prewar literature.^ If the frequency-control electrode is insensi¬ 
tive, a d-c amplifier, preferably push-pull, may be required. 

When the transmitter output power consists of short pulses separated 
by long intervals, as in a radar set, it is necessary to provide only for the 
stretching out of the pulses that appear at the discriminator, so that their 

peak amplitude is maintained between pulses. 
Figure 7*15 shows the circuit used for AFC in a radar set designed at 

Bell Telephone Laboratories. This represents a highly developed 

nonhunting, single-mixer system (Sec. 7-5). It is seen that the output 
terminals of a conventional Weiss discriminator (Secs. 7*7 and 7*8) are 
connected to a pair of plate or anode-bend detectors. The plate load 
resistors are very high and are bypassed by large condensers, giving a 
time constant of 3.2 X 10~^ sec. Since the interval between pulses in 
this set is only 2.6 X 10““* sec for the lowest pulse recurrence frequency, 
most of the charge developed during the pulse will be sustained until the 

next pulse. What little ripple remains is filtered out by a large con¬ 
denser at the reflector of the local oscillator. 

The plates of the detectors are connected directly to the grids of a pair 

of push-pull d-c amplifiers which have a large common cathode resistor. 
Because this resistor is degenerative for everything except signals on 
either grid, it increases stability. Control voltage is taken from one of 

the amplifier plates, the operating range being selected by adjustment of 
the plate supply voltage. 

^ Terman, loe, rit. 
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The output voltage of this amplifier will swing at least 25 volts above 

or below the no-signal level, and is adequate to control a reflex oscillator. 

It will be noted that the '^enabling’’ feature discussed in Sec. 7*5 is 

provided by energizing the first i-f amplifier stage only during the initial 
transmitter pulse. The trigger for the screen and plate supply of this 

tube is taken from the primary of the transmitter pulse transformer. 

Other BTL circuits have also contained the ‘‘spike-blanking^^ feature 
already considered (Sec. 7*5). The leading edge of the video pulse at the 
pulse transformer is differentiated to produce a sharp, veiy short positive 

pulse, which is applied to the cathode of Vi, cutting this tube off during 
the first part of the transmitter pulse, during the time when the TR 
spike comes through. The point at which such a trigger is introduced is 

also shown in Fig. 7*15. 
Other nonhunting systems have been used successfully by the British. 

An interesting feature of one of their circuits is the “'reflexing of a par¬ 

allel pair of output i-f amplifier tubes to serve as push-pull d-c amplifiers. 
With reference to Fig. 7*6 (a), if the connections are so chosen that a 

positive error voltage tends to reduce the local-oscillator frequency, it is 

then clear that locking is possible where and only where the discriminator 
characteristic has a positive slope. In the main pass bands, there are 
three such regions: one near crossover at the low-frequency sideband and 

two on the outer skirts of the high-frequency sideband. The latter pair 
are too far from crossover for satisfactory operation. In this case, then, 
the high-frequency sideband is the wrong sidrbaml. Other types of 

operation on the wrong sideband will be noted later. It is also possible to 

lock incorrectly at any one of three places on each pair of harmonic 
sidebands if the gain is too high. With adecpiate r-f selectivity, of course, 

these dangers could be avoided; in nearly every microwave receiver, how¬ 

ever, they must be considered. 

DRIFT-IN HUNTING SYSTEM 

7*10. Basic Theory.—The '^drifl-in'* theory of operation is illustrated 

in the block diagram of Fig. 7*16. During the hunting cycle, only the 
slaw-sweep generator need be considered. This generator impresses a 

sawtooth voltage on the frequency-control electrode, which results in 

a sawtooth frequency modulation large enough to allow for all possible 
tuning errors. At some time during the sweep, the crossover frequency of 

the desired sideband will be passed. Infoi*mation generated at this time 
will actuate the search stopper which will halt or reverse, as needed, 

the progress of the slow sweep. There is a perpetual tendency for the 

frequency to drift off; this tendency is offset by the search stopper. A 
“wair’ may be thought of as existing at the point A in Fig. 7*17 and 
inhibiting the sweep. Note that here too there is a wrong sideband, 
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since a similar “wall” exists at B. Each harmonic likewise offers a pair 
of “walls” for possible locking. 

The system is stable, for, if the oscillator frequency tends to drift 
to the right, the rising discriminator output voltage will develop extra 
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It is so biased as to remain nonconducting in the absence of a positive 
pulse or trigger from the amplifier that follows the discriminator. 

7* is a gaseous triode so biased as to fire whenever the plate voltage 

e,^ reaches a critical value (usually about 200 volts for a 300-volt supply)’ 
Vt is the slow-sweep generator discussed in the previous section. 
Current flows through Ri and R2, charging Ct until the critical voltage 
is reached. then breaks down, discharging Ct abruptly. Because 
of the large number of ions formed in Vt (or later in Fi) during the 

Pio. 7*19.—Voltage-time relationships in gas-discharge-tube AFC. 

breakdown, and because of the finite ion-recombination rate, is 

carried well below the critical voltage for ion production. Before Ri 
and Ri can recharge Ct to this voltage, all ions will have recombined. 
Therefore, the tube will remain nonconducting and the slow upward 

sweep will resume. This sawtooth sw^p voltage, divided down by 
Ri and Ri, is applied to the reflector of the reflex local oscillator, causing 

it to execute a corresponding sawtoothed frequency sweep. Ci, being 

much smaller than Ct, plays an insignificant role in modifsdng the sweep. 

If the range-set control Rt is properly adjusted, the local oscillator will 
be swept through the correct operating frequency. At first, negative 

pulses appear, but as crossover is reached and passed, these disappear 
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and are replaced by positive pulses. The first pulse of sufficient ampli¬ 
tude will fire the search stopper V i. When this happens, abruptly 
drops to some 11 volts above the cathode potential. The flow of current 

in Rz is reversed, and Cp^ starts to fall. This causes the local-oscillator 
frequency to move back from the threshold, so that one of the next few 
pulses to appear will be too small to fire Fi, or may even be negative. 

Because C\ is small, however, Ri and R^ quickly restore the charge, and 
the forward sweep resumes until another pulse large enough to fire Fi 
comes through. 

These effects are shown in Fig. 7*19. The potentials of the two plates 
at any one time are shown, one above the other. The time scale after 

locking (to the right) has been expanded manyfold for clarity. 

This circuit is an example of the frequency-control principle. The 
control voltage applied to the reflector is determined by the frequency 
wth which V1 is triggered and is unaffected by the trigger amplitude as 

long as it exceeds the threshold determined by the bias on the F i control 
grid. Later (Sec. 7* 13) we shall consider circuits employing amplitude 
control^ in which every pulse is effective, the amount of the effect being 

proportional to pulse amplitude and thus to the amount of deviation from 

the crossover frequency. 
7* 12, Design Theory for Gas-discharge-tube Control Circuits.—In 

pulsed systems, since control information is available only for short, 

widely separated intervals, it is necessary to limit the amount by which 
the LO frequency can shift between successive pulses. This restriction, 
in turn, limits the speed wth which the control circuit can readjust itself 

to meet new conditions. 
In Sec. 71 the causes of frequency drift were considered. Of the 

effects discussed, pulling during the antenna scan is usually the only one 
that takes place so rapidly as to constitute a followng-rate problem. 
When rapid pulling occurs, the local-oscillator frequency may lag behind 

its proper place, resulting in mistiming, or it may drop back so far that 
control information is lost, causing the system to become unlocked. 

With reference to Fig. 7-17, pulling may be thought of as causing a 

displacement of /o to the left or to the right, with the discriminator 

characteristics executing a similar shift. If/o shifts to the right, control 
information mil disappear and the local-oscillator frequency ivill start 
to drift to the right as the slow sweep resumes. No matter how great the 
shift in fo (within the limits of the control range) nor how fast the shift 
takes place, the local oscillator will ultimately reach the threshold 

frequency A, and control ivill be restored. 
If, on the other hand, fo shifts to the left, the firing rate of the search¬ 

stopping tube (Fi of Fig. 7*18) will increase up to the limit of one per 
transmitter pulse, causing the local-oscillator frequency to shift to the 
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left. If the rate of shift of Fo is too great, the oscillator will fail to keep 
up with it and presently will be so far out of tune that the positive pulse 
from the discriminator amplifier will fall below the threshold, and Vi 

will cease firing. Then the slow sweep to the right will resume and the 
system will be unlocked. Tliis one-sidedness is a characteristic of all 
drift-in systems. 

It might be mentioned here that the ‘‘push-pull^^ systems discussed 
in Secs. 7*14 to 7*16 can become unlocked as a result of fast shifts in 
either direction. Nonhunting systems may also become unlocked if a 
fast frequency shift exceeding the system pull-in range occurs (see 

Sec. 7-3). 
Maximum following rates determine the ability of a system to follow 

fast frequency shifts. They are usually expressed in megacycles per 
second per second. They are functions of the value of the oscillator 
frequency within its control range and are, in general, different for the two 

directions of frequency shift. 
The control circuit determines the maximum rate at which the fre¬ 

quency-control electrode (here, the reflector) voltage may be changed. 

The corresponding frequency following rate is then determined by the 
electronic-tuning sensitivity of the oscillator, that is, by the shift in 
frequency in megacycles per second per volt change on the frequency- 

control electrode. 
In any pulse-operated hunting type of AFC, there is an inherent 

ripple in the local-oscillator frequency. This is due to the tendency 

of the oscillator to resume the hunting sweep during the interval between 

successive pulses and can be reduced only at the expense of reduced 
following rates. Ripple is usually expressed as the peak-to-peak ampli¬ 

tude of the frequency modulation (in megacycles per second) where the 
S3rstem is in equilibrium and depends, as do the following rates, upon 
the value of the local-oscillator frequency within the control range. 

In a practical design, ripple is usually the factor that limits the 
following rates. Sometimes, however, it is found that while the hunting 
sweep is traversing the discriminator characteristic, the control informa¬ 

tion received is insufficient to stop the sweep although, once the sweep is 
stopped, locking is possible. The speed of the hunting sweep would then 
be the limiting factor. The maximum permissible ripple can be calcu¬ 

lated from receiver bandwidth and similar considerations, and from this 

the amount of voltage ripple that can be tolerated on the reflector may be 
computed. With these data, the following theory may be applied to 

determine optimum circuit constants. 

For the rest of this section, following rates and ripple will be referred 
to in terms of the reflector voltage. Two voltage following rates are 

defined: the maximum '‘down-pulF’ rate, the rate at which the reflector 
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voltage becomes more negative when the search^stopping tube is fired at 
each transmitter pulse; and the maximum ‘'up-puir^ rate, the rate 
at which it becomes less negative when the search stopper does not fire at 

all. These rates are expressed in volts per second. Ripple will be 
referred to as the peak-to-peak amplitude of the ripple voltage at the 
reflector when the system is in equilibrium. 

(6) Effective and equivalent circuits for charging Cj 

Fio. 7*20.—Equivalent circuits for gas-discharge-tube AFC. 

N. Rochester^ has developed a theory giving the precise behavior of 
gas-discharge-tube control circuits, from which the following rates and 
ripple may be derived. The only assumption involved is that the time 

constant for charging the sweep condenser 0% is much larger than that for 
charging the search-stopping condenser Ci. This is always true in prac¬ 
tice since the slow sweep must be such that several pulses appear during 

the transit of the receiver pass band, whereas the search stopper must be 
fully recovered within a few pulses. 

‘ Sylvania Electric Products Co., Boston, Mass. 
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For the notation of this discussion, the reader is referred to Fig. 7*20. 
In this figure capital letters denote fixed quantities; lower-case letters, 
variable quantities. Average values are differentiated from instanta¬ 
neous values by the presence of a superscribed bar. Vi and V2 are repre¬ 
sented by switches which close only long enough to discharge their 
respective condensers. To simplify the calculations, all voltages are 
referred to the plate voltage of either tube when conducting (about 
10 volts above the cathode potential). The resistance of the potentiom¬ 
eter from which J?s is derived is neglected. One can allow for it by 
replacing it with an equivalent voltage and resistance, using Th^venin's 
theorem, and including the resistance in pyR. In practice such a cor¬ 

rection is small. 
Because of the difference in time constants, 62 may be considered 

constant during any one firing cycle of Ti. Hence ei may be computed 
as a function of time. When ei has been determined, the instantaneous 
current in pR flowing into C2 may be computed for one cycle. From 
this, the change in €2 may be computed. Figure 7-20b shows the circuit 
for charging Ci and the equivalent circuit derived from Th6venin^s 
theorem. The charging voltage and resistance are 

ei 
pEo + €2 

+p"' 
Ri = 

l + P 
R, (10) 

When, after a trigger, the tube Vi is momentarily made conducting, 
the voltage across Ci will build up exponentially from zero, with a time 
constant R4C1, approaching 64. The equation is 

61 = C4 (1 - (11) 
where 

Mr = R4C1 = (12) 

and r is the interval between pulses. 
When the AFC is in equilibrium, control pulses will be applied to the 

grid of Ti at more or less regular intervals so spaced as to maintain the 
required value of €2- Let us assume this interval to be nr. Because 
of the linear relation between voltage and current, the average current 
flowing in pR may be computed from the difference between the average 
voltage Cl across Ci and the voltage €2: 

i r ^ s (‘ - ‘"0] -" (s) <“> 
A plot of F(x) V8. X, where x = n/n, is shown in Fig. 7-21. 
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To compute the ripple, we observe that when Ci = Ci, the instanta¬ 
neous current in pR equals the average current so that the instantaneous 

slope dci/dt is zero. This is the 
maximum excursion downward 
between triggers, and the time at 
which it occurs may be found by 
equating the right-hand sides of 
Eqs. (11) and (13), with the result 

h = In 1 
1 -F (14) 

2 4 6 8 10 12 14 16 
X 

Fia. 7*21.—F (a?) vs. x. We next note that, as shown in 
Fig. 7*20c, Th4venin^s theorem 
can be applied to reduce the influences on the voltage across C2 to that 
of a single variable voltage source cs with internal resistance where 

Cs — 
Ez + yei 

1 + 7 " 
Rs = 

py 
1+7 

ft. (15) 

Now Cs is made up of a steady component and a ripple component 

We may obtain 62 by replacing ei by ei in the first of Eqs. (15) 

T + 7^1 
€2 = —i—i- 

1+7 

The ripple is then given by 

r _ . 7- __ y(«i - 
€2 - ez- €2-TTV”’ 

Taking Ci and €i from Eqs, (11) and (13), we obtain 

(16) 

(17) 

et = 
7«4 

1 +7 

The current flowing out of C* is 

(1 - F - e "O- (18) 

si - ^ -‘■">' 
(19) 

This may be integrated from zero to the time of the maximum excursion 
<1, of Eq. (14), to give the flow of charge. Dividing by C2 gives the 
maximum excursion, or peak-to-peak ripple, Ac2ii. 

AC2J} — 
pRet 

(20) 
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We may solve Eqs. (10), (13), and (16) for cj, eliminating et. This gives 

— _ lyyFEg + (1 + p)Et /n-v 

“ (1 + p)(l + 7) - yF 

The maximum down-pull rate occurs when Ti is fired by every pulse. 

This is computed in the same way as the ripple except that the integration 
interval is simply t. The result is 

Mr, =[(I -F)r + „r{e " - D] = [Fo - F], (22) 

where 

Fo = F{fi) = 1 — p(l — e "). 

The up-pull rate is simply the free charging rate of Ct. Again by 
Th^venin's theorem, we can combine the influences of Eo and E» on C2 

into a single voltage Eo acting through a resistance Ro- The circuit is 
»milar to that shown in Fig. 7-200 except that e, is replaced by Eo, and 
pR by (1 + p)R. Thus 

Eo = (t ~t~ 4- /2g\ 
* 1 + P + P7 ’ 

and 

(24) 

The current flowing into Ca is 

j _ Eb - et 

R, ' 

giving rise to a voltage change per interpulse interval of 

/A^ ^ (1 + p)Ei + ypEo — (1 + p + yp)e-z 
(4e,)„-^1 + ,)BC,-'■ 

These equations, although accurate, are inconvenient to use. A 
simpler form that is directly related to quantities easily measured in a 

practical circuit may be obtained as follows: 

Set 
r 

Eb = 62, when n = 1, 
Et = when n = <». 

After prolonged operation with no triggers, ei will equal Ejf and will be 

From Eq. (25), then, 

(1 + p + yp)ET =* (1 + p)Ei + ypEo> (26) 
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This may be substituted back into Eq. (25), giving 

323 

(Acj)u = (27) 

From Eqs. (16) and (13) 

F7, = (28) 

For n = 1, this becomes 

FoF, = (l +-\eb --E2. (29) 
\ y/ y 

These quantities may be substituted in Eq. (22) to give 

(AC2)c = = ^ (Eb 62). 
PP 

(30) 

No such simplification of the expressions for the ripple voltage is possible. 
Eb and Et may be measured with a vacuum-tube voltmeter at the 

plate of Fi by the application of triggers to Fi at the pulse recurrence 

frequency and by the removal of all triggers from Vi, respectively. They 

may also be computed from Eq. (21) by the substitution of Fo and 
F* = 1 respectively for F. These values depend on Et, which is 

determined by the range-setting potentiometer. 

The general principles that must guide the designer are fairly clear. 
The highest possible following rate consistent with allowable ripple 

should be sought. Eb and Et should be well outside the control limits 
between which €2 is to operate in order to provide residual following speed 

at the limits. 
It appears that the choice of p is not critical. All values between 

i and 2 will give substantially the same ratio between ripple and maxi¬ 
mum down-pull rate. A large value of p tends to make the up-pull and 

dowm-pull time constants (not following rates) equal, and provides better 

filtering of the sawtooth voltage on Ci by the pFCs network. The 
extra filtering is precisely offset, however, by the reduced down-pull 

rate and meanwhile Vi will become harder to extinguish. A similar 

effect is observed if p is made small. The compromise value p = 1 
should be satisfactory in nearly every case. 

The choice of Ci should-be such as to make e* have its midrange value 
for n « 3.6. If n is much smaller, there will be inadequate control range 

for down-pull, whereas if it is larger, the ripple will become excessive at 

the upper end of the control range, for which n wdll become greater than 

10. Equilibrium at different parts of the range wdll occur for values of n 
between 2 and 10, the range below 2 and above 10 being for extra following 
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rate at the ends of the range. At n =*= 10, the ripple will be almost 
exactly t\vice the maximum down-pull, and this will be the limiting factor 
in the choice of C2. Ripple is normally limited to a peak-to-peak value of 

about one fourth of the receiver bandwidth to the half-power points. 

The peak current allowable for tubes used for Vi is usually 0.5 amp* 
This fact makes necessary the use of a limiting resistor of at least 600 

ohms (for a 300-volt supply), or a limiting choke in series with Ci and C2. 
With such limiting, Vi will not extinguish reliably if Ri, the parallel 
resistance of R and pR, is less than about 500,000 ohms. The lowest 

value consistent \vith reliable i>erformance should be used. A common 
value is 22 = pi? = 1 megohm. The current through the bleeder pyR 
reduces Etj particularly when Ez is made large and negative. To reduce 

this effect, pyR should be as large as possible, consistent \\ith the leakage 
and runaway^ possibilities of the controlled reflector. Values in excess 

of 6 to 8 megohms are dangerous. 
One serious problem faces the designer of a gas-discharge-tube control 

circuit. It is necessary to ensure proper operation any tube ful¬ 
filling JAN-IA specifications. The specifications for a type 884 gas- 

dischai^e triode, for instance, are such that if the bias is set for nominal 

firing at, for example, +200 volts, various tubes may fire anywhere 
between 160 and 240 volts. Added to this variation is an uncertainty 

of at least ± 10 per cent in the bias if 5 per cent resistors are used. The 
tube is required to fire at a plate voltage appreciably less than Er for any 
setting of the range-set control. In a reasonable design, Anth a 300-volt 

supply, Et must be as low as 250 volts when the control is at its most 
negative end. 

On the other hand, the tube must be capable of covering the entire 
sweep demanded by the local-oscillator reflector. When the control 

is at its most positive end, the value of €2 at the positive end of the hunting 
sweep is fairly high. In fact it has not been found possible to find any 

set of constants that will ensure firing at the end of the sweep with the one 
setting and simultaneously ensure nonfiring within the control range 
at the other setting for all JAN-approved tubes. The addition of a 
bias adjustment for V2 will cure this difficulty but no simple procedure 

exists for making such an adjustment in the field. 

It may be pointed out here that the effects of tube variation may be 
greatly reduced by feeding back part of the d-c plate voltage to the control 

grid. The effect is similar to the use of inverse feedback with high- 

vacuum-tube amplifiers. If one plots a graph of the grid voltage at 

' If the reflector of a reflex oscillator becomes positive, from an accidentally applied 
potential, it may draw suflicient current to heat up and emit electrons, and secondary 
electrons will be produced. In this event, if the external resistance in the reflector 
circuit is too high, the control of the reflector voltage may be lost. 
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which the tube will fire as a function of the plate voltage, it will be seen 
that a triode such as the 884 has a “gain” of about 10, in that if the 
plate potential is increased by 10 volts, the grid firing potential becomes 

more negative by 1 volt. The corresponding curve for a tetrode such 
as the 2050 shows a “gain” of around 200, the grid firing potential being 
almost independent of plate voltage. The feedback factor is the ratio 

between Ri and Ri + Rt in Fig. 7-22. 

Fi<}. 7*22.--Inverse-feedback stabilization of Vj. 

Using these definitions, the usual equations for feedback apply, 

effective ^^gain'^ is given by 

G = 
A 

1 - Ap 

and the improvement by 

The 

(31) 

(Firing-voltage variability with feedback) 
_ (Firing-voltage variability without feedback) 

1 - AP 
(32) 

Using the constants sho^\^l in Fig. 7-22, and taking A = 200, we find 
that G = 19, and the variability reduction factor is 1/12.5. It should be 

noted that a fairly large negative supply is required. If the feedback 
is achieved through the use of a cathode-biasing resistor, the control 
range is reduced by the reduction in available cathode-to-plate supply 

voltage. Also, the feedback loop draws current and reduces Et in the 
same way as did pyR for negative settings of the range-set control. 
Much of the benefit of such stabilization is thus offset. 

It will also be noted that there is considerable variation (up to 3 to 1) 
in the maximum up-pull and down-pull rates, depending on the position 
of the range-set control and the position in the sweep, because of the 
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exponential nature of the Ct chai^ng curve. Since the conditions which 
limit following rate apply to the maximum case, the following rate is 
unpleasantly low in the minimum case. Many of these difficulties are 
reduced to tolerable proportions if the supply voltage is increased. Thus, 
the circuits may be suspended between the —300-volt and the -f-106-volt 

supplies. This results in considerable improvement. 
Some workers claim that gas-discharge tubes are not sufficiently 

reliable for these applications. One claim is that the firing conditions 
are affected by past history, age, and temperature. Another claim 

is that, in those circuits where the entire control unit is required to 
operate at the -2000-volt level, the tubes are subject to erratic firing 
caused by electrostatic influences. Neither of these claims has been 

conclusively verified, but both add weight to the argument that only 
high-vacuum tubes should be used in the control circuit. The following 
sections deal with a circuit that contains only hard tubes and is therefore 

free from the above objections, including the one resulting from nonlinear 
sweep rates. 

743. Diode-transitron Control Circuits.—The new hard-tube control 

circuit is shown in Fig. 7-23. The block diagram of Fig. 7*16 is still 

applicable, the diode detector Vi serving as search stopper, and the 
transitron oscillator F* as the slow-sweep generator. The transitron 

oscillator is a modification of a precision ranging circuit used extensively 
in radar indicators (Vol. 22). Its operation, which will be explained in 

detail below, depends essentiaUy on the negative transconductance 
which exists between the suppressor grid Ot and the screen grid Gi of a 

pentode. As used in the control circuit, it b a free-running sawtooth 
oscillator whose plate voltage sweeps slowly from just below the plate 

supply voltage to a point not far fron^ the cathode voltage, after which 
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it snaps back rapidly, and starts the downsweep again. The down- 
sweep part of the cycle is used as the hunting sweep. Thus the local- 
oscillator frequency sweeps from low to high frequency, whereas, when 
the gas-discharge-tube circuit is used, it sweeps from high to low. 

If, during the downsweep, the grid-return resistor is tied to a point 
suitably negative with respect to the cathode, the sweep action will 
stop, and the tube will act as a normal d-c amplifier with a gain of approxi¬ 
mately 50. Such a negative bias, supplied by the diode detector when it 
receives control information from the discriminator, is the basis of locking. 

Let us consider the sequence of events which takes place in this 
circuit, starting at the beginning of a downsweep. Assume, for the 
sake of argument, a plate supply of +150 volts measured from the cathode 
potential. The plate voltage Cp is about +140 volts, the plate current 
ip being therefore 20 /la. will be at ground or positive potential 
(see below, also Fig. 7*24). As the division of the cathode current between 
plate and screen is normally in the ratio of about 4 to 1, the screen 
current is 5 /za, causing a drop in the screen resistor of only 0.25 volt. 
Since the cathode current ic is only 25 /za, the control grid Gi must be 

nearly at cutoff potential, about —10 volts. At the beginning of the 
downsweep, the local oscillator is far off tune, and no control information 
appears at the output terminals of the discriminator amplifier. Ci, 
being small, plays no part at this time, nor does the diode, since its plate 
will be at —5 volts because of the division between Ri and i22. Because 
of the 10-volt drop, a current of 5 /za flows along R\ and R^ into the 
condenser C2. Consequently, the voltage across C2, which is (cg^ — Cp), 

changes at a rate 

dt 
(Cg^ 6p) — 

{Ri + Rt)C, 
(33) 

The grid voltage does not approach ground potential at this rate, for, 
as it rises, the plate voltage is approaching ground A times as fast, where 
A is the gain of the stage. Thus 

dep_. 
dt ^ dt' 

(34) 

Substituting in Eq. (33), we have 

deg^ _ ^9^ 

IT ~ {Ri + Ri){l + A)C2 (35) 

There is, therefore, an apparent input capacitance (1 + A) times as 
great as the actual feedback capacitance C2. This capacitance ampli- 
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fication makes possible very slow sweeps with small condensers. It is a 

manifestation of the well-known Miller effect.^ 
The downward rate of change of the plate voltage is 

_^ 

di (Ri + R2) (1 + A)C2 ^ {Ri + R2)C, 

since i4 > > 1. The sweep rate is nearly independent of tube character¬ 
istics. In practice, swings from about —10 to —8 volts as the plate 

covers its sweep. The sweep is therefore linear to within about ± 10 per 
cent, a great improvement over the gas-discharge-tube circuit (Sec. 7*12). 

This then is the picture that we see during the downsweep, up to the 

time the discriminator crossover frequency is reached. As soon as the 

crossover frequency is passed, positive pulses appear at the plate of 
the discriminator amplifier and are coupled through Ci into the diode 
detector. 

The action of the detector is straightforward. During the positive 
pulse the diode is conducting, and charge flows into Ci. When the pulse 
is removed this charge remains, and the potential across the diode 

becomes negative. After a few pulses the average potential across 
the diode is sufficiently negative so that the charge leaking off Ci through 

Ri between pulses equals the charge transferred to Ci by the pulses. 
The system will reach a stable equilibrium in which the oscillator rides 

far enough up on the discriminator characteristic to supply pulses whose 
amplitude is just right to maintain the bias which holds the transitron, 

and thus the reflector, at the correct voltage. If the oscillator frequency 

were to increase, the pulse amplitude would increase, causing an increase 

in bias and hence of transitron plate voltage. This Avould cause the 

oscillator frequency to decrease again. Lowering the oscillator frequency 
would be compensated for in a similar way. 

To complete the picture, we have only to show how the system is 

recycled if no control information is received during the sweep or if 

the system becomes unlocked. The effects are illustrated in Fig. 7*24, 
with reference to the circuit of Fig. 7*23. When control information is 

lost, the charge on Ci quickly disappears, so that the downward sweep 
of the plate is resumed. This is illustrated in region A. 

At first, the voltage drop across the screen-supply resistor Rg^ is 

negligible both because most of the cathode current reaches the plate and 

because of the low value of Rg^, As the plate potential approaches 
ground, however, an increasing fraction of the increasing cathode current 

^ J. M. Miller, ^‘Dependence of the Input Impedance of a Three-electrode Vacuum 
Tube Upon the Load in the Plate Circuit,” Bureau of Standards Scientific Paper 
No. 361, Terman, op. cii.j Sec. 6, p. 468. 
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is diverted to the screen G2 whose potential therefore starts to fall. 
Because of the condenser Ca, this fall is coupled over to the suppressor Gz. 
Soon, the process becomes regenerative, at B. As the suppressor voltage 

is carried below ground potential, it diverts current from plate to 
screen, causing Cp to rise and to fall farther. The rise in 6p is coupled 
through C2 to Gi, causing an increase in cathode current most of which 

■••150 

0 

now flows to the screen, further accelerating the process described above. 

Since this process involves no change in the charges on Cj and Cs, only 
interelectrode and stray capacitances slow it down. The entire transition 

actually takes place in a few microseconds. 
When eg^ has been carried by the plate to a slightly positive voltage, 

grid current will be drawn, preventing further rise. At this instant the 
cathode current is large, and all of it flows to the screen, the plate being 
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cut ofiF by the suppressor. Consequently, eg^ is close to ground potential, 
eg^ is far below ground potential, and Cp is perhaps 15 volts above its 

value at the end of the dow downsweep. 
During the next period (region C of Fig. 7-24) Ci is charged, with a time 

constant RpCty toward Eb- Meanwhile, the charge on Cz leaks off 
through Rg^y so that approaches ground potential with a time constant 
RgjCz. Presently, Bg^ comes close enough to ground potential to allow 
some of the current to reach the plate, which by this time is practically at 

Eb- This flow of plate current, by causing Bp to drop, starts the second 
regeneration at D, in the following manner. 

The downward trend of P, being transmitted by C2 to (7i causes a 

reduction in the cathode current, and hence in the screen current. The 
resultant rise in Bg^, because of Cj, causes a similar rise in which in 
turn allows more current to reach the plate. Thus, the original effect is 

accelerated both by the increased drop in Bp and by the decreased screen 

current. Again there is a fast transition, which stops only when 
has been carried so far negative that only a little cathode current flows, 
an amount consistent with the plate current flow necessary to maintain 

Bp some 10 volts below Eb* At this i>oint the slow sweep downward 
repeats, starting the new cycle. This sawtooth sweep, then, will recur 

until control is again secured. 
Before the idea of the diode search stopper was conceived, a circuit 

was developed using a gas-discharge tetrode search stopper, as in the 
standard gas-discharge-tube AFC, and a transitron control tube. Essen¬ 

tially, the plate of Fi of Fig. 7-18 was attached to a potential divider 
whose lower end was at —300 volts, and the divider tap was connected 
through a resistor to the control grid of the transitron. 

A new type of miniature tube, the 6AS6, was developed for use in 
transitron ranging circuits. In that application, a sharp cutoff of plate 
current by the suppressor was desired. When this tube was tried in the 

circuit described above, it was found that the regeneration at the end of 

the downsweep occurred while the plate was still far above ground poten¬ 
tial. In order to prevent this, the circuit was modified by coupling only 

about one sixth of the screen wave to the suppressor by tying the coupling 
condenser Cz of Pig. 7-23 to a tap on the screen-dropping resistor Rgy, 
The change is shown by dotted lines. 

An examination of the diode-transitron circuit shows a number of 
advantages some of which, such as linearity of sweep and the obtaining 
of long sweep times with relatively small condensers, have already been 

cited. Others include the possibility of using a high-voltage condenser 
between the video amplifier and the diode, enabling the circuit to operate 
at a voltage far from ground potential. * A further increase in sweep 

time may be obtained by the use of high resistances in the grid circuit; 
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this is not possible when the charging resistance is in the plate circuit. 

Since the output voltage is taken from the plate at relatively low imped¬ 
ance, it is possible to apply voltage to the reflector from a divider of lower 

impedance than that used in the gas-discharge-tube circuit, without 

having the sweep seriously affected by the range-set control. By proper 
choice of constants, the range covered by the sweep may be made nearly 

independent of tube selection and resistor tolerances. One final point 
to be noted in connection with reflector circuits is that the control 
tubes are often connected between the negative power supply and ground, 

since the reflector voltage is usually below ground. 

THERMAL HUNTING SYSTEMS 

744. Background and Basic Theory.—When the thermally tuned 

tubes, the 2K45 and the 2K50, became available, it was necessary to 
develop new circuits for controlling their frequency. One of the normal 

drift-in systems (Sec. 7-10) could be used by connecting the output of the 
control tube to the grid of the tuner triode through a suitable potential 
divider. If a system of this kind were used, however, the sweep period 
would have to be made long compared with the time constant of the 

thermal assembly in order to avoid hunting or even oscillation over 

the feedback loop. For instance, when such a system was applied to the 
A5022A,^ the complete hunting cycle had to be set at 90 sec. Further¬ 

more, because of the wide tuning ranges involved, locking to the wrong 
sideband (Sec. 7*9) became a serious problem. 

Circuits were therefore devised in which the tuner power is either 

fully on or fully off, so that hunting and following speeds are limited 
only by the thermal inertia of the tuning strut. In some of the circuits, 
the wrong sideband is inherently rejected; in others, it is arranged so that 

there is no wrong sideband—that is, these systems vdW lock on frequency 
on either sideband. In the present state of the art, these circuits repre¬ 
sent a considerable increase in complexity; control circuits with four to 

seven tubes must be used to replace the two-tube drift-in circuits. 
There are compensating advantages, however. Foremost is the fact 
that fully automatic following of a tunable magnetron over a wide range 

becomes possible. This fact may be of primary importance in enabling 
the operator of a radar set to escape from jamming, either by the enemy or 
accidentally by friendly systems. In peacetime applications this prop¬ 

erty may be less important. 
A second point is that, with the advent of the balanced mixer (Chap. 6), 

local-oscillator noise in the receiver has been practically eliminated, and 

^ The A5022A was an early 1-cm oscillator which did not have a tuning triode; 
however, the external power supply used for heating the tuning mechanism was grid- 
controlled. 
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the major reason for the use of high intermediate frequencies with the 
poor receiver noise figures which they entail is thereby removed. The 
trend is toward the use of a 30-Mc/sec intermediate frequency for which 

the sidebands are only 60 Mc/sec apart. When a 60-Mc/sec receiver 
is used, the local oscillator stops oscillating before it reaches the wrong 
sideband. At 30 Mc/sec, this is not true, and locking on the wrong 

sideband is a problem even with the limited tuning range afforded by the 

reflector. 
A final point is that, at least in the mechanically tuned 25,000-Mc/sec 

2K33 oscillator, a large ungainly tuning mechanism is required. Also, 
the temperature drifts to be expected are so great that a remotely con- 

Fio. 7-26.—Operation of thermal AFC systems. The direction of the frequency drift 
after a pulse of a given polarity is given at the top of the figure for the various cases. Note 
the possibility in the Whitford system of being trapped between tlio negative trigger wall 
at C-C' and the search-reversing point B-B'. In the Nibbe-Durand AFC, Case A repre¬ 
sents the condition existing after a heat-control reversal at A-A'; Case B, that existing 
after a reversal at B-B'. 

trolled tuning motor is required to enable the operator to select the 

operating range for the AFC. This motor adds considerably to the 
weight and volume of the local oscillator. 

In spite of their complexity, the circuits about to be described are 

reliable, and are not critically dependent on tube selection or component 
tolerance for satisfactory operation. In view of the advantages cited, 

therefore, their use is justified for some applications. 

The “on-off” feature described at the beginning of the section makes 
possible reasonable following rates. This feature is combined wdth 

push-pull operation to obtain locking and wTong-sideband rejection. 

In the Whitford AFC system, the operation (see Fig. 7-25) is the fol¬ 
lowing. If the circuit is arranged in such a way that positive triggers 
from the discriminator turn the strut power on, causing the oscillator 
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frequency to decrease (move to the left) and negative triggers turn it off, 
causing the frequency to increase (move to the right), then it is possible 
to lock on frequency at the left-hand sideband, and locking at the other 

sideband is excluded. If, furthermore, provision is made for causing 
this cycle to repeat once every few seconds when the system is not locked, 
the frequency will hunt back and forth over a band whose limits are 
shown at A~A' and JB-B' in the figure, until the desired locking frequency 
is reached. The AFC system as described can be trapped between the 
right-hand end of the sweep B~B' and the negative ‘trigger walF^ 

C-C' at the high-frequency side of the right-hand sideband. This 
trapping is overcome by desensitizing the video amplifier during the 
heating part of the hunting cycle so that the frequency has to sweep all 

of the way to the left and start back before any pulses can come through. 
In the Nibbe-Durand system described in Sec. 7 16, a form of '^azy man’’ 
reversing switch is used, which, in essence, inverts the relation between 
trigger polarity and the tuning-strut-heater control in such a way as to 
make it correct for locking to the first sideband encountered during 
hunting. The next two sections treat in detail the circuits actually used. 

746. The Whitford AFC.—A block diagram of the control circuit is 

shown in Fig. 7*26 and a circuit diagram in Fig. 7*27. The balance of the 

Kkj. 7*26.—Control circuit for Whitford AFC. 

feedback loop is similar to those already discussed in Secs. 7 4 to 7-8 

and shown in Fig. 7-2. The only difference is that the discriminator 
must be designed to produce a pulse with a short rise time (Secs. 7-7 and 

7-8); stretching the pulse is unnecessary. 

The circuit operates in the follo\ving manner. The power in the 
tuning strut of the local oscillator is controlled by a reversing multi¬ 
vibrator, or Eccles-Jordan “trigger” circuit (F^ in Fig. 7-27). This 

circuit has two stable conditions of equilibrium. In the first condition, 
the left-hand section, ^4^, is conducting heavily, mth its grid potential 

at the grid-current point, w'hile the other section, F40, is completely 

cut off. The plate potential of section a is therefore close to fi-h, and the 

tuner triode grid is close to ground potential. Strut power is therefore 

high, and local-oscillator frequency low or falling. In the other position. 
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Vit is cut off and Via conducts. The plate of section a is now close to 
cathode potential, the tuner grid is negative, strut power off, and fre¬ 
quency high or riang. 

Hunting is accomplished by switching alternately between these 
positions at intervals somewhat longer than the thermal time constant 
of the local oscillator (from 2 to 10 sec). Locking is accomplished by 

8+ 

switching at a rate so high (50 to 200 per sec) that thermal inertia keeps 
the strut temperature substantially constant. The average temperature 
is determined by the ratio of the time spent at full power to that spent at 
aero power. 

It was shown in the previous section that a one-to-one relation 
between trigger polarity and the application or removal of strut power 
was sufficient to provide locking of one sideband and rejection of the 
other. A tdmple capacitance coupling between the video-amplifier plate 
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and the grid of produces such a relation, but it is unreliable. A 
small negative pulse is capable of turning an “on-tube” off, but a large 
positive pulse is required to turn an “off-tube” on. This is because 
the grid of an on-tube is held, by grid current, close to cathode potential 
where the mutual conductance ffm is high, whereas, to provide an adequate 
margin of safety against tube variations, the grid of an off-tube must be 

held far below the point of complete plate-current cutoff. The serious 
effect of such asymmetry is that if the gain of the system is adequate to 
ensure operation on the positive pulses of the fundamental sideband, 

it may allow operation on transients or on the negative pulses of a 
harmonic sideband (see Sec. 7-5). 

Complete symmetry is assured by using a phase inverter (F*) and 

applying the two equal but opposite output voltages to the two grids of 

Vi- Thus, positive pulses at the plate of Fi result in negative pulses 
at the plate of F*, which will turn Vu off if it is on. Similarly, negative 

pulses at Fi produce negative pulses at the cathode of Vs, which can 

turn F4a off. 
In principle, the positive pulses appearing at the plate or cathode of F* 

might be used to aid the negative pulses on the opposite electrode. If 

such aid is permitted however, another ill effect causing unreliability 

may occur. Suppose two positive pulses appear in sequence at the plate 

of Fi. The first produces a negative pulse on the grid of F4fc, which is 
therefore turned off. The second produces, in addition, a positive pulse 
which would reach the grid of F4a if it were not for the diode F*«. Since 
F40 is now conducting, \vith its grid drawing current and acting as a 

diode, this positive pulse would charge the coupling condenser. When 
the cathode end of this condenser returned to its quiescent voltage, 
the grid end would become negative. This overshoot, caused by differ¬ 

entiation of the pulse, would be quite capable of turning F4a off again and 
producing an undesired reversal of the heat-control circuit. Adding the 
diodes of Fj is a complete cure for this trouble. This special coupling 

circuit gives satisfactory operation independent of tube selection and 
component tolerance. Returning to the main argument, then, we see 
that Fi through F4 provide precisely the type of coupling between 
discriminator output voltage and thermal triode power that was specified 

in Sec. 7-14. 
Hunting and the desensitizing discussed in the previous section are 

accomplished by means of a slow timing multivibrator Fs. The cycle of 
the grid potential of a multivibrator is such that during one phase the 

grid is very close to ground potential, whereas during the other phase it 

is negative and rising. One of the grids of Fs is tied directly to the 
suppressor grid of the video amplifier F1. When these grids are close to 
ground potential, F1 acts as a normal amplifier. When they are negative, 
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however, the plate current in Vi is completely cut off, providing the 
required desensitizing. Furthermore, the transition between the two 
conditions produces a sharp voltage rise at the plate of V i when this tube 
is cut off. This abrupt voltage change is differentiated in the coupling 
condenser, proceeds through and Fs, and acts as a trigger to cut 

Vib off. The multivibrator that governs strut power is thus reversed, 

and the desensitized recovery sweep of the local oscillator is started. 
Similarly, when the multivibrator switches to the other phase, turning V i 
on again, the negative wavefront thus produced turns F^ on again, and 

institutes the active hunting sweep. 
The only problem remaining is to stop the action of the multivibrator 

when the system is locked. For this purpose, the audio-frequency 

square wave at one of the plates of the heat-control multivibrator is 
differentiated and rectified by Fe. The negative voltage thus produced is 
applied to the grid of F56, effectively holding the multivibrator fixed. 

7*16. Nibbe-Durand AFC System.—This system, shown in Fig. 7*28 
is arranged to lock on whichever sideband is first encountered after the 
heat-control reversal marking the end of a hunting sweep. Both direc¬ 

tions of the sweep are active, and the video amplifier is always sensitive. 
The heart of the system is a pair of reversing-multivibrator circuits 
similar to that used in the Whitford system described in the previous 
section. The coupling into the first circuit and the coupling out of the 
second are respectively identical to the input and output couplings of 
the reversing-multivibrator circuit in the Whitford AFC. In addition, 

there is a coupling between the two multivibrators such that whenever 
the first one reverses, the second will likewise reverse. Thus, vdth a given 
phase relationship between the two, the system can lock on one sideband 

just as it does in the system previously discussed. The triggered reversals 
of the first trigger-sign selector, or TSS, circuit are transmitted to the 
second heat-control, or HC, circuit. If the relative phases are changed, 
the system will lock in a similar manner on the other sideband. This is 

illustrated in Fig. 7-25. 
A transitron oscillator F7 that has a period of one to two times the 

time constant of the thermal assembly of the local oscillator to be con¬ 

trolled is provided (see Sec. 7T3). The transitron generates triggers 
which operate the TSS and HC circuits. The triggers are obtained by 

differentiating the voltage wave at the screen grid (see Fig. 7*24c). 

The differential output waveform consists of a sharp negative trigger 
followed by a sharp positive trigger. These triggers are introduced to 

the grid of a triode V% that is biased beyond cutoff. The negative trigger 

therefore has no effect, but a positive trigger brings the grid into the 

conducting region and results in a small positive trigger at the cathode 
and a large negative trigger at the plate. Because of a connection from 
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the cathode of this tube to the cathode of the video amplifier Vi, the small 
ne^^tive trigger is applied to the signal channel leading to the TSS. It is 
equivalent to a negative trigger at the grid of Vi and therefore presets the 

in such a way as to make it ready to accept only positive triggers from 
the discriminator. 

Simultaneously, the negative trigger at the plate of Vs is coupled 
through small condensers to the grids of the HC and cuts off whichever 
section of the HC is conducting at the time. The heat control in the 
tuner triode is reversed and a reverse sweep is started. 

To restate, in the absence of control information from the discrimin¬ 
ator, the oscillator frequency is swept up and down over the band, the 
reversals occurring at each cycle of the transitron. At each reversal, 
provision is made to ensure that the TSS is ready to accept positive 
triggers from the discriminator. Examination of Fig. 7*25 shows that, 
after each HC reversal, the first discriminator triggers that are capable 
of causing a TSS reversal, and hence a locking reversal of the local oscil¬ 
lator, come only after the crossover frequency has been passed. Conse¬ 
quently, if control information appears, the frequency wll pass crossover, 
and then the drift will be reversed. When the crossover frequency is 
again passed, the negative triggers from the discriminator will cause a 
second reversal of frequency drift, and so on. The system will be 
locked. 

If the transitron w’ere allowed to continue operation, there would be 
an even chance that a given reversing trigger would disturb the phase 
relation between the TSS and the HC, making a shift to the other 
sideband necessary. For, although every trigger would cause a reversal 
of the HC, reversal of the TSS would occur only if it happened to be 
prepared to receive negative tri^ers at the time, which would be true 
on the average only half of the time. 

Therefore, the transitron trigger generator must be stopped. This is 
accomplished by a detector, F», whose input voltage is the differentiated 
waveform at one plate of one of the reversing multivibrators. The 
pulses that appear every few seconds from the hunting-cycle reversals 
are too infrequent to generate appreciable voltage, but when the system 
is locked, pulses appear at an audio frequency, and F» develops a large 
negative bias. This bias is applied to the suppressor grid Gt of the 
transitron. Since the bias does not affect phases A, B, and C of Fig. 7-24, 
after due time the transitron screen voltage suffers its abrupt drop. 
It does, however, prevent the completion of phase D of the wave on 0» 
(Fig. 7'24p), writh the result that the plate remains completely cut off 
and the transitron cycle is stopped. 

Application of the stopping bias voltage in this manner permits a 
valuable “second chance” feature. The time required for the voltage 
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to leak off, should the system become unlocked, is set to be somewhat 
greater than the time required for the frequency to sweep from one side¬ 
band to the other and back (about ^ sec in a tjrpical case). Suppose that, 
because of transmitter sparking, for example, the discriminator output 
signal disappears long enough to allow the system to become unlocked. 
If, at that time, the oscillator frequency is approaching the transmitter 

frequency, it will drift over to the other sideband, where a pulse will 
appear that sends it back to its original position. The bias voltage will 
have held the transitron off long enough to allow this to happen and lock¬ 

ing will be restored. If triggers have not been restored when the other 
sideband is reached, the frequency will continue to charge for a short time, 
at the end of which the bias voltage will leak off, the transitron will 

begin to oscillate, and the drift will be reversed by the first trigger. The 
system now will lock on the other sideband. If the oscillator frequency 
were moving away from the transmitter frequency at the time of the 

original unlocking, it would simply continue until the release of the 
trigger generator, at which time it would reverse its direction of frequency 
change, move back, and lock to the original sideband. 

In a typical case, the interval between unlocking and the second- 

chance trigger is about i sec. Locking is therefore resumed within a 
second. This speed of locking represents a great improvement over the 

Whitford AFC in which, with equal probability, locking may be restored 

quickly by the pulse from the other sideband, or a complete recycling, 
which may take two full transitron periods (20 sec, in some cases) may be 

required. 
It may seem that fairly complex methods have been adopted to 

secure simple ends. When the circuit w'as originally conceived, Vt, 

F», Fs, and Fg were not included, yet locking was obtained. The 
system was unreliable, however; to provide positive action, all of the 
above tubes are required. The necessity for the phase inverter Fj and 

the dual diode Fj has already been discussed in connection with the 

Whitford circuit (Sec. 7T5). The identical problem exists here. 
Ori^ally, the coupling to the HC was taken from a single plate of 

the TSS. The negative wavefront of one reversal turned the on-tube off, 
and the positive one from the other reversal turned the off-tube on. This 

arrangement worked satisfactorily except for the special case where the 
input pulse to the TSS was slightly below the voltage necessary to produce 
a reversal. With such a trigger, the plate voltage of the on-tube of the 
TSS would rise part of the way, reversing the HC, and then fall again, 

leaving the TSS unreversed and destroying the correct phase relation. 

Under these conditions, the plate potential of the TSS off-tube remained 
fixed. The slightest lowering of this voltage sufficed to ensure TSS 
reversal. Therefore, the negative triggers from both plates were coupled 
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to the HC, and the diodes F5 were added to decouple the plates from 
each other and to eliminate the effects of the positive wavefronts. 

The main purpose of the tube V% was to make possible the use of the 
positive portion of the transitron screen wave, which provides the second- 
chance feature, and at the same time to utilize the sensitivity of the 
reversing multivibrators to negative triggers. Coupling without the tube 
Fa was unreliable and used the negative part of the screen wave. Most 
of the diflSculties resulted from spurious reversal from overshoot on the 
positive part of the wave and from the loading of the HC by the coupling 
circuit, which made reversal of the HC by the TSS difficult. 

One further point should be noted. In the first model of the final 
circuit the two sections of a 6J6 twin triode w^ere used for F1 and Fg, which 
have a common cathode connection. No troubles were encountered. 
In a second model, similarly constructed, it was found that the TSS 
reversed on the negative trigger from the transitron screen. This caused 

a reversal of the HC when, shortly, 
the positive trigger came along; the 
TSS was preset properly, but the 

HC was reversed a second time, 
leaving no net reversal for the hunt¬ 
ing sweep. The trouble w as traced 
to the capacitive coupling between 
the grids of the two sections. The 
sharp negative dip in the grid of 
Fg produced a similar, smaller dip 
in that of Fi. The use of separate 
tubes, of course, solved the prob¬ 
lem. Other solutions may be possi¬ 
ble. For instance, if the wavefronts 

were slowed down by an RC circuit, a combination might be found which 

would be slow enough to reduce the capacitance coupling to a negligible 
value, yet fast enough to ensure the desired triggering. 

Other reductions of circuit complexity may be possible. One tube 

can clearly be eliminated by the use of a combination phase inverter 
and amplifier: the so-called ‘‘cathode-coupled push-pull amplifier^' used 
in the Dumont Model 208 oscilloscope. A circuit for this device is shown 

in Fig. 7-29. 
Since overshoot is caused by differentiation of the pulse, it may be 

that it could be reduced below the danger point by “stretching'^ the 

pulse from the discriminator (see Sec. 7*7) and making the negative 
slope at the end of the pulse small. The elimination of Fa might thereby 
be possible. If the capacitance of the cross-coupling condenser C (Fig. 
7-28) of the TSS were increased (which would pose new problems in the 

Fig. 7*29.—Phase inverter with ampUfica' 
tions. 
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triggering of the TSS), the wave at one of the plates would have the form 
shown in Fig. 7*30a. The downward trend of the plate voltage is inhibited 
only by interelectrode and stray capacitances. The voltage rise is 
likewise fast until the grid of the opposite section begins to draw current. 
After that, it is slow, as the plate load resistor charges the cross-coupling 
condenser. If this waveform were differentiated by an RC circuit of 
very short time constant, the 
pulses of Fig. 7-306 would appear. 
The sum of these pulses would be 

a smaller negative pulse which 
might be adequate to reverse the 
TSS, eliminating the need for Vh. 
It is doubtful if the phase inver¬ 
sion can be eliminated. 

The circuit in its present form 
is fairly reliable. It will operate 
with any tubes meeting JAN-lA 
specifications and with any re¬ 
sistors or condensers wthin ± 10 
per cent of design value, including 
the most unfavorable combina¬ 
tions, with the exception that the 
resistors in the reversing multivibrator circuit should be ± 5 per cent if 
limit tubes are to be used. 

ABSOLUTE-FREQUENCY HUNTING SYSTEMS 

7«17. The Beacon Problem.—The nature of absolute-frequency, 
A-F, AFC systems and their application to the radar-beacon problem 
were briefly considered in Sec. 7-3. Beacons are treated extensively 
elsewhere in this series,^ but a brief review of their operation will be 
given here. 

A radar beacon is a device which enables a radar operator to determine 
the range and bearing of the point at which the beacon transponder is 
located. When the operator throws the switch to beacon, the length 
of the transmitter pulse is changed to a value that will allow the pulse to 
pass through the beacon receiver and operate the coding circuits. As a 
result, the beacon transmitter issues a series of coded pulses which 
identify it from other beacons, and the first of which appears on the radar 
indicator at a position that shows the range and bearing of the beacon. 

If beacon signals were received continuously, one of the AFC systems 
described in the previous section could hunt for and lock to the signals. 
But because of antenna scanning, only a few sets of pulses are received 

‘ Volume 3, Radiation Laboratory Series. 

Fio. 7-30.—Effect of waveform on overshoot. 



342 FREQUENCY CONTROL OF LOCAL OSCILLATORS [Sac. 718 

at each rotation. Therefore, the beacon receiver must be in tune when 
the first beacon pulse is received. 

The problem of manually tuning a receiver to a beacon, with no 

reference frequency available to the operator, is almost insuperable, 
mnce the receiver must be in tune at the instant at which the antenna 
points to the beacon. Either a manual tuning aid or AFC' is highly 

desirable. Either requires that the beacon transmitter frequency be 
known to the operator. Therefore, all beacons for a given class of service 

opierate at a single fixed frequency. 

The manual tuning aid consists of a precision reference cavity whose 
response peak differs from the transmitter frequency by an amount equal 

to the center frequency of the i-f amplifier. Power from the local 

oscillator is applied through the cavity to a crystal, the current from 
which is read on a milliammeter. The operator tunes the local oscillator 

until he gets an indication on the meter, at which time his receiver is in 

tune. 
If AFC is used, the same type of reference cavity and crystal are used. 

The r-f problems associated with the cavity have been discussed in 

Chap. 4, and the circuits for control will be treated in the rest of this 

chapter. Most of the control circuits for beacon AFC have had provision 
for hunting (Sec. 7-3). These will be described in Secs. 7-18 and 719. 
A nonhunting d-c amplifier system operating mth a microwave discrimin¬ 
ator and capable of very precise control is discussed in Vol. 11 Chap. 2, 
of this series. 

A tunable wavemeter cavity may be used in any of these systems to 
provide a stable tunable receiver with a precise calibration. Such a 
combination would be useful for multichannel communication. 

748. Reflector-modulation Schemes for Reflector AFC.—These 
systems employ the drift-in control circuits described in Secs. 7-10 to 7-12. 
The problem is to convert information coming from the beacon AFC 

crystal to a voltage capable of operating the search stopper. The block 
diagram of Fig. 7-31 shows the method used when a diode transitron 
(see Sec. 7*13) is used. When a standard gas-discharge-tube control 

circuit (see Sec. 7-11) is desired, the coincidence tube itself is the search¬ 
stopping tube, the rest of the circuit being as in Fig. 7-18. 

The nature of this circuit is such that when the local-oscillator fre¬ 

quency is on one side of the cavity resonance peak, the gas-discharge tube 
will not fire, but after the peak is passed (analogous to passing the cross¬ 
over frequency), the tube starts to fire 1000 times per second. But this is 

precisely what happens when a conventional discriminator is used. On 

one ride of the crossover frequency, the negative signal from the discrimin¬ 
ator amplifier is ignored; on the other ride, the positive signal triggers a 

gas-discharge tube or operates a diode detector as the case may be. 
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0.5 V 

(a) Crystal output (D-C) vs (6) Modulation voltage 
Input frequency 

(c) LO frequency 

Fig. 7*32.—Waveforms in coincidence detection. 
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It should be noted that when the gas-discharge tube fires, since the voltage 
across C cannot change instantaneously, the first effect is that the 

cathode voltage rises toward the plate potential. Only later, as C is 

discharged through the tube and R (a low resistance of about 2000 ohms) 
does the plate voltage fall to mark the start of the sawtooth sweep. 
This positive pulse at the cathode acts precisely as did the positive signal 
from the discriminator in developing a negative search-stopping voltage 
across the diode. All of the explanations of Secs. 711 and 7-13 therefore 

apply. 
It remains, then, to analyze the action of coincidence detection, which 

is illustrated in Fig. 7*32. A 1-kc/sec oscillator^ provides a modulation 
voltage (6) of about 0.5-volt peak, which is superimposed on the LO 

reflector voltage. This causes a frequency modulation (c) to appear on 
the LO output signal. In (d) and (e) are shown the output voltage of the 
crystal when the frequency-modulated signal is applied to the cavity 

with the indicated pass band. To show' the relative phases, the time at 
which the modulation voltage crosses zero w ith a positive slope is denoted 

by to- 
Figure 7*32a show's the output voltage from the beacon AFC crystal 

as a function of local-oscillator frequency. Since the LO output power 
is nearly constant over the narrow range involve^!, this is essentially the 
cavity resonance curve. It may be noted here that the cavity is loaded 
by the local oscillator and the crystal until its bandwidth at the half-power 
points approximates the locking accuracy desired; that is, it is nearly 
equal to the peak-to-peak separation of the discriminator that would be 
used were the AFC of the difference-frequency type. 

If now the center frequency of the local oscillator is on the low-fre¬ 

quency side of this response curve, the frequency modulation will cause a 
voltage component at 1 kc/sec to be superimposed on the d-c output 
voltage from the crystal. As is shown in Fig. 7'32d this voltage is 180® 

out of phase with the original modulating voltage. If, on the other hand, 
the center frequency is above the resonance peak, the a-c component of 
the crystal output voltage will be in phase with the original modulation 

voltage, since on this side the slope of the resonance curve is negative. 
Figure 7*32/ shows this a-c component as a function of frequency and 
is drawm so that amplitude is proportional to the magnitude of the 

ordinate and phase is indicated by its polarity, a positive ordinate indi¬ 
cating that the crystal voltage is in phase with the original modulating 
voltage. It is seen that this curve has the appearance of a conventional 

discriminator response curve. 

If the amount of frequency modulation is large, there will be some 

^ A phasenshift oscillator with a four-section tapered phase-shifting network has 
been found excellent for the purpose. 
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output voltage from the crystal at the crossover frequency. It will 

consist only of even harmonics of second and higher orders of the l-kc/sec 

voltage, and can be removed by a suitable low-pass filter if desired. 

The crystal output voltage is applied to a high-gain amplifier with 
negligible phase shift at the modulation frequency. Either two stages of 
resistance-coupled amplification may be used, or a low-impedance 

microphone-to-grid transformer (such as the UTC type 0-14) driving a 
single stage. 

The output voltage from the amplifier is applied to the control grid 

of a gas tetrode (2050 or 2D21) and, simultaneously, a 10-volt peak 
signal from the 1-kc/sec oscillator is coupled to the shield grid. Each 
grid has a bias of about —10 volts with respect to the cathode. 

Measurements on gas tetrodes show that if either grid is biased to —10 
volts, the tube will not fire even if as much as +75 volts is applied to the 
other grid. Therefore, if the a-c signals on the grids are 180° out of phase 
with each other, firing is imp>ossible. When they are in phase, however, 
and of adequate amplitude, the tube vrill fire once each cycle if the plate- 
circuit time constant permits adequate recovery between cycles. Thus, 

the condition stipulated at the beginning of the section is fulfilled, 
and the AFC system will lock. The phases must, of course, be selected 
so that during the hunting sweep the phase condition for firing will not be 
encountered until the resonance peak has been passed, or else the system 

will lock far out on the skirt of the response curve. 
Some of the earlier beacon AFC systems used a pentode coincidence 

tube in place of the gas-discharge tetrode. The amplified crystal 
output voltage was injected at the control grid and the direct signal from 
the audio oscillator at the suppressor grid, both being biased beyond 
cutoff. Under coincidence conditions the pentode put out broad negative 
pulses. An additional amplifier was therefore required to obtain the 

positive output pulse necessary to fire a gas-discharge tube. 
This arrangement op)erated successfully in conjunction with the 

standard gas-discharge-tube AFC, although two more tubes were required 
than are used in the circuit described at the beginning of this section. 
It was completely unsuccessful in conjunction Avith the diode-transitron 
control circuit, however, and this failure led to the circuit of Fig, 7*31. 

The cause of the failure was essentially the enormous variation in the 
effective gain of the system. In addition to the normal factors of tube 
variability, LO output power, crystal rectification, and so forth, three 

potent effects exist: 

1. For constant modulation voltage, the amplitude of the frequency 

excursion, and hence of the crystal output voltage, is proportional 
to the electronic-tuning sensitivity, dv/dY, In usual reflex 
oscillators this factor varies by a factor of 3 among tubes of a 
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given type. In addition, unless very loose coupling is used, the 
pulling ^ect of the cavity on the local oscillator may cause a 
further increase by a factor of 3; that is, tubes with a high normal 

dv/dV are readily pulled, and the effect is such as to increase the 
effective dv/dY, but tubes with a low dv/dV are little affected. 
These two factors of 3 combine to give an uncertainty in the gain 

of a factor of 9. 
2. The bias on the control grid must be enough to ensure cutoff for 

every tube. If it were not, the signal on Ga would give rise to plate 

output voltages capable of operating the control circuits even 
when no signal was present on Gi. If tube variability is such that 
cutoff ranges from —4 to —8 volts, then —10 volts is a reasonable 

design figure. If, moreover, one of the tubes whose cutoff is —4 
volts is used, then a signal having a peak amplitude of 7 volts will 
cause a 1-volt excursion into the conducting region, but an 8-volt 
signal (14 per cent larger) will produce a 2-volt excursion. 

3. Not only is this excursion twice as large, but the upper half of it 
occurs in a region of higher tube G„; the output voltage might 

therefore be three or four times as large. 

From the foregoing discussion, it can be seen that a mere change of 
local oscillator and coincidence tube, may cause a system in which the 

maximum available output voltage is barely adequate for the generation 
of control voltage to become one in which a slight deviation from the 
crossover frequency will produce the ma.\imum effect. In practice the 

output vcdtage of the coincidence tube, under the high-gain condition, 
changes, between two successive cycles of the audio oscillator, from zero 
or a small value to one so great that a large potential is developed across 

the detector of the diode-transitron circuit. This large potential causes 
the local-oscillator frequency to be driven back a long way, so that an 
interval of p>erhaps 10 to 20 cycles will occur before the next crossing of 

the resonance peak. It will be found that the ripple in the local-oscillator 
frequency will amount to many megacycles per second. 

It is felt that this difficulty is inherent; that the cavity-modulation 
scheme must always be applied to a control circuit which operates on the 
frequency principle (Sec. 7-11), and which is not affected by amplitude 
variations as large as 100 to 1. 

Another problem peculiar to a circuit of this type should be noted. 
Let us ignore, for the moment, the audio-modulation voltage, and consider 
only the slow-sweep voltage of the hunting cycle. As the frequency is 

sw^t through the resonance curve, a positive transient voltage appears at 
the crystal output terminals. A badly distorted reproduction of this 
vdltage—^U)e distortion depending on the low-frequency amplitude and 
phase response of the amplifier—will appear at the grid of the coincidence 
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tube. At the time coincidence information should appear, for instance, 
the potential of this grid may be more negative than its fixed bias, 
and hence it may be necessary for the local-oscillator frequency to 

pass somewhat beyond the resonance peak before the gas-discharge tube 
starts to fire. On the other hand, after the gas-discharge tube does fire, 

the transient may cause a reduction in bias such that the firing will 
continue for several cycles after the reversal of the drift direction. The 
generation of an excessive search-stopping voltage results, so that the 
frequency is pulled back in much the same way as when a pentode 

coincidence tube is used. When the output pulses from the coincidence 
tube are observed, groups of 5 to 15 consecutive pulses followed by a long 

interval without pulses are seen instead of a more or less uniform dis¬ 

tribution. A large ripple appears in the reflector voltage, and a spectrum 
analyzer shows large excursions in the oscillator frequency. 

This effect can be eliminated by so designing the amplifier that it has 

poor response to low frequencies. On the other hand, its phase shift at 
the modulation frequency must be small if firing in the ‘‘anticoincidence 
position is to be avoided. One solution is to admit the considerable phase 

shift in the amplifier which occurs when short-time-constant coupling 

netw'orks are used, but to offset it by an equal phase shift in the line 
carrying the oscillator signal to the shield grid. In practice, the phases at 

the two grids should be compared when the whole system is in place, 
including any small bypass condensers at the reflector. Such a com¬ 
parison may be easily made with an oscilloscope, and a suitable phase- 

correcting circuit may be installed. This is a design test, and normally 
should not have to be made on each individual system. 

7*19. Beacon AFC for Thermally Tuned Tubes.—At the time of the 

writing of this section, no fully engineered circuit for the absolute- 
frequency AFC of thermally tuned oscillators has been developed. The 
circuits to be described have been built and operated but are not yet 

known to be fully satisfactory. 
The first approach to the problem was a circuit designed by M. W. P. 

Strandberg,^ who, following the lines of development described in 
Secs. 7*14 to 716, used push-pull, on-off control with reversing multi¬ 

vibrators. The circuit is shown in Fig. 7-33. 
The r-f part of the circuit is identical with that described in the 

previous section. Since no modulation is applied to the reflector, the 

response curve of Fig. 7•32a applies. A sweep mechanism which will be 
described later causes the local oscillator to sweep back and forth across 

the band just as it does in the thermal AFC circuits described in Secs. 
7-14 to 7-16. The crystal output voltage is applied through an amplifier 

' M, W. P. Strandberg, ‘‘Automatic Frequency Control Circuits for Thermally 
Tuned Reflex Oscillators,^^ RL Report No. 966. 
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having very good low-frequency response to a trigger shaper/^ T8. The 
TS is essentially a reversing multivibrator similar to those previously 
described, except that one of the grid-plate crosscoupling resistors is 
replaced by the coupling of the common cathode. 

The first output voltage from the crystal, as the operating frequency 
approaches the cavity resonance, is positive. This voltage actuates the 

TS in such a way as to preset it to a definite position. The TS signal at 
this reversal is ignored by the subsequent circuits. 

As soon as the resonance peak is passed, the crystal output voltage 

starts to decrease. This negative wave causes the TS to reverse again, 
but this time the reversal is effective in operating the subsequent circuit, 
which is a heat-control reversing multivibrator similar to those described 

in Sec. 7*15. Thus, immediately after the frequency has passed the peak, 
the power switch in the tuning triode is reversed so that the frequency 
once more approaches the peak, resulting in a positive output voltage and 

the presetting of the TS once more, so that it can again operate from the 
negative signal received on the other side of resonance. Thus, the system 
is trapped between the two sides of the response curve. 

The preset feature is important for, if it were not present, small 

fluctuations due to hum or microphonics would cause two or more suc¬ 
cessive negative impulses to appear, which would result in an extra 
reversal of the heat-control switch that would carry the oscillator away 

from the peak. 
On the other hand, the sensitivity of the TS to a presetting signal 

must be appreciably greater than its sensitivity to a heat-control signal; 

otherwise the frequency might ride back over the ‘‘hump’^ without the 
TS being preset, and the next reversal of the heat-control switch would 
not occur. It is this extra sensitivity, apparently, that introduces the 
troubles which at this stage make the circuit seem impractical. For if, 
immediately after receiving the HC signal, the frequency should vary 
rapidly, as from hum or microphonics, there is a chance that a small signal 

adequate for presetting may be followed by a larger signal adequate 
for heat reversal while the oscillator is still on the same side of the peak. 
This extra reversal would then send the frequency away, and the system 

would be unlocked. Whether this difficulty can be overcome Avithout 

basic circuit change is not known. 
The sweep mechanism referred to in the foregoing material is similar 

to that used in the radar AFC circuits. A transitron (see Sec. 7 16) 
simply triggers the heat-control multivibrator at suitable intervals. 

A circuit was devised,^ which, it was hoped, would not be sensitive to 

microphonics. It is shown in Fig. 7*34. This circuit combines many of 

the features discussed in connection with several of the previous circuits. 

^ Strandberg, loc, cii. 
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It is essentially of the drift-in type (Sec. 7-10). The reflector-modulation 
coincidence-tube scheme of Sec. 7*18 is used to provide the search¬ 
stopping information, but control is of the on-off type. 

The circuit, up to the gas-discharge-tetrode coincidence tube, is 
identical with that used for reflector beacon AFC (Sec. 7-19). The plate 
voltage of the gas tube is, however, supplied from a multivibrator F4, 

which provides the hunting sweep. The ^'ground’’ point for both the 
multivibrator and the gas-discharge tube is at a negative potential 
(usually —105 volts). The tuner-triode grid is tied directly to the plate 

of the gas-discharge tube, while the plate supply is the real ground (at 
chassis potential). The following action occurs. 

During the desensitized or return portion of the sweep, the left-hand 

section of the multivibrator is conducting. Its plate potential is therefore 
close to cathode potential, and thus the potential of the tuner-triode 
grid is far below ground potential and the strut power is zero. After a 

suitable interval, the multivibrator reverses spontaneously, initiating the 
active portion of the sweep. At this time, the left-hand section is cut off. 
As a result, its plate load resistor acts as part of the plate load of the gas- 

discharge tube, whose plate is therefore at ground potential. Conse¬ 

quently, the strut power is high, and the oscillator frequency starts to 
sweep downward. As the frequency approaches the cavity resonance, 

the audio signal from the crystal is in the wrong phase to fire the gas- 

discharge tube (see Sec. 7-18), but as resonance is passed, information 
of the correct phase appears and fires the gas-discharge tube. The 

plate potential of the gas-discharge tube therefore is brought momentarily 
close to the potential of the cathode, cutting off the tuner triode and caus¬ 
ing a reversal of the frequency drift. The oscillator consequently sweeps 

back over the hump. Presently, however, the gas-discharge-tube 
condenser is recharged through its plate load resistor so that strut power 

reappears. The strut power causes the frequency to drift back into the 
coincidence region, and another firing of the gas-discharge tube ensues. 

The circuit is locked. 
To stop further action of the multivibrator when the system is locked, 

positive pulses developed across a small resistor in the cathode lead of the 

gas-discharge tube are impressed on the detector V3, the left-hand section 
of the multivibrator, effectively preventing the completion of its cycle. 

This circuit should not be sensitive to microphonics, since micro- 

phonics, by producing a few extra firings of the gas-discharge tube would 
merely cause the local-oscillator frequency to back away somewhat from 
the cavity peak without becoming unlocked. The one test model of this 

circuit that has been built showed some tendency to imlock when the 

local oscillator was tapped. The cause of this unlocking has not yet been 

determined. 



CHAPTER 8 

SPECIAL MEASUREMENT TECHNIQUES 

The purpose of this chapter is to outline some of the special measure¬ 

ment techniques that have been used in conjunction with the design and 

testing of microwave mixers. There are many microwave and low- 

frequency techniques that have had general use in the microwave-radar 

development program. These will not be discussed here because they are 

well described elsewhere. For discusaons of such subjects as admittance 

measurem^ts, power measurements, and the design of signal generators, 

power meters, and standing-wave detectors, the reader is referred to 

Vol. 11 of this series. Only those techniques and pieces of apparatus 

which have been used primarily for the design and testing of mixers, 

because of peculiarities of the problem not encountered in other micro- 

wave problems, will be discussed here. 

8-1. Production Tests for Losses of Signal Power.^A mixer cannot 

be tested, in production quantities, for correct dimensions and good 

electrical contacts so simply as can many other pieces of microwave 

equipment. In the design of a mixer, the tuning of the crystal mount 

is one of the most important features, and this is determined by making 
standing-wave-ratio measurements for large numbers of crystals. The 

work is reduced by using crystals representative of the extremes in admit¬ 

tance, selected from a large number of crystals on the basis of admittance 

measurements. For production tests, admittance measurements by 
standing-wave-ratio methods are tedious and do not necessarily reveal 

losses due to such causes as p>oor contacts. 
As discussed in Chap. 3, the r-f tuning of a mixer should be based on 

measurements of the admittance for a small signal, with the local oscillator 

operative and coupled to the proper degree and with a matched i-f 

load and any preselecting r-f components that are to be used in place. 
In practice, however, it has been found that the admittance measured 

in this way is almost identical with that found if a signal at the local- 

oscillator lev^ is applied to the mixer, without a local-oscillator voltage 

bong present. This leads to a ample test involving only admittance 

measurements for such a signal; but the fact that the mixer crystal is 

also a detector can be utilized to make an even simpler test. 
This test is a comparison of the rectified crystal current produced 

in the mixer by each of a set of crystals representing the extremes in 

admittance of a large group at a signal strength equal to the optimum 
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local-oscillator level, to that produced in a tunable crystal holder by the 
same signal when the tunable crystal holder is tuned for maximum 
rectified crystal current. The apparatus used for such a test is illus¬ 
trated in Fig. 8-1. The signal generator is padded with a matched 

variable attenuator and this combination provides a signal source that is 
matched to the waveguide and adjusted to deliver power at the required 

level. Figure 8Ta shows the necessary arrangement of apparatus for 
testing a single mixer with an iris-coupled local oscillator designed for 
operation with a TR switch. The TR switch must be used in the test 

since it provides some tuning of the mixer and changes the dep)endence of 
the power delivered to the crystal on the r-f admittance of the crystal. 
Each of four or five borderline crystals are put into the mixer and the 

maximum crystal current obtainable by tuning the TR cavity is noted. 
Then the mixer and TR switch are replaced by the tunable crystal holder, 

(i) 
Fig. 8’1.—Apparatus for production testing for r-f tune and loss in mixer. 

and for each crystal the mount is tuned to give maximum crystal current. 

At this level (0.5 to 1.0 ma), the crystal current for most crystals is 

approximately proportional to the power absorbed and, therefore, the 
ratio of the crystal currents produced by the same crystal in the two 

mixers shows approximately the transmission loss and reflection loss due 
to mismatch in the tested mixer. Experience shows how much loss can 
be expected for a properly constructed mixer. A badly constmeted 

mixer will show up as having a large loss for some of the crystals. A poor 

electrical contact will show up as a large loss for all of the crystals. A 

limit of 2 db can usually be set on the sum of the loss in the TR cavity and 
the loss due to mismatch, and the crystal current in the tested mixer 

should therefore be at least 63 per cent of that in the tunable mount for 

each crystal. 
If the mixer is to be used over a wide band, it is well to make this 

test at each edge of the band. For testing a large number of mixers, 

the tunable crystal holder need be used only frequently enough to ensure 
that the signal-generator power level has not changed, and that all of the 
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cr3rstals are unchanged in rectification efficiency. To avoid burnout, 
care must be taken, in inserting the crystals, not to allow an electrostatic 
discharge to pass through them from the body. 

A test of the reflected power alone could be made almost as simply 
by means of a directional coupler on the signal-generator waveguide 
adjacent to the mixer, so arranged as to couple to the reflected wave only. 

This method would eliminate the need for a comparison with the tunable 
mixer, but it would not necessarily show a source of loss in the mixer 
other than mismatch. With a mixer designed for use with a tunable TR 

cavity, the reflection coefficient that can be tolerated depends upon the 
phase, because of the transmission loss of the TR cavity, as shown in 
Chap. 3; therefore, a test in which only the reflected power is measured 

is not so informative as the one described, which measures both the 
reflection loss and the dissipative loss. 

8-2. Local-oscillator Coupling.—In most unbalanced mixers, the LO 

coupling circuit has some effect on the transmission of received signals 
into the ciystal. It is important to know whether sufficient local- 
oscillator power can be coupled into the crystal without a loss in received 

signal strength at the crystal because of interaction of the two circuits. 
Such a test can be made with the apparatus just described, by measure¬ 
ment of crystal current only. 

The test for local-oscillator coupling, too, must be made with each 
of the selected representative crystals. One of these crystals is put into 
the ciystal mount of the mixer, and, with the TR cavity tuned for 

maximum crystal current at a level of 0.5 to 1.0 ma, the crystal current 
is observed as a function of the LO coupling adjustment. This observa¬ 

tion is made vdth the local oscillator inoperative. Then the signal- 

generator power is attenuated to the extent that the crystal current 
produced by this signal is vanishingly small, and the local oscillator is 
turned on. The local oscillator must be set at the proper frequency, 

relative to the signal generator frequency, to produce the desired inter¬ 
mediate frequency, because when a resonant TR cavity is used, the 
coupling depends on frequency. The crystal current produced by the 

local oscillator is observed as a function of the coupling adjustment. 

Two curves can be plotted from these two sets of observations as a 
function of the same parameter. If an effect of the LO coupling adjust¬ 

ment on the signal power delivered to the crystal is observed in the first 

test, the second test must show that sufficient local-oscillator drive is 
obtained when the local oscillator is not coupled too tightly to the 

signal circuit. The test must be repeated for each of the representative 

borderline crystals and, if the mixer is to be used in a wide band of fre¬ 
quencies the test must be made at several frequencies in the band. 
The locd-oscillator tube used for the test should be one that pves, in the 
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mixer circuit, the smallest local-oscillator drive to be expected from 
production tubes of this type. 

A plot of data taken in a test of this kind on a 3.33-cm mixer with an 

iris-coupled local oscillator is shown in Fig. 8*2. The abscissa is the 
number of turns outward, of the capacitive screw in the coupling iris 
from the position in which it completely crosses the waveguide. For 

each of four borderline crystals there are two curves, one representing 
the crystal current from the local oscillator, and the other representing the 

Fio. 8-2.—Data from test of LO interaction Yfith 3.3-cm mixer and four borderline crystals. 

crystal current from the signal generator, entering the mixer through 
the TR cavity. The screw used was long enough to allow the coupling 
iris to be tuned through resonance, where the maximum local-oscillator 

power is coupled to the crystal. A very large diminution in signal power 
occurs in the neighborhood of resonance of the iris, and therefore that 

region must be avoided. The parts of the curves to the left of the 

resonance region correspond to a screw longer than sufficient to produce 
resonance, and those to the right to a length shorter than the resonant 
length. A crystal current of 1 ma can be produced from any one of the 
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crystals, for either screw length, with a signal loss of no morfe than 0.5 db; 
hence, the coupling iris could be operated on either side of resonance. 

In practice the screw is cut off to a length suflScient to produce about 
1 ma of current, at maximum insertion, to avoid the use of a local- 
oscillator tube delivering insufficient power to drive the crystal without 

loss in signal power. 
With a 10-cm mixer, using a capacitive probe for local-oscillator 

coupling and without provision, by such means as a resistor disk, for a 
matched load for the local-oscillator cable, serious absorption or reflection 

of signal power by the local-oscillator circuit can occur. A test of the 
same kind as that just described may be used to detect this loss. If, 
with the local oscillator inoperative, power from a signal generator enters 

the mixer and produces a crystal current about equal to that which would 
be produced by local-oscillator power, it is found that the crystal current 

falls off when the probe is screwed in for close coupling. The magnitude 

of this effect depends upon the admittance presented to the coupling 
probe by the local-oscillator circuit. If the length of line between the 
probe and the loop in the local oscillator is varied, a length can be found 

at each signal frequency, for which the effect on the signal circuit is 
very large even with a small probe insertion. This length corresponds to 
resonance in the local-oscillator cable. Because the local oscillator is 
operated at a different frequency from the signal, the resonance may not 
correspondingly enhance the efficiency of the local-oscillator coupling. 
Thus a serious loss in received signal strength can occur. If a resistor 

disk is so placed relative to the probe that the local-oscillator line is 
matched to a wave traveling toward the mixer, this resonance is prevented 

because the admittance at the probe cannot be made smaller than that 

of the disk. Such a disk thus serves a double purpose, since its original 
purpose was to prevent LO frequency discontinuities. Even with a 
resistor disk, the 10-cm mixer may still be subject to interaction between 

the signal circuit and the LO coupling circuit, and any design should 
be checked by a test of this kind. 

8*3. Over-all Noise-figure Measurements.—One technique for mak¬ 
ing over-all noise-figure measurements of receivers requires a very well- 
shielded c-w ngnal generator with a calibrated output power, a stable 
i-f amplifier of known equivalent noise bandwidth, and a reliable output 
power meter for the receiver. 

Suitable signal generators with calibrated output attenuators and 

power-measurement apparatus for making an absolute calibration of the 

available output power are described in Chap. 4, Vol. 11 of this series. 

The i-f amplifier should be designed for the output admittance of the 
mixer to be used, and its effective noise figure with this generator admit¬ 

tance must be known. The output meter need not be calibrated in 
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terms of absolute power, but the law of response should be known, to 
allow precise measurement of power ratios. For this purpose a thermo¬ 
couple and microammeter, or a crystal and microammeter, may be used 

as a second detector. A crystal used for this purpose should be tested 
to determine the relation between the rectified current and available i-f 
power. If the current meter has a full-scale sensitivity of a few micro¬ 
amperes or less and a resistance less than 100 ohms, most crystals will give 
a rectified current directly proportional to the square of the impressed 
voltage and thus proportional to the available i-f power. To avoid the 
necessity of an output indication of known response, or to allow calibra¬ 
tion of the output meter, a calibrated i-f attenuator may be used in the 
receiver. Instead of increasing the incident r-f power to change the 

Fiq. 8*3.—Apparatus for ineasuretnent of the effective over-all noise figure of a receiver. 

output meter reading by a given factor, a known attenuation may be 
put into the amplifier and the input power increased to make the meter 

read the same value as before. 
Figure 8*3 is a block diagram showing the way in which this apparatus 

is used. With the local oscillator at the correct frequency and at the 
correct power level in the mixer, and with the signal-generator attenuator 
set to give no output power, the i-f amplifier gain is set to make noise 
from the amplifier give a reading less than half scale on the output-power 
meter. Then the signal-generator power is increased until the output- 

meter reading is doubled, care being taken that the local oscillator and 
TR cavity are tuned to give maximum receiver response. The effecti\"e 

over-all noise figure of the receiver is then the ratio of the available 
signal-generator power at this last setting of the attenuator to kTBy 
whore B is the equivalent noise band\Nidth of the i-f amplifier. 
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For this measurement to constitute a measurement of the merit of a 
mixer, several other things must be known. In practice the TR cavity 
will be connected to a duplexer, which affords effectively a matched 

waveguide generator for the received signal power. It is, therefore, 
important that the combination of signal generator and calibrated 

attenuator does represrat a generator matched to the waveguide. Since 

a cutoff attenuator is usually used as the variable attenuator of the 
signal generator, an additional matched dissipative pad should be used 
in the output line of the cutoff attenuator. The i-f admittance of the 
crystals used in the tested mixer must be known to allow the i-f-ampliher 
noise figure to be known. A noise figure larger than expected could result 

from an i-f output admittance for the mixer corresponding to a large noise 
figure for the i-f amplifier. This could not be considered a fault of the 
mixer, for an amplifier with a different input circuit would correct the 

situation. 
The TR cavity has been included in the diagram to illustrate a point. 

The over-all noise figure for a receiver using a mixer and TR cavity 
must be measured with the TR cavity in place, since this component 

influences not only the local-oscillator coupling but also the conversion 

loss, effective noise temperature, and i-f output admittance of the mixer. 
In addition, the transmission loss of the TR cavity is affected by the r-f 

admittance of the crystal, and consequently the effect of the TR cavity 

cannot be taken into account by the assumption of some average trans¬ 
mission loss for a cavity between a matched generator and a load. 

If all of these precautions are taken, the test still does not constitute 

a test of the mixer imless the noise figures to be expected from the crystals 
used are known. These noise figures may be evaluated by independent 
measurements of the crystal conversion loss and noise temperature, 
or relative values may be obtained by measurement of the noise figures for 
the same crystals in a mixer known to operate properly with these 
crystals. For this purpose, a mixer that does not require a TR cavity 

and that has a tunable crystal mount is useful. Such a mixer may be 
substituted for the mixer to be tested, and tuned to give minimum noise 

figure for each crystal. The ratio of the noise figure obtained for this 

mixer, to that obtained for the one being tested, does represent a measure 
of the operation of the mixer on test, provided that the i-f amplifier 
noise figure is known to be the same for the i-f output admittances 

associated with each mixer. If it is not the same, one of the sets of 
measurem^ts must be corrected to compensate for the difference. 

Because of the effect of the reflection of the image frequency and the 

filtering of local-oscillator noise by the TR cavity, the noise figures of 

the recdver with these two mixers may not differ by an amount to be 
accounted for by TR-cavity loss. The noise figure of a mixer-and- 
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amplifier combination, including the TR cavity, is often as small as that 
of a mixer without a TR cavity. When this is so, the filtering of local- 
oscillator noise and the reflection of the image frequency by the TR cavity 

more than make up for the transmission loss of the TR cavity. It is 
apparent that an over-all noise-figure measurement is not the best way 
to determine the r-f tuning of a mixer, although it does represent a 

measurement of the quantity which is of most direct importance. A 
better set of quantities to measure would be the conversion loss and 
effective noise temperature of the mixer. 

The same apparatus, with the addition of an i-f noise diode and an 
adjustable capacitance at the input terminals of the i-f amplifier, can 
be used to measure the effective noise temperature and the i-f admittance 

of the crystal. From these values, in combination with the effective 
over-all noise figure and the effective i-f-amplifier noise figure, associated 
with the measured i-f admittance, the conversion loss of the crystal can be 

calculated by substitution into the standard formula for the over-all 
noise figure as a function of these quantities. The noise diode may be 
added in such a way that the crystal appears as the load admittance at 

the plate of the diode, as sho\vn in the circuit of Fig. 2*35. In addition, a 
small variable condenser across the output terminals of the mixer allows 
the susceptance part of the i-f admittance of the crystal to be tuned out. 

The noise diode may be used as follows. Several resistors, having 

conductances covering the range of conductance expected for the i-f 
terminals of a mixer (800 to 8000 fimhoSy for instance), are put, in turn, 

into the crystal holder of the mixer. The effective noise figure of the i-f 
amplifier associated with each of these conductances can be found by 
measuring the plate current of the noise diode required to double the 

output noise power from the receiver alone. For each resistor the vari¬ 
able condenser is set to minimize this current. The effective i-f noise 

figure is then 

p* -20/ F,., - 
where I is the diode plate current and G the conductance of the resistor 

unit. It is very important that sufficient plate voltage be used on the 
diode to obtain saturation plate-current values, and that the plate 

current be regulated by the filament temperature. This ensures that 
there is no space-charge smoothing and that the noise is pure shot-effect 

noise. 
When the values of the i-f noise figure for all values of i-f conductance 

are known, the effective noise temperature of the crystal can be found 
by a comparison of the output noise power of the receiver when the 
ciystal is in place, with that when a resistor having the same i-f con- 
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ductance is in the circuit. A measxirement of the i-f conductance of the 
crystal is required, and for this, too, the noise diode can be used. The 
i-f-amplifier gain may be set to give a particular output noise power with a 

resistor representing the i-f conductance of an average crystal in the 
mixer in place of the crystal. With this gain setting, the diode current 
required to produce a given deflection of the output meter for each of the 
various resistors may be measured. The values of diode current obtained 
in this way may be plotted as a function of i-f conductance. If the 

crystal is put into the mixer and the diode current that is required 

to give the same increase in output noise power at the same gain is 
measured, the i-f conductance of the crystal may be read from the plot. 

In each of these operations the susceptance of the output tenninals of 
the mixer is resonated out by proper setting of the variable capacitance. 

The labor of these measurements can be lessened by the use of the 

equivalent five-eighth-wavelength-line input circuit used in the crystal 
noise-temperature test sets and described in Sec. 2* 18. This method 
has the advantage that the noise output power is independent of the i-f 
conductance of resistors put into the mixer, and the i-f noise figure is 

reasonably constant for the range of conductances of interest. The 

addition of an adjustable condenser would allow compensation for the 
susceptance part of the i-f admittance of a crystal mixer. Unfortunately, 
however, this condenser may not be adjusted by simply maximizing 
the receiver response because the equivalent eighth-wavelength line 

transforms its effect into that of a variable conductance at the first 

amplifier grid. If mixers in which the susceptance part of the i-f admit¬ 
tance varies are to be tested, it may be safer to use the simple input 
circuit and to take into account the effect of the i-f conductance on the 

output noise and on the noise figure. 
Measurements that involve the beat frequency between two c-w 

oscillators, as in the above example, are often rendered difficult by the 

drifting of the relative frequency of the oscillators. This is particularly 
troublesome at the higher frequencies and with a narrow i-f amplifier 
pass band. Continual adjustment of the local-oscillator frequency must 

be made to ensure that the beat frequency is at the peak of the i-f ampli¬ 

fier response. Sometimes the signal generators may have frequency- 
modulation components, due to ripple in the power supplies for instance, 

suflEicient to cause the beat frequency to spread over a band of frequencies 
wider than the pass band of the i-f amplifier. In such a case, the measure- 
mmtB of over-all noise figure and of conversion loss would be in error 

because the r-f power measurements would include the power contained 
in the whole spectrum of the oscillator. 

To reduce these difficulties it is helpful to add to the test apparatus 

an AFC circuit arranged to maintain the correct difference frequency 
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between the signal generator and the i-f amplifier. For this purpose a 
standard f-m communications receiver (Hallicrafters—S-27) has been 
used. A small amount of the i-f signal in one of the later stages of the 
i-f amplifier is applied to the communications receiver, which is tuned 
to the intermediate frequency. The d-c component of the f-m-discrimi- 
nator voltage may then be used as an AFC voltage, added in series to the 
reflector voltage of the local oscillator. The only changes that need 
be made in the circuit of the communications receiver are the removal 
of the discriminator circuit from ground potential, so that the reflector 
supply voltage is not short-circuited, and the addition of fairly large 
condensers (0.01 mO from the reflector lead to ground to prevent oscilla¬ 
tion of the AFC circuit. A reversing s\\itch that inverts the sense of the 
discriminator voltage at the reflector lead allows the local oscillator to be 
operated either above or below the signal frequency. 

This AFC circuit wll maintain the correct difference frequency 
between the signal and local oscillator even when the signal strength is 
sufficient to increase the output power of a 1-Mc/sec-wde i-f amplifier 
by only about 10 per cent. At the level of signals usually used for noise- 
figure measurements, the control is very good. The pass band of the i-f 
amplifier may be observed on the output meter of the communications 
receiver by tuning the receiver through it, since the intermediate-fre¬ 
quency voltage developed is always almost exactly that read on the dial of 
the communications receiver, provided the AFC circuit is locked. That it 
is locked can be confirmed by variation of the reflector supply voltage. 
As this voltage is varied there will be an opposing variation in the output 
voltage of the discriminator and practically no change in the beat 
frequency or in the output voltage of the i-f amplifier of the noise-figure 
test apparatus. 

8-4. Radio-frequency Noise Generators.—In many respects, it is 
more convenient to use r-f noise generators for the measurement of 
over-all noise figures than to use c-w signal generators. An r-f noise 
generator that has a uniform noise spectrum over a frequency band that is 
broad compared with the receiver pass band allows the effective over-all 
noise figure to be measured, independently of the shape or width of the 
receiver pass band. R-f noise generators are discussed in some detail 
in Chap. 4, Vol. 11 of this series. Only a qualitative description of the 
types which have been used and the methods of application to noise- 
figure measurements will be given here. 

A reflex-klystron oscillator can be used as an r-f noise generator if it is 
supplied with the usual heater and accelerator voltages, but with a 
reflector voltage that does not produce oscillation. The noise spectrum 
in the output line is determined by the resonant cavity of the tube, and 
therefore the tube must be one which would ordinarily be used as an 
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oscillator at the receiver frequency. To make the tu^ appear as a 
matched generator, a matched dissipative attenuator pad is used between 
the tube and the mixer of the receiver. In the 10-cm band, for instance, a 
type 417 reflex Klystron with a flexible output cable having about 10 db 
of loss has been us^. At 3.2 cm, a 2K25 oscillator, coupled directly to a 

waveguide but with a resistance-strip attenuator between the tube and 
the output end of the waveguide has been used. 

The available noise power from these generators can be defined in 
terms of the equivalent noise temperature of the matched termination 
formed by the attenuator. If this temperature is T times room temper¬ 
ature, the effective over-all noise figure of a receiver is simply the value 
of {T — 1) that produces twice as great a noise output power from the 
recover as is produced when the noise generator is shut off. With ordi¬ 
nary oscillators, and with receiver bandwidths not exceeding a few mega¬ 
cycles per second, the equivalent noise temperature of the generator can be 
r^arded as constant throughout the pass band of the receiver. There 
may be a contribution of noise converted from the image frequency of 
the receiver, but an intermediate frequency of 30 Mc/sec in a receiver for 
9000 Mc/sec is suflBciently high to make the noise temperature of the 
generator nearly unity at the image frequency, because of the selectivity 
of the oscillator cavity. Thus, a generator of this kind can be used to 
make measurements of the over-all receiver noise figure, if the equivalent 
noise temperature of the generator can be measured. 

For the purpose of calibrating a noise generator, an apparatus for 
measuring crystal noise temperature may be used. A standard mixer 
wdth a local oscillator and a crystal of known conversion loss are required. 
With the noise generator connected to the mixer and the generator tuned 

to one of the two sensitive frequencies of the test set, the noise tem¬ 
perature of the crystal mixer is measured with the noise generator on 
and off. The difference between the noise temperatures of the mixer 

measured with the generator turned on and off is directly the required 
value of (T — 1) of the r-f noise generator divided by the conversion 
loss of the mixer. Values of T up to several hundred, including the 

effect of the buffering attenuator pad, can be obtained from reflex 
oscillators if suflicient accelerator voltage is used. The effective noise 
temperature may be varied by changing the attenuation, or the acceler¬ 
ator or heater voltages of the tube. 

A nmse generator of another type is a crystal-rectifier unit mounted in 
a standard waveguide or coaxial-line crystal holder. Considerable r-f 
noise power is generated by such a crystal if a direct current is forced 
througd^ it in the backward (high-renstance) direction. A current of 5 to 
10 ma, which may require a voltage as large as 6 volts, results in a noise 

generator having an effective temperature 30 to 100 times room tern- 
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perftture. Curronts lower th&ii 5 ma do not reduce the noise temperature 

greatly, and give somewhat more stable operation. It is well to allow the 

current to flow for several hours before calibration is attempted, because 

it is observed that the device becomes stable after such a period of opera¬ 

tion. A current meter, used with the noise-generating crystal at all 

times, allows detection of a change in its d-c characteristic which might 
make necessary recalibration of the unit. 

The calibration procedure for the crystal noise generator is similar 
to that for the reflex oscillator. It is important in this case, however, 
that local-oscillator power from the receiver does not reach the noise 
crystal because such local-oscillator power would certainly affect the 
effective noise temperature of the device. All noise components that, 

when mixed wdth the local-oscillator frequency, would give components in 
the receiver pass band would contribute to the noise power available in 
the vicinity of the local-oscillator frequency. A circuit such as that 
shown in Fig. 8*4, therefore, may be used \Wth the crystal-noise-tem- 
perature test set. All of the pieces except the magic T and the noise 
generator are parts of the test set and the part labeled ‘‘I-f Amplifier'' 
is meant to include the five-eighth-wavelength-equivalent line, the 
preamplifier, and the communications receiver of the test set. The local 

oscillator, filter cavity, and buffering attenuators of the test set are 
disconnected from the mixer and attached to arm (4) of the magic T. 
A matched termination is placed on arm (1), and the crystal of known 

conversion loss in the mixer is selected to be matched to the waveguide 
at the local-oscillator frequency. Thus no local-oscillator power is 
coupled into the noise crystal. An attenuator is shown as a part of the 
noise generator. This attenuator serves to make the generator appear 
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matched to the line, both when it is turned on and when it is turned off. 
An alternative to this procedure is to select the crystal or to tune the 

crystal mount so that the crystal is matched to the waveguide for small 
signals when the current is flowing. A larger noise power can be obtained 
in this way, but an attenuator must be inserted when the current is 

broken because the crystal is then no longer matched to the waveguide. 
In the 1.25-cm band, a dummy load that makes the crystal mount 
matched to the waveguide has been inserted in place of the crystal. 

The noise crystal develops a noise spectrum that is uniform over a 

relatively wide frequency band. When the noise crystal is used for 
measuring receiver noise figures and for calibration, there is an equal 

contribution to the converted i-f noise power from the r-f noise in the two 

sidebands of the local oscillator. The desired value of (T — 1) of the 
generator connected to the crystal mixer of the test set would, therefore, 

be just half the change in mixer noise temperature times the conversion 
loss of the mixer. The value of (T — 1) of the noise generator con¬ 
nected to the magic T is the whole product of the change in i-f noise 
temperature and conversion loss, however, because one-half the available 

noise power is lost in the load on arm (1) of the T. 
The noise crystal must also be protected from local-oscillator power 

when it is used to measure receiver noise figures. The local oscillator 
and the noise crystal, therefore, should be coupled to a nonresonant 
mixer circuit with a magic T or a similar circuit, as in the calibration 
apparatus. For this reason, an ordinary unbalanced mixer and local 

oscillator cannot be tested with the noise crystal unless a resonant 
cavity, such as a TR ca\dty, prevents the leakage of a large amount of 
local-oscillator power into the noise crystal. If such a cavity is used, 

filtering of the image-frequency sideband is also obtained, and the 
calculation of the noise figure of the receiver from measurements with the 
noise crystal must take into account only a single sideband. 

Because of the difficulty of removing local-oscillator power from the 
signal circuit of most mixers, the reflex oscillator is a more dependable 
noise generator than the noise crystal. It has the disadvantage, however, 
that it must be tuned to the receiver frequency. On the other hand, its 
calibration may be expected to hold under much less restricted conditions 
and over a longer time than can that of the noise crystal. If the output 

line of an oscillator can be made nonreflecting, the equivalent noise 
temperature is practically constant over the range of frequencies to 
which the tube can be tuned. For example, a single calibration can be 

used for a 417 Klystron, with a matched-cable attenuator, for the wave¬ 
length band from 9 to 11 cm. 

M. Apparatus for Measuremant of the Effect of Image Reflection.— 
As an example of apparatus of the kind that is useful for experiments 
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with converters and mixers, an apparatus developed by E. R. Beringer, 
M. C. Waltz, and C. P. Gadsden for experiments with welded-contact 
germanium crystals will be described. It was desired to measure the 

conversion loss and noise temperature of the mixer under many conditions 
of tuning at both the signal- and image-frequency terminals of the mixer. 
The i-f output admittance of the crystal was known to vary over a very 
wide region including negative values of the conductance, and the i-f 
input circuit was designed to allow measurement of the mixer parameters 
for the whole range of expected i-f admittances. 

A circuit diagram showing the essentials of the i-f input circuit used 
is given in Fig. 8*5. There is no transformation of the crystal output 
admittance, since small conductance values were expected. The induct¬ 

ance L resonates at the intermediate frequency with the combined 

Rrst i-f 

Fill. 8-5. —I-f input circuit used for measuring apparatus for welded-eontact germanium 

crystals. 

capacitance of the mixer, the tube, and the variable condenser when the 
(tondenser is set at about the middle of its range. The adjustment of the 
variable condenser allows compensation for the susceptance component 

of the crystal output admittance. A switch allows a resistor to be 
shunted across the crystal output terminals if desired. If the output 

conductance becomes negative and has an absolute value exceeding that 

of the positive conductance of the input circuit and tube, oscillation at 
the intermediate frequency occurs. The added conductance of the resis¬ 

tor allows the total conductance to be kept positive. 
The r-f part of the circuit is shown symbolically in Fig. 8-6. The 

local oscillator and noise generator are connected independently to the 

mixer through the first magic T. A filter cavity is used to remove noise 
sidebands from the local-oscillator signal, and attenuator pads are 

provided to make each of the generators appear matched to the wave¬ 

guide* In the arm attached to the mixer there is a second magic T 
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with a resonant cavity in one arm and a plunger in another. The 
plunger is adjusted so that all signals at frequencies other than those in 

the region of the cavity resonance are transmitted through to the mixer 

ciystal. At the resonant frequency of the cavity, the input admittance 
of the cavity is a very small conductance and, therefore, waves of this 
frequency are reflected from the T. If the cavity is tuned to the image 
frequency of the mixer, any image-frequency wave developed by the 
mixer is reflected back to it from the magic T. The phase of the reflected 
wave is determined by the adjustment of the variable length of line 
between the T and the mixer crystal. A sliding-screw tuner in the arm 
between the two magic T’s allows tuning of the signal-frequency admit¬ 
tance of the mixer. In this way, independent control of the signal and 

image frequencies is obtained. 

Fig. 8-6.—H-f circuit for measuring the effect of the reflection of the imago frequency on 
the receiver noise figure. 

This apparatus is used in the following way. With various dummy 
resistors substituted for the mixer crystal a curve of the i-f-amplifier 
noise figure, as a function of the i-f conductance of the mixer, can be made 

from data taken with the i-f noise diode. Also, by use of the i-f noise 
diode and the resbtors, a corresponding curve can be plotted of the i-f 
amplifier output noise power. The change in output power of the receiver 

mth a pven gain setting is measured as a function of the conductance 

of the output terminals of the mixer when the diode current is increased 
from zero to a particular value. From these data the i-f conductance 

of the crystal, for any condition of the r-f tuning, can be found. There¬ 

fore, the i-f noise figure is known. The r-f noise source may then be 
turned on to determine, from the change of the output noise power from 

the recaver, the effective over-all noise figure of the receiver. Since the 

available r-f noise power is known from the calibration of the r-f noise 
generator, if the available i-f noise power at the crystal due to this r-f 

nmse power were known, the conversion loss of the crystal would be 
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found. The available converted i-f noise power can be found by com¬ 
parison with the available noise power from the i-f noise diode, since the 

crystal conductance is known. The i-f noise diode may be set at a current 

that produces the same change in the output noise power from the receiver 
as does the r-f noise generator. The conversion loss of the mixer is 

r 1) 
^ ~ 20/ ’ 

where I is the noise-diode current, T the effective noise temperature of 

the r-f signal generator, and G the i-f output conductance of the mixer. 
From the conversion loss, the effective i-f-amplifier noise figure and the 
over-all noise figure, the noise temperature of the mixer can be found from 

the usual formula 

= L{F:, + ^ - 1), 

whore t is the desired nofee temperature. 

Thus, the apparatus can be used to find the two quantities, L and t, 
which are the measures of the merit of the mixer. The apparatus has 
been used in a study of the dependence of L and /, for welded-contact 

germanium crystals, upon the various tuning conditions of a mixer, 
in the hope that some condition would be found which gives an unusually 
small over-all noise figure. No such tuning conditions were found, 

although, as discussed in Chap. 2, the i-f output admittance could be 
varied by the r-f tuning elements over a very wide region, including a 
region of negative conductance. If a similar apparatus were to be used 

for measurements \vith ordinary crystals, the shunting resistor in the 

i-f input circuit would not be needed, since negative conductances do 
not occur with most crystals. 

Apparatus of this kind would be useful for the measurement of L and t 
for ordinary crystals, as a function of the phase of the image reflection. 
Some work of this kind has been done, and the indication is that some 

improvement in the over-all noise figure of a receiver is to be gained by 
proper phasing of the image-frequency reflection. The data are insuflS- 
cient to allow a definite statement to be made about the magnitude of this 

effect which could be realized in practice, or about the best phase of the 
image-frequency reflection. It does appear that the improvement 
resulting from the decrease in conversion loss accompanying image 

reflection in the best phase is not offset by an increase in the crystal noise 

temperature. 
8*6. An Apparatus for Measurement of the Admittance Loss of a 

Mixer.—In Sec. 2-11, it was shown that a quantity termed the admittance 

loss of the mixer can be found by measurement of the dependence of the 
signal-frequency admittance of the mixer on the i-f load admittance 

presented to it. Since for most silicon crystals the admittance loss is 
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equal to the minimum conversion loss obtainable from the mixer with any 
value of signal-generator admittance, the simplicity of this measurement 

makes it a good tool for experimentation with mixer circuits. 
An apparatus that has been used for measurements of this kind is 

shown symbolically in Fig. 8*7. A magic T is used as an admittance 
bridge, in which the admittance of the mixer is compared with that of a 
well-matched load on the opposite arm. It is actually the small-signal 
admittance that is measured, in the presence of the proper local-oscillator 

power supplied from the operating local oscillator of the mixer. The 
mixer shown under test is one with an iris-coupled local oscillator and 
requiring a TR cavity for proper operation of the coupling circuit. 

Fia. 8-7.—Bridge for measurement of admittance loss of a mixer. 

The TR cavity is included in the measurement and the measured admit¬ 
tance loss includes the loss of the TR cavity. A small signal (less than 

1 ftvr) is applied to arm (4) of the magic T through a matched attenuator 

pad. On arm (3) is a mixer for detecting the unbalance signal of the 
bridge. A matched attenuator pad is also used, to stabilize the input 

admittance of the mixer and to reduce the amount of local-oscillator 
power leaking from this mixer to the test mixer. The mixer used for the 
detection of the imbalance signal is of the same type as that shown in the 

test portion, in the diagram. The TR cavity also decreases the leakage 

of local-oscillator signals between the two mixers. 
Two sliding-screw tuners are used in the circuit. One between 

the attenuator and the magic T, on arm (3), provides sufficient tuning 
to make the test arm, arm (2) of the magic T, nonreflecting to a wave 
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sent b^k from the mixer under test, at the signal frequency. The other 

tuner, in the test-mixer arm of the magic T, is used in the test procedure. 

An r-f switch, formed of a plate sliding between a pair of choke connectors, 

is also placed in this arm of the bridge. The plate has a rectangular hole 
of the dimensions of the inside of the waveguide, and can be adjusted 
to make the waveguide unobstructed or can be moved so that, instead of 
the aperture, there is a short-circuiting plate across the waveguide. 
This short circuit provides a reflection coefficient of unit magnitude for 
calibration of the unbalance detector. 

An i-f amplifier and an output power meter are connected to the mixer 
for detection of the unbalance signal. An f-m communications receiver, 

tuned to the center of the pass band of the i-f amplifier, provides auto¬ 
matic frequency control of the local oscillator of the unbalance detector. 
Connected to the i-f output terminals of the mixer under test is a shielding 
box containing a shuni-resonant circuit that has an adjustable capaci¬ 

tance and resonates at the beat frequency between the signal and the local 
oscillator of this mixer, when the i-f capacitance of the mixer itself is 
included. The capacitance has sufficient tuning range (at 30 Mc/sec, 

about plus or minus 7 nfiid) to compensate for any susceptance component 
in the crystal output admittance. The coil of the resonant circuit is 
designed to have a small shunt conductance. Number 12 gauge solid 
copper wire, wound on about a 1-inch diameter is used, and the turns 
are spaced about one ^\^re diameter apart. The three-position switch 
allows the resonant circuit to leave the output terminals of the mixer essen¬ 

tially open-circuited, to provide a load near match for an average crystal 
(with a 400-ohm resistor) or to short-circuit the output terminals of the 
mixer. The d-c circuit of the "mixer is unaffected by the switch, and 

crystal current can be read at all times. 
The proce<lure used with this test apparatus is the following. First, 

the unbalance-signal mixer and the tuner in arm (3) of the bridge are 

adjusted. To do this, the test mixer is removed and a choke-type 

short-circuiting plunger is slid into the waveguide of this arm of the 
bridge, with the tuner of this arm retracted from the w^aveguide. This 

gives a large unbalance signal, and allow^s alignment of the unbalance- 
signal mixer, cavity, and local oscillator as well as the AFC circuit. The 
tuner in arm (3) is then adjusted until the unbalance signal, read on the 
output meter, is not affected by sliding the plunger in and out of arm (2). 
This means that the output meter reads the magnitude of the reflected 
power in this arm, independently of the phase of the reflection coeffi¬ 

cient—a situation that results when arm (2) appears matched to the 

reflected wave. 
With the plunger removed and the mixer to be tested replaced, and 

with the local oscillator of this mixer and the TR cavity tuned to the 



370 SPECIAL MEASUREMENT TECHNIQUES [Sec. 8-6 

proper frequencies, the test may now be made. These two tuning adjust- 
m^ts are not easy to make with the circuit shown, however, because 
there is no indication of their proper adjustment. To remedy this, 

the addition of a second f-m communications receiver would be a great 
help. A small resistance (about 1 ohm) placed in series between the 
shunt-resonant circuit and the first b3rpass condenser of the crystal- 

current circuit would have little effect on the operation of the test circuit, 
even if the resistor were not shorted out in the short-circuiting position 
of the switch. The crystal is an i-f generator of several hundred ohms 

internal impedance. Consequently, one ohm represents as severe a 

reflection for the crystal as does the shunt impedance of the circuit in the 
open-circuit position. A signal large enough to excite the communica¬ 

tions receiver could be taken off across this 1-ohm resistor and the receiver 

used as an AFC circuit for the local oscillator of the mixer under test. 
The amplitude of the signal into this receiver would be a measure of 
the TR-cavity tuning. With the TR cavity tuned to maximize the 
i^gnal to the receiver with the swdtch of the i-f circuit on the load-resistor 
position, nearly optimum results should be obtained. 

With these adjustments made, the r-f switch in arm (2) of the bridge 

circuit is set to the short-circuiting position, and the gain of the i-f 
amplifier of the unbalance-detecting circuit set to make the output meter 
read full scale. The fraction of a full-scale deflection obtained with other 

terminations on the test arm of the bridge is then equal to the square of the 
absolute magnitude of the reflection coefficient, if there is no contribution 
to the output-meter reading from receiver noise. The r-f switch is then 

opened and the r-f tuner in the test arm of the bridge is adjusted to 

balance the bridge with the i-f switch set to short-circuit the i-f terminals. 

When this switch is changed to the open-circuit position, the signal 

admittance of the mixer changes, and the bridge becomes unbalanced. 

If the variable capacitance of the i-f resonant circuit is adjusted to make 
the unbalance signal a maximum, the relation between the admittance 

loss Lr of the mixer and the voltage stariding-wave ratio r is 

, y/r + 1 

■ Tm’ 

as shown in Sec. 2*11. Since the bridge reads the square of the absolute 

magnitude of the reflection coefflcient, the relation between the meter 
reading and the admittance loss of the mixer is 

I s (1 - -i- 1 - 
(1 - p)H - 1 4- 

where p is the fraction of full-scale deflection of the meter. A curve for 
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this expresfflon, for Lr expressed in decibels for the range from 0 to 10 db, 

is given in Fig. 8*8. 
For silicon crystals it is found that the reciprocity condition holds. • 

The admittance loss in this measurement, therefore, represents the actual 
conversion loss that would result with the mixer under test if the signal 
generator were adjusted to have the internal admittance giving minimum 
conversion loss. In practice, there will be some additional loss because the 

Kio. 8*8.—Admittance loss as a function of output-meter deflection. 

antenna, as the signal generator, is matched to the waveguide, and 
the mixer may be somewhat mismatched. An approximate measure of 
the resulting reflection loss can be obtained with the apparatus, with the 

tuner in the test arm of the bridge retracted from the waveguide and mth 
the switch in the i-f circuit in the position that presents the mixer with a 
resistive load. Since the resistor will not, in general, have the optimum 

conductance for the mixer, the r-f mismatch is not exactly that desired, 

but is close to that value for any reasonably large crystal loss. The 
output-meter reading, with the switch in this position, gives the fraction 
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of the incident power reflected, if the amplifier gain is set to make a 

complete reflection give a full-scale deflection. 
Measurements have been made, with the bridge, of the conversion 

loss of many 3-cm mixers, and the results have agreed well with measure¬ 

ments made by other methods. As discussed in Sec. 2*11, the variation 
of conversion loss with the distance from the TR cavity to the crystal 

has been observed with this apparatus. Those measurements were 

complicated by the fact that the TR-cavity loss was included in the 

measurement. To prevent variation of this loss with the phase of the 

image-frequency reflection, the crystal mount had to be retuned for each 

line-length setting. Better data would probably have been obtained 

with a mixer circuit, such as that described in Sec. 8-5, in which the 

resonant cavity reflects only the image frequency. 
8*7. Tests of the AFC Mixer.—To obtain satisfactory operation of a 

separate AFC mixer, the input signal level must be properly set, and care 

must be taken to ensure that spurious signals, such as TR leakage power, 

and signals at harmonic frequencies are not large enough to mask the 
desired i-f signal. The usual procedure in setting the power level is to 

design the AFC attenuator for about 30 db less attenuation than the 

total amount needed, and then to adjust the diameter of the coupling 
hole between the AFC attenuator and the main line of the radar set to 

give the desired level of 1 or 2 mw of peak power at the mixer crystal. 

If it is kno^vn that no spurious signals are present, the power level 
can be checked by measurement of the average recti fietl current with a 

low resistance microammeter. Most crystals develop about 1 ma per 

milliwatt of dissipated r-f power if the resistance of the meter circuit is 

less than 100 ohms. With the local oscillator shut off, a microammeter of 

less than 100 ohms resistance may be connected to the output terminals 

of the crystal. With the local transmitter operating, the milliammeter 

reads the average rectified current. This is simply the rectified pulse 

current times the fraction of the time during which the transmitter is 

turned on. With a pulsed transmitter producing l-^sec rectangular 

pulses and a recurrence rate of 1000 cps, an average rectified current of 1 

to 2 jua indicates 1 to 2 raa pulse current. 

Some precautions are necessary to make sure that the microammeter 

reads the correct current. Stray radiation picked up in the micro¬ 

ammeter or in its leads can give rise to a rectified current, because the 

crystal is in the microammeter circuit. Shielding of both the meter and 

the leads is usually necessary to prevent this. That no such pickup is 

present can be shown by blocking off the r-f signal from the mixer, where¬ 

upon the microammeter reading should go to zero. A microammeter 

has a rather large reactance to the frequencies involved in a current pulse 
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of Ufisec duration. This causes the current piilse to be stretched out 

and, therefore, to persist after the r-f pulse has ceased. Because the 
crystal response is not linear, the average current is reduced, since the 

current must flow through the crystal as well as through the meter. 

A bypass condenser should, therefore, be used across the meter to give 

the pulse a low-impedance path. It is only under this condition that 

the simple relationship between the average current and the r-f pulse 

power holds. 

It is sometimes informative to observe the video-frequency pulse of 

rectified current in the AFC crystal on an oscilloscope. An r-f envelope 

viewer, with the AFC crystal used as a detector, makes this possible. 

The impedance connected to the output terminal of the crystal should not 

be high, however, since a bias voltage would then be developed which 

would change the r-f impedance of the mixer crystal and, therefore, 

alter the amount of power delivered to it. An instrument of this kind, 

calibrated as a current meter, can be used to set the r-f power level, for 

the pulse current can be observed directly. 

A more informative observation of the op>eration of the AFC mixer 

can be made vnth the help of auxiliary apparatus. With a pulsed r-f 

signal generator having the desired available AFC power, and a spectrum 

analyzer, the r-f power level can be set and the presence of any objection¬ 

able spurious signals can be detected. These pieces of apparatus are 

used in the following way. The crystal to be used in the AFC mixer is 

first placed in a simple mixer that has no input attenuator. This mixer is 

substituted for the regular mixer of the spectrum analyzer. Power from 

local oscillator of the spectrum analyzer is introduced into this mixer 

at the proper level, or, if a local oscillator is included as an integral part 

of the mixer, this local oscillator is connected to the sweeping reflector 

voltage of the spectrum analyzer. If the pulsed signal generator is 

connected to the input terminals of the mixer, the spectrum is shown on 

the indicator of the spectrum analyzer. The gain of the analyzer is 

then set to show a given amplitude, in the center of the spectrum, with 

the desired level of pulses sent into the mixer. 

The AFC mixer is then substituted for this mixer in the spectrum 

analyzer. The i-f spectrum coming from the AFC mixer is shown on 

the indicator, and if the transmitter sample has the desired amplitude, 

the amplitude of the spectrum will be the same as before, with the same 

amount of local-oscillator drive. Blocking off the AFC attenuator 

path with a metal plate should cause the spectrum to disappear if the 

leakage of signal from the radar mixer through the local-oscillator circuit 

is sufficiently small. 

Spurious signals leaking into the AFC mixer with enough amplitude 
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to interfere with the operation of the AFC circuit are made obvious 

in a test of this kind. The presence of large pulses of harmonic power, 

for instance, can be detected from the appearance of the indicator 

of the analyzer. The presence of the intermediate-frequency components 

of the rectified pulse resulting from such harmonic-frequency pulses is 

evidenced by a continuous spectrum that covers the analyzer screen and 

is unaffected by the tuning of the local oscillator. The amplitude of 

these components has sometimes been found to be so great as to mask 

completely the desired beat-frequency spectrum. A signal incident on a 

crystal mounted in a waveguide far beyond cutoff for the fundamental 

frequoicy, connected to the output terminals of the AFC attenuator 

and to the input terminals of the i-f amplifier of the spectrum analyzer, 

produced the same pattern on the indicator. It was a test of this kind 

that showed the need for a dissipative attenuator in addition to the 

cutoff attenuator for the AFC signal. The addition 0/ the strip of carbon- 

coated Bakelite inside the AFC attenuator completely removetl the spur¬ 
ious agnal in a 10-cm system, and the desired spectrum of the AFC signal 

was then sho^vn clearly on the indicator. Excessive leakage of spike 

energy from the TR cavity, through the local-oscillator channel into 

the AFC mixer, can be detected in the same way. 
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Cavity, transmiflaton, 215, 220 
use of, to reduce local*oscillator noise, 

245-249 
Cavity circuits, 34 
Characteristic, d>c, 50, 90 
Channel coupling, equivalent network 

for, 155-160 

Chokes, harmonic, 174^178 
Clutter, ground, 300 
Coincidence detection, 344 
Coincidence tube, 342, 345 

pentode, 347 
Cole, P. A., 30 
Conductance, i-f, 111, 249, 360 

negative, 90, 92 

Conductors, 48 
Control, frequency, 25 
Control circuit, hard-tube, 326 
Control voltage, 296 
Controlled reflector, 324 
Conversion, frequency, 26 
Conversion efficiency, 58 
Conversion gain, 90 
Conversion loss, 100, 249, 359, 365 

dependence on iinage-freq\iency ter¬ 
mination, 75-83 

Conversion-loss measurement, 101-105 
Converters, 3, 26-28, 44, 119 

crystal, 56-66 
linear-network representation of, 59- 

61 
three - terminal-pair - network repre¬ 

sentation of, 61-66 

frequency, 24, 56 
regenerative, 90, 93 
superr^enerativc, 93 
tube, 28 

Couplers, directional, 146-150, 201 
Coupling circuit, i-f, 271 
Cross attenuation, 194, 195, 284 
Crossbar mount, 171, 172 
Crossover, 307 
Crossover frequency, 296, 302, 304, 310, 

314, 328 

Crystal burnout, 96-100, 118, 172-174 
test for, 111-113 

Crystal checker, 113 
Crystal control, 294 
Oystal current, 95, 256 
Crystal detector, 19 
Crystal mixer (te# Mixer, crystal) 

Crystal mounts, 101, 122-126, 171-172, 
279-283 

for balanced mixer, 279-288 
broadband, 281 
inverted, 280 
tunable, 131-134 
for 1N26 crystals, 171 
for 3-cm bands, 124-128 
for 10-cm bands, 124-128 

Crystal rectifier, 47-118 
Crystals, borderline, 134, 353 

germanium, welded-contact, 87-93, 
104, 365, 367 

noise temperature of, 58, 93-96, 100, 
115 

representative, 134, 354 
specifications of, 100, 114r-118 

table, 117 • 
testing of, 100-114 
video, 56 

Cutoff, 301 

D 

D-c return, 126 
Detection, 20 
Detector, 3 

crystal, 19 
first, 3 
gain of, 20 
low-level, 17-19, 47, 54, 111, 115, 124, 

133 
regenerative, 45 
square-law, 19-21 

quality of, 20 
video, 115 

Deterioration, 99, 114 
Dicke, R. H., 12n., 63, 74, 77, 87 
Difference frequency, 294 
Dimensions, 114 
Diode mixer, 32-34 
Diode transitron, 345 
Diodes, temperature-limited, 109, 365 
Directional couplers, 146-150, 201, 301 
Discriminators, 295, 302-308 

efficiency of, 305 
Foster-Seeley, 304 
gain of, 305 
good video balance needed by, 306 
hum in, 311 
microwave, 342 
theory of, 308-312 



INDEX 377 

Discriminators, voltage gain of, 305 
with triode detectors, 307 

Weiss, 306 
Down-pull rate, 318, 322, 325 
Drift-in, 314, 318 
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Incremental method, 103 
Input admittance, 66-71, 122 
Insulators, 48 
Interference, 276 
Intermediate-frequency amplifier (see 

Amplifier, i-f) 
Iris, coupling, adjustable, 164 

with adjustable choke screw, 166 

J 

Jamming, 193, 300, 331 
JAN-1 A specifications, 324, 341 
Johnson, J. B., 11 
Johnson noise, 11, 55 

K 

Keep-alive electrode, 99, 174, 175 
Klystron, 36 

reflex, 37-43, 206, 236, 361 
Kuper, J. B, H., 237n. 

L 

**Laxy man'* reversing switch, 333 
Leakage, 198, 199 

particularly troublesome in AFC, 299 
line, coaxial-to-waveguide transitions, 

172 
lighthouse tube, 18, 29, 33, 35, 45 

triode, 290 
littelfuse, 18 
Llewellyn, F. B., lln. 
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Xibbe-Durand AFC, 333, 337 
Noise, Johnson, 11 

local-oscillator, 235-256 
effect of, 235-237 
effect on over-all noise hgure, 239- 

241 
generation of, 235-237 
magnitude of, 237-239 
reduction by resonant filters, 243- 

245 
reduction by use of a cavity, 245-249 

by TR cavity, 241-243 
suppression of, 257 

random, 10 
Noise diode, 109, 254, 359, 367 

temperature-limited, 101 
Noise figure, 10-17, 29 

in cascade, 16 
of combination, 14 
effective, 13 
measurement of, 15 
over-all, 15, 249 

effect of local-oscillator noise on, 
239-241 

effective, 15, 17, 43, 58, 100, 235, 
250, 253 

measurements of, 356-361 
Noise generators, 236 

crystal, 363 
radio-frequency, 361-364 

Noise spectrum, 236 
Noise suppression, 247, 270, 273, 275 
Noise temperature, 16, 235, 359 

of crystal, 58, 93-96, 100, 115 
measurement, 105-111 

Nonhunting, 295 
North, H. Q., 46, 87 
Nyquist, H., lln. 
Nyquist theorem, 296 

O 

Oilcan tube, 18 
On-off’* principle, 294, 331 

Oscillation, 90 
Oscillators, beating, 3 

phase-shift, 344n. 
reflex, 292 

Output admittance, i-f, 90, 178-185 
Output lead, i-f, 128^-131 
Overload, 206, 207 
Overshoot, 335 

P 

Padding, 219-223 
Peak-to-peak separation, 304, 310 
Phase-shift oscillator, 344n. 
Polyiron, 198, 199, 285, 301 
Power, local-oscillator, 57 
Precision reference cavity, 342 
Preselection, 5, 8, 27, 43, 123 
Preselector, 2, 23 
Pre-TR switch, 175 
Probe, capacitive, as local-oscillator 

coupling, 140-144 
Production tests, 352-354 
Pull-in range, 295 
Pulling, 290, 317 
Pulling figure, 203, 206, 213, 291 
Pulse radar, 4 
Pulses, 4 

stretching of, 306, 312 
Pushing, 291 
Pushing figure, 291 

Q 
Quality, 100 

R 

Radar, pube, 4 
Radio Corporation of America, 43 
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lUdb^freqaeiicy ami^ifier (Mt Amplifier, 
t4) 

Radomes, 291 
Range-eet control, 316 
Raytheon Manufacturing Co., 48 
Reactance tube, 292 
Receivers, 1, 2 

crystal-video, figures of merit of, 64-~56 
figure of merit of, 10-17 
microwave, classification of types of, 

17-46 
noise figure of (ms Noise figure) 
superheterodyne, 3, 24-26, 235 
superregenerative, 45 

Receiver unit, complete, 1 
Reciprocity, 64, 66, 74, 87, 371 
Reciprocity theorem, 63n. 
Rectification, physical description of, 48- 

52 
Rectification (‘fficiency, 207 
Rectifier crystal, 47-118 
Reflex klystron, 37-43 
Reflex principle, 36 
Reflexing, 314 
Regenerative detector, 45 
Representations (see component repre¬ 

sented) 
Resistance, back, of crystal, 54, 113, 297 
Resistance, i-f, 115 

spreading, of crystal, 51, 91 
Re^tance card, 197, 231, 301 
Resistor disk, 141, 149, 200, 356 
Resonant stub, 176 
Rieke diagram, 203, 211 
R-f amplifier, 2, 23, 43 
R-f envelope viewer, 97, 373 
R-f switch, 369 
Ripple, peak-to-peak, 321 
Rol^rts, 8., 77 
Rochester, N., 319 
Roder, Hans, 304 
Rotary joint, 291 
RT switch (anti-TR), 10 
Runaway, 324 

S 

Scaling, 119 
Schwinger, J., 155, 201 
Search stopper, 314, 317, 326 
''Second chance" feature, 338 
Seeley, S. W., 304n. 

SeRproteotion of mixer crystal, 172*-174 
Selove, W., 308n. 
Semiconductors, 48 
Sensitivity, 10, 21 
Separation, peak-to-peak, 304, 310 
Sharpless, W. M., 83n. 
Shock excitation, 298 
Shutdown, 176 
Shutters, harmonic, 174-178 
Sideband, wrong, 294, 314, 331, 332 
Signal, minimum detectable, 10, 21-24 
Signal-input circuit, 166-171 
Sink, 204, 206, 208 
Slow-sweep generator, 314, 316, 326 
Spectrum, i-f, 302 
Spectrum analyzer, 347, 373 
Sperry Gyroscope Co., 43 
Spike, 8, 97, 98, 300 
Spike-blanking circuit, 300, 314 
Spike energy, 99, 111, 174, 373 
Spreading resistance, 92 

of crystal, 51, 91 
Stabilization, frequency, 292 

inverse-feedback, 325 
Stability, 290 

frequency, 212 
Static, 10 
Static discharge, 115 
Strandberg, M. W. P., 308n., 347, 349n. 
Superheterodyne receiver, 3, 24-26, 235 
Superregenerative receiver, 45 
Susceptance, 360, 369 
Switch, r-f, 369 

RT (anti-TR), 10 
TR, 9, 70, 78, 96, 97, 114, 172, 353 

Sylvania Electric Products C'o., 118, 
319n. 

Symmetry control, 304 

T 

T-Junction, 155 
^-plane, 260 
H-plane, 260 

Temperature-limited diodes, 109 
Terman, F. E., 294, 312 
Test mount, 205 
Tetrodes, 44 
Thermal agitation, 10 
Thermal strut, 292 
Thermal time constant, 293 
Thermistor, 18 
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Th^enm’8 theorem, 820 
Time oonetant, 831 
Tolorancce, 114 
Tonrey, H. C., 76, 77, 91, 92, 111 

TR*aided tuning, 170, 173, 280 

TR cavity, 28,72,139,157,162,166,174, 
179, 224, 256, 276, 358, 364 

equivalent circuit for, 167 

output loop of, 168 

reduction of local-oscillator noise by, 

241-243 

TR leakage, 192, 201 

TR leakage power, 173, 372 

TR switch, 9, 70, 78, 96, 97, 114,172, 353 

Transit-time effects, 17, 34 

Transition, capacitance amplification in, 

327-328 
'rra»ismihsijn loss, 169 

'fransmittor sample, 206-299, 301 

coupling of, 196-199 
'IVavis, (-harles, 304 
Travis circuit, 304 

Trigger circuit, Kccles-Jordan, 333 

IVigger shaper, 349 
'rriode, 35, 293 

T\ibe mount, 146 

Tuning, 70, 123, 293 

electronic, 38 
fixed, 123, 134-136 

Tuning, TR-aided,.173 
Tuning range, 2 
Tuning screws, 132 

U 

University of Pennsylvania, 95 
Up-pull rate, 319, 322, 325 

V 

Velocity modulation, 36 

Velocity-modulation tube, 290 

“Video hash,^^ 298 

Video pulse, 297 

Video unbalance, 307 

W 

Waltz, M. (3., 83, 237n., 365 

Waveguide-to-coaxial line transitions, 
172 

Weiss discriminator, 305 
theory of, 308-312 

Welded-contact crystal {see Crystal, ger¬ 
manium welded-contact) 

Western Electric Co., 43, 118 
WTiitford AFC system, 332, 333, 337, 339 
Williams, F. C., lln. 

Wollaston wire, 18-19 







b# returned 

wmtik 3, 7,14 dnsrt of iU iinie. A 

ftoeof OHS ANNA per cloy will be 

ehoriijtoci if the book ie overdue. 




